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� Effect of syngas composition on pressure development in syngas explosion is studied.
� Explosion parameters are obtained from the experiment and analyzed.
� H2O addition has different effects on the explosion parameters for syngas with various CO/H2 ratios.
� The effect of heat loss on the explosion propagation of syngas/air mixtures is estimated.
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The pressure history in the explosion syngas/air mixtures with H2O addition over a wide range of equiv-
alence ratios at elevated temperatures was recorded to study the explosion characteristics in a constant
volume confined vessel. CO mole fractions in syngas are from 0.5 to 0.95, initial temperatures are from
373 K to 473 K, and H2O addition ratios are from 0 to 30%. The explosion parameters such as explosion
pressure, explosion time, maximum rate of pressure rise, and deflagration index are obtained from the
experiment. Effects of the equivalence ratio, initial temperature, CO/H2 ratio and dilution ratio on the
explosion parameters are examined. These parameters are important input properties for evaluation of
hazards of the explosion and the design the combustion vessel. In addition, the adiabatic explosion pres-
sure is also calculated assuming the flame propagation is a constant-volume and adiabatic process.
Results show the experimentally determined normalized explosion pressure and the normalized adia-
batic explosion pressure show different trends with the increase of CO/H2 ratio. The experimental deter-
mined normalized explosion pressure decreases but normalized adiabatic explosion pressure increases
with the increase of CO/H2 ratio in the syngas mixture. This is mainly because the heat loss is larger
for the mixture with a higher CO/H2 ratio. At last, the heat loss during the combustion process was cal-
culated by the difference between experimental and adiabatic explosion pressure. With the addition of
CO dilution ratio in the mixture, the amount of heat loss transferred to the wall heat loss to the unit area
increases greatly.

� 2016 Published by Elsevier Ltd.
1. Introduction

The growing demand of energy resources and continuously
stringent restrictions on pollutant emissions have greatly pro-
moted the study on reformed fuels in the past decade. Among
these fuels, syngas is particularly promising in the future energy
production and currently receives a tremendous interest in the
areas such as power generation and internal combustion engines
[1,2]. Syngas combustion in those applications is most attractive
and promising research field with the development of IGCC (Inte-
grated Gasification Combined Cycle) plants and alternative IC
engine fuels. Syngas combustion can result in an improvement of
the conversion efficiencies, a significant reduction in pollutant
emissions and a potential reduction in CO2 emissions if combined
with CCS (Carbon Capture and Storage) technology. However, con-
trol of NOx emissions is still a big challenge in IGCC system and IC
engine since NOx mainly comes from the high-temperature reac-
tion of N2 [3]. Previously published research showed that addition
of H2O was an effective way to reduce the NOx emission for the
diesel engines [4], spark-ignition engine [5] and gas turbine [6].
In addition, the substantial variation in syngas composition due
to different coal quality and origins, gasification and post-
processing technique will cause a significant influence on the pres-
sure history and explosion characteristics and is among the largest
barriers to the design of combustion chamber and the prevention
of fire hazards. For the syngas, safety problems persist constantly
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due to the presence of H2 and CO. Although the hazard of H2 for gas
leakage in the atmosphere is relatively lower than that of higher-
order hydrocarbons because of the extraordinary buoyancy of H2,
hydrogen leakage inside an enclosed environment are extremely
dangerous [7]. Explosion in enclosed environments is a well-
recognized hazard due to the high explosion pressure and rate of
pressure rise [8]. CO is a colorless and tasteless gas which is quite
toxic to humans when encountered in higher concentrations.
Therefore, it is of great importance to know explosion characteris-
tics of syngas with various compositions to ensure the safety in
industrial and domestic applications and undertake adequate risk
assessment. Important and basic explosion parameters are needed
as the necessary input for formulating safe working conditions and
design of vents, aiming at reducing the damage due to the explo-
sion in the chamber [9].

