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Abstract - Explosion of a fuel/air combustible mixture in a closed system has been recognized as a serious hazard, because it may
damage a chamber if there is no proper venting or explosion suppressing device. In the present study, important explosion characteristics
of syngas/air flames were investigated in order to evaluate the hazard of the combustion. Results showed the maximum explosion pressure
increased from lean (equivalence ratio of 0.8) to an equivalence ratio, ¢ of 1.2, then decreased significantly with richer mixtures,
indicating that maximum explosion pressure occurred at ¢ = 1.2, while explosion time was shortest at ¢ = 1.6. Increasing hydrogen
content in the fuel blends significantly raised laminar burning velocity and shortened the explosion time, thereby increasing the maximum
rate of pressure rise and deflagration index. Normalized peak pressure, the maximum rate of pressure rise and the deflagration index were
sensitive to the initial pressure of the mixture, showing that they increased significantly with increased initial pressure.
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1. Introduction

Conventional fossil fuels such as oil, natural gas, and coal still supply about 80% of the world’s energy, but due to their
limited availability they are expected to be depleted within 40 or 50 years. In the meantime, byproducts from fossil fuel
combustion are a major source of environmental problems—the greenhouse effect, ozone depletion and climate change. In
this context, syngas has emerged as the likely candidate for greener energy conversion since it possesses numerous
advantages in stationary power generation [1,2]. Syngas is formed in a gasification process of coal, biomass, organic wastes
and refinery residuals, and it primarily contains hydrogen and carbon monoxide. Depending on the fuel sources and/or
processing techniques used to produce it, syngas can also contain nitrogen, carbon dioxide, water, methane and higher-order
hydrocarbons [3,4].

In transportation, storage and fuel usage, explosion is a serious hazard that causes injury and damage to its surroundings.
When such an explosion takes place in a closed chamber, without proper venting or suppressing devices, it can damage the
combustion chamber. To prevent such incidents, it is necessary to understand fuel explosion behavior and its proper use.

Among the combustion characteristics being investigated, maximum rate of pressure rise during explosion in a closed
chamber, (dP/dt)max, and the deflagration index, Kg, are the most important explosion characteristics of premixture
combustion. Because (dP/dt)max depends on both the mixture properties (mixture composition, initial pressure and initial
temperature) and the volume of the combustion chamber, V, it is normalized with respect to the chamber volume and
according to the cubic root law [5] to obtain a deflagration index that is an intrinsic property of the premixture, so that Kg is
independent of the combustion chamber volume,

KG = (dp/dt)max X V1/3 (1)
The deflagration index is used to evaluate the explosive consequence of a mixture [5]. Other fundamental parameters
that characterize the explosion, and will be evaluated here, include maximum explosion pressure, or the highest pressure

attained during the explosion, Pmax, and the explosion time, t, which is defined as the interval of time between ignition and
the moment when maximum pressure is reached.
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2. Experimental setup

The experimental apparatus consisted of a 6.91 L (diameter 20 cm, length 22 cm) constant volume combustion
chamber (CVCC), flow controllers, a pressure transducer, a pressure transmitter and an ignition system, shown
schematically in Fig. 1. Component gases of hydrogen, carbon monoxide and air were supplied to the closed chamber
at corresponding partial pressures until a desired mixture was obtained. The mixture was left for about 15 minutes to
ensure complete blending (by diffusion) and quiescent conditions. The mixture was then ignited at the center of the
chamber by the ignition system; from there a flame kernel formed, propagating spherically outward and quenching when
it touched the chamber walls [6-8]. Temporal evolution of the pressure during the combustion process was recorded
using a piezo-electric pressure transducer (Kistler 6061B), a charge amplifier (Kistler 5011B), a data acquisition device
(NI'9215A) and a computer. At least three experiments were performed for each mixture, with a thorough cleaning of
the chamber (ventilation of unburned gases, removal of condensed water vapor, cooling to room temperature) carried
out between the two consecutive experiments.
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Fig. 1. Schematic of experimental setup.

A typical pressure evolution of an explosion is presented in Fig. 2. The pressure was found to increase gradually
during the first couple of milliseconds after ignition. It then increased rapidly within a few subsequent milliseconds. The
rate of pressure rise reached its peak value, (dP/dt)max, during this time period; after this peak the pressure was found to
further increase, but at a decreasing rate. When Prnax Was reached, it began to decrease, since most of the component
gases were burned out.
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Fig. 2. Pressure (red) and rate of pressure rise (blue) during explosion of 75H,:25CO/air at P, = 0.1 MPa and ¢=2.0.
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3. Numerical simulation

The analysis of a gaseous explosion process in a cylindrical vessel was conducted by means of a finite-volume CFD
three dimensional model, based on the unsteady Reynolds Averaged Navier Stokes approach. A 3-D cylindrical geometry
geometry model, with dimensions identical to the chamber used in the experiment, was generated. The gaseous explosion
process followed conservations of mass, momentum, energy and chemical components.

For the turbulence closure model, the realizable k—s model, incorporating the solution of transport equations for the
turbulent kinetic energy and its dissipation rate, was chosen [9]. The laminar finite-rate model was used to compute chemical
source terms. The optimized H2/CO mechanism of Davis et al. [10] with 14 species and 30 reactions was used. For density,
the ideal gas law was selected. The transport property of pure species was determined based on the molecular kinetic theory;
and the specific heat capacity of pure species was evaluated with piecewise temperature polynomials. The momentum term
was treated with a second-order upwind scheme, and the pressure and velocity were solved with a SIMPLEC algorithm. All
of the governing equations were solved with the unsteady solver available in ANSY'S Fluent 16.2.

Figure 3a shows the computational domain with 255,000 total cells and grid spacing of 4 mm. The only boundary
condition was the temperature on the wall, which was set to 298 K; during the short sequence of the explosion, the wall
temperature could not rise substantially. The wall thickness was set at 0.01 m and the material used was stainless steel.

The initial conditions were the mass fraction of the mixture, H,, CO, O,, and Nz, which were changed to correspond
with the equivalence ratio. The initial temperature of the mixture was 298 K and the pressure in the vessel was varied to
match the experimental conditions. A sphere patching region of 3 mm radius, with a temperature of 1500 K, was located at
the center of the geometry to ignite the combustible mixture. The pressure value was monitored at a point on the wall (Fig.
3b), to match with the pressure transducer location in the experiment. Data were collected every ten time steps with 2e° s
for each time step. Figure 3c shows an initial temperature field, which is a small high-temperature-regime, located at the
center of the 3D cylindrical geometry.
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Fig. 3. CFD model for simulating explosion in the chamber, (a) Mesh of internal fluid, (b) Schematic diagram of chamber, (c) Initial
temperature field.

4. Results and discussion
4.1. Temperature and velocity distributions in propagating flame

Figure 4 shows variations of the simulated temperature and velocity fields of 50H,:50CO/air propagating flames at initial
pressure (Py) of 0.1 MPa and equivalence ratio (¢) of 0.8 at different temporal evolutions. In the temperature field shown in
Fig. 4a, the red, blue and green (between red and blue) regions represent the burnt, unburned (fresh) gases, and the reacting
zone (flame front) respectively. After ignition, the flame front propagated outward spherically until it touched the walls, like
the propagating flame observed in the experiment [6-8]. The maximum temperature was around 2200-2500 K. Figure 4b
shows that the velocity was greatest at the flame front, where the chemical reaction occurred. It is noteworthy that the fresh
gas velocity at the entrance of the preheat zone of the flame front (green color), i.e. the right outward regime of the flame
front, was higher than the velocity of the fresh gas far upstream (blue), indicating that the propagating flame pushed away
the fresh gas at the preheat zone of the flame front. This phenomenon was reported in a spherically propagating flame [11]
and in a propagating edge-flame in a slot burner [12].
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Fig. 4. Simulated (a) temperature and (b) velocity contours of 50H:50CO/air propagating flame at P, = 0.1 MPa and ¢ = 0.8.

4.2. Effect of equivalence ratio

Figure 5 shows pressure histories during combustion of 50H,:50CO/air premixed flames for both experimental
results (solid curves) and simulated results (dotted curves), at the initial pressure of 0.1 MPa and various equivalence
ratios. Both experimental and simulated results showed two notable points: maximum explosion pressure increased from
lean (¢ = 0.8) to equivalence ratio of 1.2, then decreased significantly when mixtures were rich, indicating that maximum
explosion pressure occurred at ¢ = 1.2. This occurred because the maximum value of the adiabatic flame temperature
for 50H,:50CO/air mixture was at ¢ = 1.2 causing maximum explosion pressure to occur at the same equivalence ratio.
Another interesting point is that the shortest explosion time occurred at ¢ = 1.6. The laminar burning velocity of the
50H,:50CO/air mixtures reached the highest value at ¢= 2.0 [13,14]; therefore, the combination of the two effects—the
maximum adiabatic flame temperature at ¢ = 1.2 and the maximum laminar burning velocity at ¢ = 2.0—caused the
explosion time, tc, of the 50H,:50CO/air mixtures to be shortest at ¢ = 1.6.