Explosion characteristics of hydrocarbon fuels in cylindrical and
spherical chambers have been widely studied in the previous
researches [8–15] but the experimental determined explosion
parameters on the syngas explosion is quite limited [16]. In addi-
tion, previous studies have shown that addition of diluents can
decrease the pressure rise and the maximum rate of pressure rise
effectively and prevent damage from a deflagration in a closed
chamber [17,18]. However, the effect of H2O on the explosion char-
acteristics is still unclear. The explosion pressure and parameters
are strongly affected by initial pressure, temperature, composition,
volume and shape of the chamber, ignition style and turbulence.
But it is still hard to predicate the explosion parameters accurately
with the knowledge of heat release and transfer for various
moment of flame propagation [12] and necessary to provide the
experimental input parameter for characterization of explosions
propagating in chemical reactors, which is always cylindrical. The
objective of this work is to study the explosion characteristics of
the moist syngas. The experimental explosion pressure–time
curves of CO/H2/air/H2O mixtures were recorded over a wide range
of hydrogen fractions and H2O addition ratios at different temper-
atures. The explosion parameters such as explosion pressure, Pmax,
explosion time, tc, maximum rate of pressure rise, (dp/dt)max, and
deflagration index, KG, are obtained to evaluate the hazards of syn-
gas explosion.
2. Experimental setup and procedures

The sketch of the experimental system is shown in Fig. 1. It con-
sists of a cylindrical stainless steel combustion chamber, the heat-
ing system, the ignition system, and the data acquisition system.
The inner diameter and length of the cylindrical chamber are
180 mm and 210 mm (L/D = 1.16). On the two sides of the combus-
tion bomb, two pressure-resisting quartz windows with diameter
of 80 mm are installed to allow the combustion process optically
accessible. Two electrodes, located along a diameter of the circle,
are mounted with the ignition electrodes to produce the spark
ignition. Thus, ignition could be produced at the center of the
chamber. The combustion bomb is wrapped by heating tapes to
heat the mixture in the chamber and the temperature of gas in
the chamber can be measured and monitored by a thermocouple
with an uncertainty of ±3 K which was fixed in the inner wall of
the chamber. In experiment, the combustion chamber was heated
to a certain temperature and H2O was firstly injected into the
chamber via micro syringes. Then hydrogen, carbon monoxide,
oxygen and nitrogen were sequentially introduced into the cham-
ber to required partial pressures. Ten minutes were awaited to
make sure attainment of quiescent condition and the complete
mixing. Then mixtures were ignited and the explosion pressure
evolutions were recorded by a pressure transducer (Kistler 7001)
at a sample rate of 100 kHz, combined with a Charge Amplifier
(Kistler 5011). After combustion, the combustion chamber was
vacuumed and flushed with dry air to avoid the influence of resid-
ual gas. For each experimental condition, at least 3 times repeated
tests were done to verify the repeatability and ensure the data
accuracy.

In this study, air was substituted by a mixture with 79% N2 and
21% O2 by volume. Purities of hydrogen, carbon monoxide, oxygen
and nitrogen were 99.995%, 99.9%, 99.995% and 99.995%, respec-
tively. Initial temperatures were set as 373 K, 423 K and 473 K,
considering the evaporation of H2O. Equivalence ratio ranges from
0.6 to 2.5. H2O addition ratios are 10%, 20% and 30%. Here, H2O

addition ratio is defined as ZH2O ¼ XH2O

XH2O
þXCOþXH2

. Here X refers to mole

fraction of the specific species in mixtures.
For the explosion experiments, the important explosion param-

eters such as peak explosion pressure, Pmax, explosion time, tc, and
maximum rate of pressure rise, (dp/dt)max, can be derived directly
from the explosion pressure evolutions recorded by a data acquisi-
tion system. Pressure oscillation due to the combustion in the
closed chamber has a great influence on the pressure-time curve,
a smoothing filter is needed to determine pressure-time curve
and its derivative [8,19]. Fig. 2 shows the comparison between
the raw data and the smoothed one which is accomplished by Sav-
itzky–Golay method [20], using ORIGIN Software by applying a
second order polynomial and 21 points data window. Pressure-
time curve changes little after the smoothing process but the max-
imum rate of pressure rise, dp/dt changes greatly. The raw pressure
rise so heavily scattered around the mean value and this smoothed
pressure rise is usually used as an important parameter. As shown
in Fig. 3, the explosion pressure is defined as the peak pressure
during the explosion in a closed chamber [21]. Due to the heat loss
caused by thermal conduction, convection, and radiation, the
experimental explosion pressure measured in the confined vessel
is significantly lower than the adiabatic equilibrium pressure, Pe,
the maximum value that the system can thermodynamically
achieve [22]. The explosion time, tc, is the time interval between
ignition and the moment at which the explosion pressure is
attained [8,21]. Maximum rate of pressure rise, together with
explosion pressure are the most important explosion parameters
to evaluate the risk of combustion process in the vessel and to
design the vent used as the relief device of enclosure against the
damage from gaseous explosion [12]. In addition, it is very impor-
tant for the storage of the fuel.

It should be noted that the explosion time, tc, is the moment
that when the heat release rate due to the combustion equals to
the heat loss. For spherical flame, it indicates the moment when
the combustion process is completed and the flame front stats to
be in collision with the combustion chamber. Before this, the pres-
sure continues to increase and the heat release rate is always larger
than the heat radiation. For cylinder chamber, however, tc is not
associated to the moment when no extra fuel is left in the chamber
[9,23]. The pressure increases with the propagation of the flame
front and reaches the maximum value at the time between the
flame front reaches the wall and the fuel is run out. The moment
when the combustion process is completed in cylinder chamber
is the time (td) when the pressure curve has its second inflection
point and pressure rise, dp/dt, reaches its minimum value, as
shown in Fig. 3.

The deflagration index, KG, is an explosion severity factor and
can be determined from the maximum rate of pressure rise during
the combustion. It should be noted that definition of the deflagra-
tion index is not strictly limited to spherical chambers but the
cylindrical ones with a low asymmetry ratio [11]. Since (dp/dt)max

is expected to be very sensitive to the size of the vessel [17], KG is
often introduced to exclude the influence of the vessel according to
the formula in the following [12,24,25],



Fig. 1. Experimental apparatus.

Fig. 2. An illustration of smoothing filter on the pressure-time curve and determi-
nation of the pressure rise.

Fig. 3. Definition of the explosion parameters of the syngas/air mixtures.
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KG ¼ dp
dt

� �
max

V1=3 ð1Þ

The deflagration index, KG, indicates the robustness of the
explosion. If deflagration index is higher, the explosion will be
more robust and consequences of the explosion will be more sev-
ere [24]. Since KG is a constant regardless of vessel size and
depends only on the combustible mixtures [8], it facilitates evalu-
ating the explosions in such vessels for the practical purpose.
3. Results and discussions

The influence of equivalence ratio, syngas composition and ini-
tial temperature on pressure evolution is illustrated in Fig. 4. All
pressures are normalized with respect to the initial pressure. For
all pressure-time records during the explosion, the similar behav-



Fig. 5. Laminar flame speed and adiabatic flame temperature of CO/H2/air/H2O
mixtures at various equivalence ratios.

Fig. 6. Normalized explosion pressure, Pmax/P0 of hydrogen/air mixtures.

Fig. 4. Pressure evolution during explosions of CO/H2/air/H2O mixtures at various
equivalence ratios, CO/H2 ratios and temperatures.
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ior could be observed. Upon the ignition of the mixtures, the pres-
sure in the chamber increases gradually to its maximum value and
then decreases due to heat loss. Fig. 4a gives the pressure-time
curves of the syngas/air mixtures at different equivalence ratios.
It is observed that the pressure-time curve of syngas/air mixtures
is strongly affected by the equivalence ratio. Peak pressure
increases to its maximum value and then decreases with the
increase of equivalence ratio. For many hydrocarbons as well as
H2 and CO, the maximum value of the adiabatic flame temperature
also occurs slightly on the rich side of the stoichiometric equiva-
lence ratio [26]. This is mainly because the heat release reaches
to its maximum value and this leads to a larger value of peak pres-
sure at this equivalence ratio. As shown in Fig. 5, the adiabatic
flame temperature, which is calculated with Davis mechanism
[27] has the similar trend with the peak pressure and this indicates
the correlation between them. In addition, the timing of the peak
pressure decreases with the increase of equivalence ratio. Laminar
flame speed increases with the increase of the equivalence ratio
from 0.6 to 2.0. This indicates the dependence of the flame speed
on the timing of the peak pressure. It is easy to understand since
a higher burning velocity indicates that the mixture is exhausted
more quickly and the timing of the peak pressure is shortened.
Fig. 4b gives the pressure-time curves of the syngas/air mixtures
at different CO/H2 ratios. With the increase of CO/H2 ratio, peak
pressure changes slightly but the timing of the peak pressure
increases greatly. The slight change in adiabatic flame temperature
with the increase of CO fraction in syngas results in a slight change
of the peak pressure. However, laminar burning velocity of syngas/
air mixtures decreases greatly with the increase of CO/H2 ratio
[28], and the timing of the peak pressure is significantly increased.
Fig. 4c shows the pressure-time curves of the syngas/air mixtures
at different temperatures. Peak pressure is decreased with the
increase of initial temperature and the same behavior also appears
to the timing of the peak pressure. With the increase of initial tem-
perature, laminar burning velocity of syngas/air mixture is
increased and this leads to the decrease of the time to reach the
peak pressure. In addition, mass of the combustible mixture in
the chamber will be reduced when initial temperature increases
and this leads to the decrease of peak pressure.