The pressure history curves of the simulated results show the same trend as the experimental results, which increased
rapidly after ignition until reaching maximum explosion pressure after which it decreased. It can be observed that the
results of the pressure rise between the experiment and simulation showed good agreement, although the experimental
maximum pressure was higher than the simulated results in all cases. Differences in Pmax were less pronounced at lean
and stoichiometric mixtures which were less than 2%, while for rich mixtures with equivalence ratios up to 2.0, the
differences were around 5-7%. However, for mixtures with an equivalence ratio of 3.0, the difference was largest with
11%. A discrepancy between experimental and simulated results was also observed for explosion time. The differences
for the mixtures at lean to equivalence ratio of 1.6 were around 20%, while there were discrepancies of more than 100%
for very rich mixtures, including ¢ = 2.0 and 3.0. Note that in this study, the same ignition conditions (location, size and
temperature) were used to ignite all mixtures, regardless of the fuel/oxidizer ratio. In the future it will be necessary to
study the effects of Fluent setting conditions—especially ignition conditions which may affect the propagation of rich
flames, which require higher energy to ignite.

4.3. Effect of H2:CO ratio

Figure 6 shows the pressure history of various syngas/air mixtures at initial pressure of 0.1 MPa and equivalence
ratio of 1.0 for both experimental results (solid curves) and simulated results (dotted curves). The simulated results were
in good agreement with the experimental results predicting the pressure rise of syngas/air mixtures. It can be observed
that the maximum explosion pressure of syngas/air flames slightly increased with increasing H» content in the H,/CO
fuel blends. The explosion time was significantly influenced by the H,/CO ratio, showing that it was shortened by
increasing the H content in the fuel blends. The main reason for the shortened ignition time was that the laminar burning
velocity of the syngas/air mixture increased quickly with H, enrichment in the fuel blends, due to the thermal effect of
increasing heat release, thereby increasing the adiabatic flame temperature for H, enrichment [15,16]. Although the
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differences in Pmax @among these mixtures were not significant, it can be expected that the pressure rise rate for mixtures with

high Hz content is much greater than with low H, content mixture, due to faster explosion time.
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Fig. 5. Explosion pressure of 50H2:50CO/air
mixtures at various equivalence ratios and P, =
0.1 MPa. Solid curves represent experimental
results, dotted curves are simulated results.
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Fig. 6. Explosion pressure of various H2:CO/air
mixtures at P, = 0.1 MPa and ¢ = 1.0. Solid
curves represent experimental results, dotted
curves are simulated results.

The experimental maximum explosion pressure and the explosion time of various syngas/air flames at 0.1 MPa vs.
equivalence ratio are plotted in Fig. 7, which shows that Pmax is greatest at ¢ = 1.2 while t. is shortest at ¢ = 1.6 for all
syngas/air flames. For a given equivalence ratio, Pmax and tc respectively increased and decreased with increased H: in the
syngas mixtures. Figure 8 shows the experimental maximum rate of pressure rise, (dP/dt)max, and the deflagration index, K,
of various syngas/air premixed flames vs. equivalence ratio at P, = 0.1 MPa. It can be observed that (dP/dt)max and Kg
significantly increased with H, enrichment in the syngas mixtures because of the reduced explosion time, as displayed in
Figs. 6 and 7. This indicates that syngas/air premixed flame with higher H, content has more explosion hazard potential than
a syngas mixture with low H concentrations. In addition, the maximum of (dP/dt)max and Kg of all syngas/air flames occurred
at equivalence ratio of 1.6, corresponding to the shortest t; occurring at the same equivalence ratio.

4.4. Effect of initial pressure

Figure 9 shows normalized pressures (P/Py) of the 50H,:50CO/air premixed flames at equivalence ratio of 0.8, with
various initial pressures. It can be observed that pressure rise during combustion is very sensitive to the initial pressure
change of the mixture. With the initial pressure elevation, the maximum explosion pressure increased and the explosion time
became shorter, significantly increasing the pressure rise rate. Compared to experimental results, the simulated pressure rise
showed good agreement for the flame at P, = 0.1 MPa, and acceptable agreement at P, = 0.15 MPa; however, the
discrepancies became greater when the initial pressure was increased. In the range of the initial pressure tests, the greatest
difference between experimental and simulated results in Pmax was 12.3%, and in t. was 68% at initial pressure of 0.4 MPa,
noting that explosion time discrepancy began at the early simulation stage, when the flame took nearly 12 ms to begin
propagating, although the pressure rise rates were almost the same. In similar, very rich flames (¢ > 2.0) shown in Fig. 5, the
ignition conditions could have a strong influence in the early propagating flame, affecting the explosion time of the flame at
elevated initial pressures.
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Fig. 9. Explosion pressure of 50H,:50CO/air mixtures at various initial pressures and ¢ = 0.8. Solid curves represent
experimental results, dotted curves are simulated results.