Fig. 6 presents the normalized explosion pressure, Pmax/p0 of H2/
air mixture at normal pressure. It is obvious that our experimental
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data is lower than those of Dahoe [19], especially for the rich mix-
ture. However, our results show good agreement with those of
Tang et al. [22]. It should be noted that the experimental data
strongly depends on the experimental setup [21] and Dahoe con-
ducted the experiment with spherical chamber and we obtained
the pressure data with the cylinder chamber, which is same with
Tang et al. The comparison proves the accuracy the experimental
setup and suitable for the study of the explosion of syngas. Fig. 7
illustrates the influence of equivalence ratio, CO/H2 ratio, H2O
addition and initial temperature on the normalized explosion pres-
sure, Pmax/p0 and the normalized adiabatic explosion pressure, Pe/
P0. The adiabatic equilibrium pressure, Pe, can be calculated using
EQUIL [29], assuming the flame propagation is a constant-volume
and adiabatic process. For conducting the quantitative analysis
on experimental phenomenon, the equation below will be used
to calculate the adiabatic explosion pressure,

Pe ¼ P0
Te

T0

ne

n0
ð2Þ

Pe and Te indicates the adiabatic explosion pressure and flame tem-
perature, separately. ne and n0 indicates the number of molecules. It
should be noted that the experimental explosion pressure Pmax is
not only determined by adiabatic explosion pressure, but also the
heat loss. Due to the heat loss to the combustion chamber, the
experimental determined peak explosion pressure will be lower
than the adiabatic explosion pressure. The discrepancy between
them could be used to estimate the heat loss. Fig. 7a and b present
that the normalized explosion pressure, Pmax/p0 and the normalized
adiabatic explosion pressure Pe/P0 both reach its maximum at
equivalence ratio around / = 1.1, regardless of CO/H2 and H2O
Fig. 7. Normalized explosion pressure, Pmax/P0 and normalized adiab
addition ratio. The adiabatic flame temperature of the syngas/air
mixtures also reaches to its maximum value at this equivalence
ratio, as shown in Fig. 5. Chemical reactions between CO, H2 and
O2 will decrease the number of molecules in the chamber and this
decreasing effect will be enhanced by the equivalence ratio. This
reflects the dominating effect of adiabatic flame temperature on
the pressure evolution. Fig. 7b and c give the normalized explosion
pressure, Pmax/p0, it decreases with the increase of CO/H2 ratio.
However, it is noteworthy that the experimental determined nor-
malized explosion pressure Pmax/P0 and the normalized adiabatic
explosion pressure Pe/P0 show different trends with the increase
of CO/H2 ratio. Theoretically, the volumetric calorific value of H2