Figure 10 shows experimental normalized peak pressures (Pmax/Py) and explosion time of 25H,:75CO/air premixed
flames at various initial pressures. Normalized peak pressures were plotted to easily compare the maximum explosion
pressure of mixtures at different initial pressures. It is clearly demonstrated that Pmax/Py increased as initial pressure
grew, due to the rise of adiabatic flame temperature with the initial pressure elevation. Higher initial pressure caused a
more serious explosion hazard, which agrees with results obtained in the past [17].

However, results observed in this study, indicating that shorter explosion time occurs with initial elevated pressure,
are contradictory to the results in Ref. [17]. It is noted that unstretched laminar burning velocity, S.°, was reduced with
the increase of initial pressure. Therefore, the explanation for the influence of S.° on explosion time is not applicable to
propagating flame at elevated initial pressures conditions. It was reported that in order to avoid the influence of spark
ignition and wall interference, and to limit the pressure increase to within 1% of the initial pressure, only small
propagating flames (radius larger than 6 mm and smaller than 30 mm in Refs. [6-8]) were considered in measuring the
S.% with the outwardly propagating spherical flame method. As shown in Fig. 9, flame with radii in the range considered
to calculate S.° corresponded to the first couple of milliseconds after the ignition. It can be seen that the small propagating
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flames did not influence the explosion time. Instead, self-acceleration of the flame, caused by flame front instabilities at
elevated pressures conditions, was the dominant factor in turbulent propagating flames [18]. With the increased initial
pressure, caused by the promotion of hydrodynamic instability from the substantial decrease of the flame thickness, the
formation of cellular instabilities produced a corrugated flame front that could induce the turbulence of unburned mixture,
mixture, and subsequently, the rapid increase of flame propagation velocity [6-8], the main reason for the shortened
explosion time. The experimental maximum rate of pressure rise, (dP/dt)max, and the deflagration index, Kg, of the
25H,:75CO/air premixed flames vs. the equivalence ratio at different initial pressures are plotted in Fig. 11. The results
clearly indicated that (dP/dt)max and Kg were significantly increased with the increase of the initial pressure of mixtures. With
the increased initial pressure, a faster turbulent flame propagation caused a shorter explosion time and hence a higher rate of
pressure rise, corresponding to a higher deflagration index.
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Fig. 10. Experimental normalized peak pressure Fig. 11. Experimental maximum rate of pressure
and explosion time of 25H,:75CO/air mixtures rise and deflagration index of 25H,:75CO/air
vs. equivalence ratio at various initial pressures. mixtures vs. equivalence ratio at various Py.

5. Conclusion

In this study, explosion characteristics such as maximum explosion pressure, Pmax, €xplosion time, tc, maximum rate of
pressure rise, (dP/dt)max, and deflagration index, Kg, of various syngas/air flames at different equivalence ratios and initial
pressures, were investigated experimentally and numerically to evaluate the hazard of the explosion of syngas/air mixtures.
The major conclusions of the study are as follows:

1. Because adiabatic flame temperature is maximized at ¢ = 1.2, it causes the maximum explosion pressure to occur at
the same equivalence ratio; while the combination of maximum adiabatic flame temperature at ¢ = 1.2 and maximum laminar
burning velocity at ¢ = 2.0 results in the shortest explosion time at ¢ = 1.6.

2. The maximum rate of pressure rise and the deflagration index of syngas/air premixed flames significantly increase
with the enhancement of H, concentration in the fuel blend, which shortens the explosion time. Therefore, the syngas mixture
with high H. content has a higher potential explosion hazard than a syngas mixture with low H concentration.

3. Normalized peak pressure increases with increased initial pressure. The maximum rate of pressure rise and the
deflagration index also increase with the initial pressure because of enhanced adiabatic flame temperature and hydrodynamic
instability, causing an increase in turbulent propagating flame velocity at elevated pressures.

4. Simulated results using ANSY'S Fluent showed good agreement with experimental results for most equivalence ratios
at atmospheric pressure. However, large discrepancies were observed for very rich mixtures (¢> 2.0) and at elevated pressure
conditions. The effects of Fluent setting conditions must be studied further.
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