is smaller than that of CO and the heat release and adiabatic flame
temperature increase slightly with the increase of CO/H2 ratio. The
number of molecules in the chamber will not change with the
increase of CO/H2 ratio. Thus the normalized adiabatic explosion
pressure Pe/P0 increases with the increase of CO/H2 ratio in the syn-
gas mixture. However, the laminar burning velocity of syngas mix-
ture is decreased with the increase of CO/H2 ratio [3]. Thus the
combustion duration in the vessel is extended and heat loss trans-
ferred to the wall of the chamber is reduced greatly. In addition,
CO2, the combustion product of CO has a stronger radiation effect
than H2O. This results in the opposite effect of CO/H2 ratio on the
experimental determined normalized explosion pressure Pmax/P0
and the normalized adiabatic explosion pressure Pe/P0. Fig. 7 shows
that H2O addition lowers the normalized explosion pressure, Pmax/
p0 and the normalized adiabatic explosion pressure Pe/P0 at differ-
ent equivalence ratios, CO/H2 ratios and temperatures. With H2O
addition, the total heating value of the mixture remains unchanging
but heat release and final adiabatic flame temperature are
atic explosion pressure, Pe/P0 under different initial conditions.
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decreased. What is more, the addition of H2O will not change the
number of molecules in the burned mixture. This results in a
decrease of the normalized adiabatic explosion pressure. In addi-
tion, an increase in initial temperature decreases the normalized
explosion pressure and normalized adiabatic explosion pressure
as shown in Fig. 7d. Though the adiabatic flame temperature is
increased with the increase of initial temperature, it should be
noted that a higher initial temperature leads to a lower density of
the mixture and hence the decrease of amount of unburned mixture
in the combustion bomb. The ratio of the adiabatic flame tempera-
ture and initial temperature decreases and the increase of initial
temperature will not change the number of molecules in the burned
mixture. Thus, heat release and explosion pressure are decreased.
Fig. 8. Explosion time, tc, under different initial conditions.
Fig. 8 gives the explosion time, tc, at different equivalence ratios,
CO/H2 ratios, H2O additions and initial temperatures. The explosion
time, tc, which is strongly related with the moment when the max-
imum explosion pressure is attained, is also very important for the
design of safety devices and ensuring the active protection of pres-
sure vessels [30]. Fig. 8a illustrates the explosion time, tc decreases
until it reaches its minimum and then increases with the increase
of equivalence ratio and this equivalence ratio at which the mini-
mum explosion time occurs is between 1.6 and 2.0 under different
conditions. The similar phenomenon also occurs at the equivalence
ratio where laminar burning velocity reaches its maximum [3].
This is because the maximum laminar burning velocity of pure
hydrogen [31] and pure CO with small traces of H2 or moisture
[32] occurs at / = 1.8 and 2.6, respectively. In addition, the addition
of H2O will lead to the equivalence ratio of maximum laminar
burning velocity shifts towards the small value [3]. In the practical
combustion chamber, the timing of peak pressure always occurs at
the moment before the combustible mixture is depleted. At this
timing, heat release rate is just equal to the heat loss rate by the
thermal conduction, convection, and radiation. Thus, there exists
a strong positive correlation between explosion time, tc, and lami-
nar burning velocity. A higher laminar burning velocity implies
that the quick consumption of the combustible mixture and
shorter explosion time. As shown in Fig. 8b, the explosion time,
tc, is decreased with the increase of initial temperature. This is
mainly because of the higher laminar burning velocity at higher
initial temperature. Fig. 8c illustrates the influence of H2O addition
on the explosion time, tc. It is obvious that the effect of H2O addi-
tion on the explosion time of syngas presents different trends at
different CO/H2 ratios. Explosion time increases monotonously
with the increase of H2O addition ratio for the syngas with CO/H2

ratio of 50/50 and 75/25. However, in the case of CO/H2 ratio of
95/5, explosion time increases with the increase of H2O addition
ratio and then decreases. This phenomenon can be explained by
the competitiveness between thermal effect and chemical effect
of H2O addition [32,33]. For the syngas with CO/H2 ratio of 95/5,
different from N2 and CO2, H2O directly participates in and pro-
motes the chemical reaction of syngas/air combustion. Meanwhile,
the existence of H2O dilutes the flammable mixture and has a neg-
ative thermal effect on the chemical reaction. This leads to the non-
monotonic behavior of laminar burning velocity and explosion
time under this condition. In addition, explosion time increases
remarkably with the increase of CO/H2 ratio in the mixture.

Fig. 9 gives the maximum rate of pressure rise, (dp/dt)max, and
the deflagration index, KG, at different equivalence ratios, CO/H2

ratios, H2O additions and initial temperatures. In all cases, the
deflagration index, KG, is smaller than 30 MPa m s�1 and this indi-
cates that syngas with CO/H2 ratio larger than 50/50 is within a rel-
atively safe level [8]. As shown in Fig. 9a, both maximum rate of
pressure rise, (dp/dt)max, and deflagration index, KG, reach their
maximum at the equivalence ratio of 1.6 for the syngas with differ-
ent CO/H2 and dilution ratios. According to Bradley et al. [17,34]
and Dahoe et al. [35], the rate of pressure rise and maximum defla-
gration index, Kmax in a confined vessel are closely correlated to the
laminar burning velocity and the explosion pressure,

dp
dt

¼ 3Suqu

Rq0
ðpe � p0Þ 1� p0

p

� �1=c pe � p
pe � p0

" #2=3

ð3Þ

Kmax ¼ ð36pÞ1=3ðpe � p0Þ
p0

p

� �1=c

Su ð4Þ

where Su is laminar burning velocity, qu and q0 are the densities of
unburned and burned mixtures, respectively. P, Pe and P0 are the
real pressure, the adiabatic equilibrium pressure and initial pres-
sure, respectively. c is the adiabatic coefficient of burned mixtures.



Fig. 10. Heat transferred to the unit area of walls during explosions of syngas under
different conditions.

Fig. 9. Maximum rate of pressure rise, (dp/dt)max, and deflagration index, KG, under
different initial conditions.
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According to the equations the phenomenon about the maximum
rate of pressure rise, (dp/dt)max, can be explained by the explosion
pressure and laminar burning velocity. Fig. 9b shows that both
the maximum rate of pressure rise, (dp/dt)max, and the deflagration
index, KG, decrease slightly with the increase of initial temperature.
Increase in initial temperature increases the laminar burning veloc-
ity and shortens the explosion process, but the explosion pressure
decreases greatly with the increase of initial temperature as shown
in Fig. 7. Fig. 9c demonstrates that the effect of H2O addition on the
maximum rate of pressure rise, (dp/dt)max, and the deflagration
index, KG, presents different trends at different CO/H2 ratios. For
CO/H2 ratios of 50/50 and 75/25, both (dp/dt)max and KG decrease
monotonously with the increase of H2O addition ratio. For CO/H2

ratio of 95/5, (dp/dt)max and KG increase and then decrease with
H2O addition. This similar phenomenon was also reported in the
laminar burning velocity [33]. In addition, the explosion pressure
and adiabatic flame temperature decrease linearly with the addition
of H2O in all cases, because of the change of thermo-physical prop-
erties of the flammable mixture. Experimental results indicate that
the laminar burning velocity, rather than the explosion pressure,
has more dominant effect on the change of (dp/dt)max when H2O
is added into the mixture.

Fig. 10 calculates the effects of H2O addition on the heat trans-
ferred to the wall of the chamber for the explosion propagation of
syngas with various CO/H2 ratios. This calculation assists in the
understanding of the difference of explosion parameters on actual
combustors with the adiabatic ones and are very important for the
design of the combustion devices. The heat loss can be estimated
by the difference between the internal energy of burned mixtures
in an adiabatic combustion chamber and that in an actual one in
which energy loss can occur through the wall of the chamber.
The heat loss was calculated with equations [9],

Q ¼ mcvðTmax;ad � Tmax;realÞ ð5Þ

This equation could also be rewritten as,

q ¼ V
S

1
c� 1

ðPe � PmaxÞ ð6Þ

where m and cv are the mass and the average heat capacity of
burned mixtures, respectively. Tmax,ad and Tmax,real are the maximum
temperature of adiabatic condition and real condition. q is the heat
loss of unit area of wall. Pe and Pmax are the adiabatic equilibrium
pressure and experimental determined maximum explosion pres-
sure. S is the surface of the closed vessel and V is the volume. c is
the adiabatic coefficient of the burned mixtures. Heat loss in the
present work is estimated with Eq. (6) and the experimentally
determined explosion pressure Pmax. Fig. 10 indicates that the heat
loss to the unit area increases greatly with the increase CO/H2 ratio.
This could help to explain the phenomenon that Pmax and Pe have
different trend with the addition of CO in the mixture. What is
more, heat loss is decreased with H2O addition for the syngas mix-
ture with CO/H2 ratios of 50/50 and 75/25 and changes little for
mixture with CO/H2 ratios of 95/5.
4. Conclusions

Explosion characteristics of syngas/air mixtures at different CO/
H2 ratios and H2O addition ratios were investigated at elevated
temperatures using the outwardly spherical propagating flame.
Main conclusions are summarized as following:
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1. The experimentally determined explosion pressure, explosion
time, maximum rate of pressure rise and deflagration index at
different conditions are provided. Effects of the equivalence
ratio, initial temperature, CO/H2 ratio and dilution ratio on the
explosion parameters are examined. These parameters are
important input properties for evaluation of hazards of the
explosion and the design the combustion vessel.

2. The experimentally determined normalized explosion pressure
Pmax/P0 and the normalized adiabatic explosion pressure Pe/P0
show different trends with the increase of CO/H2 ratio. The
experimental determined normalized explosion pressure Pmax/
P0 decreases but normalized adiabatic explosion pressure Pe/
P0 increases with the increase of CO/H2 ratio in the syngas mix-
ture. This is mainly due to the larger heat loss for the mixture
with a higher CO/H2 ratio.

3. The heat loss during the combustion process was calculated by
the difference between experimental and adiabatic explosion
pressure. With the addition of CO dilution ratio in the mixture,
the amount of heat loss transferred to the wall heat loss to the
unit area increases greatly.
Acknowledgements

This study is supported by National Natural Science Foundation
of China (Nos. 51376004, 51136005) and the Specialized Research
Fund for the Doctoral Program of Higher Education
(20130201130011). Yongliang Xie acknowledges the Chinese
Scholarship Council (CSC201506280064) for a joint Ph.D scholar-
ship at University of California Berkeley.

References

[1] Boehman AL, Corre OL. Combustion of syngas in internal combustion engines.
Combust Sci Technol 2008;180(6):1193–206.

[2] Rakopoulos C, Michos C. Development and validation of a multi-zone
combustion model for performance and nitric oxide formation in syngas
fueled spark ignition engine. Energy Convers Manage 2008;49(10):2924–38.

[3] Xie YL, Wang JH, Xu N, Yu SB, Zhang M, Huang ZH. Thermal and chemical
effects of water addition on laminar burning velocity of syngas. Energy Fuel
2014;28(5):3391–8.

[4] Prabhukumar G, Swaminathan S, Nagalingam B, Gopalakrishnan K. Water
induction studies in a hydrogen-diesel dual-fuel engine. Int J Hydrogen Energy
1987;12(3):177–86.

[5] Subramanian V, Mallikarjuna J, Ramesh A. Effect of water injection and spark
timing on the nitric oxide emission and combustion parameters of a hydrogen
fuelled spark ignition engine. Int J Hydrogen Energy 2007;32(9):1159–73.

[6] Correa SM. A review of NOx formation under gas-turbine combustion
conditions. Combust Sci Technol 1993;87(1–6):329–62.

[7] Jo YD, Crowl DA. Explosion characteristics of hydrogen-air mixtures in a
spherical vessel. Process Saf Prog 2010;29(3):216–23.

[8] Tang CL, Huang ZH, Jin C, He J, Wang JH, Wang XG, et al. Explosion
characteristics of hydrogen–nitrogen–air mixtures at elevated pressures and
temperatures. Int J Hydrogen Energy 2009;34(1):554–61.

[9] Movileanu C, Gosa V, Razus D. Explosion of gaseous ethylene–air mixtures in
closed cylindrical vessels with central ignition. J Hazard Mater
2012;235:108–15.
[10] Dupont L, Accorsi A. Explosion characteristics of synthesised biogas at various
temperatures. J Hazard Mater 2006;136(3):520–5.

[11] Razus D, Brinzea V, Mitu M, Oancea D. Explosion characteristics of LPG–air
mixtures in closed vessels. J Hazard Mater 2009;165(1–3):1248–52.

[12] Razus D, Movileanua C, Oancea D. The rate of pressure rise of gaseous
propylene–air explosions in spherical and cylindrical enclosures. J Hazard
Mater 2007;139(1):1–8.

[13] Phylaktou H, Andrews G, Herath P. Fast flame speeds and rates of pressure rise
in the initial period of gas explosions in large L/D cylindrical enclosures. J Loss
Prevent Proc 1990;3(4):355–64.

[14] Phylaktou H, Andrews G. Gas explosions in long closed vessels. Combust Sci
Technol 1991;77(1–3):27–39.

[15] Andrews G, Herath P, Phylaktou H. The influence of flow blockage on the rate
of pressure rise in large L/D cylindrical closed vessel explosions. J Loss Prevent
Proc 1990;3(3):291–302.

[16] Ning JG, Wang C, Lu J. Explosion characteristics of coal gas under various initial
temperatures and pressures. Shock Waves 2006;15(6):461–72.

[17] Movileanu C, Razus D, Oancea D. Additive effects on the rate of pressure rise
for ethylene–air deflagrations in closed vessels. Fuel 2013;111:194–200.

[18] Razus D, Brinzea V, Mitu M, Movileanu C, Oancea D. Inerting effect of the
combustion products on the confined deflagration of liquefied petroleum gas–
air mixtures. J Loss Prevent Proc 2009;22(4):463–8.

[19] Dahoe A. Laminar burning velocities of hydrogen–air mixtures from closed
vessel gas explosions. J Loss Prevent Proc 2005;18(3):152–66.

[20] Savitzky A, Golay MJ. Smoothing and differentiation of data by simplified least
squares procedures. Anal Chem 1964;36(8):1627–39.

[21] Razus D, Movileanu C, Brinzea V, Oancea D. Explosion pressures of
hydrocarbon–air mixtures in closed vessels. J Hazard Mater 2006;135
(1):58–65.

[22] Tang CL, Zhang S, Si ZB, Huang ZH, Zhang K, Jin Z. High methane natural gas/air
explosion characteristics in confined vessel. J Hazard Mater 2014;278:520–8.

[23] Movileanu C, Razus D, Oancea D. Additive effects on explosion pressure and
flame temperature of stoichiometric ethylene–air mixture in closed vessels.
Rev Roum Chim 2011;56:11–7.

[24] Crowl DA, Jo Y-D. The hazards and risks of hydrogen. J Loss Prevent Proc
2007;20(2):158–64.

[25] Dryer FL, Chaos M. Ignition of syngas/air and hydrogen/air mixtures at low
temperatures and high pressures: experimental data interpretation and
kinetic modeling implications. Combust Flame 2008;152(1):293–9.

[26] Law C, Makino A, Lu T. On the off-stoichiometric peaking of adiabatic flame
temperature. Combust Flame 2006;145(4):808–19.

[27] Davis SG, Joshi AV, Wang H, Egolfopoulos F. An optimized kinetic model of H2/
CO combustion. Proc Combust Inst 2005;30(1):1283–92.

[28] Xie YL, Wang JH, Xu N, Yu SB, Huang ZH. Comparative study on the effect of
CO2 and H2O dilution on laminar burning characteristics of CO/H2/air
mixtures. Int J Hydrogen Energy 2014;39(7):3450–8.

[29] Kee RJ, Dixon-Lewis G, Warnatz J, Coltrin ME, Miller JA. A Fortran computer
code package for the evaluation of gas-phase, multicomponent transport
properties. Sandia National Laboratories; 1988.

[30] Razus D, Krause U. Comparison of empirical and semi-empirical calculation
methods for venting of gas explosions. Fire Safety J 2001;36(1):1–23.

[31] Aung K, Hassan M, Faeth G. Flame stretch interactions of laminar premixed
hydrogen/air flames at normal temperature and pressure. Combust Flame
1997;109(1):1–24.

[32] Scholte T, Vaags P. Burning velocities of mixtures of hydrogen, carbon
monoxide and methane with air. Combust Flame 1959;3:511–24.

[33] Das AK, Kumar K, Sung C-J. Laminar flame speeds of moist syngas mixtures.
Combust Flame 2011;158(2):345–53.

[34] Bradley D, Mitcheson A. Mathematical solutions for explosions in spherical
vessels. Combust Flame 1976;26:201–17.

[35] Dahoe A, Zevenbergen J, Lemkowitz S, Scarlett B. Dust explosions in spherical
vessels: the role of flame thickness in the validity of the ‘cube-root law’. J Loss
Prevent Proc 1996;9(1):33–44.

http://refhub.elsevier.com/S0016-2361(16)30675-5/h0005
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0005
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0010
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0010
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0010
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0015
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0015
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0015
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0020
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0020
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0020
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0025
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0025
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0025
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0030
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0030
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0035
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0035
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0040
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0040
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0040
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0045
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0045
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0045
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0050
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0050
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0055
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0055
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0060
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0060
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0060
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0065
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0065
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0065
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0070
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0070
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0075
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0075
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0075
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0080
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0080
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0085
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0085
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0090
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0090
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0090
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0095
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0095
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0100
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0100
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0105
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0105
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0105
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0110
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0110
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0115
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0115
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0115
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0120
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0120
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0125
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0125
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0125
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0130
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0130
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0135
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0135
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0135
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0140
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0140
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0140
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0140
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0140
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0140
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0145
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0145
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0145
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0150
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0150
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0155
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0155
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0155
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0160
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0160
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0165
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0165
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0170
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0170
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0175
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0175
http://refhub.elsevier.com/S0016-2361(16)30675-5/h0175

	Pressure history in the explosion of moist syngas/air mixtures
	1 Introduction
	2 Experimental setup and procedures
	3 Results and discussions
	4 Conclusions
	Acknowledgements
	References


