A \
| 4
Q'

http://pubs.acs.org/journal/acsodf

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Experimental Study of the Effect of CO/H, Ratio and Release
Pressure on Syngas Jet Flame Propagation and Overpressure

Zheng Li, Langging Lu, Min Yao,* Zhilei Wang, Zhenmin Luo, Qianrui Huang, Tongshuang Liu,

and Xuhai Pan*
I: I Read Online

[l Metrics & More |

Cite This: ACS Omega 2024, 9, 36961-36968

ACCESS |

Article Recommendations

ABSTRACT: Syngas, composed of hydrogen and carbon

monoxide, serves as an alternative fuel for hydrogen energy and

a key raw material for chemical synthesis. However, due to its — —
flammable nature, syngas poses risks of forming explosive mixtures _% s ; am
in the event of a leak. This study explores potential accident
scenarios in coal chemical environments involving syngas reaction
vessels. Experimental investigations focus on the overpressure and
propagation dynamics of jet flames resulting from syngas leakage,
with CO volume fractions ranging from 50 to 80% and release
pressures between 2 and 5 MPa. Results reveal that maximum
flame overpressure occurs within a CO volume fraction range of
55—65%, with no consistent relationship observed between
overpressure and CO fraction at fixed release pressures. During
our experiments, the maximum recorded overpressure of 28.4 kPa was reached during vented explosions. Additionally, ignition
outcomes categorize into three types based on flame propagation speed: combustion/flare, resembling normal deflagration; and
high-velocity deflagration, characterized by rapid propagation and potential for steady jet fire formation. While shockwave-like
features may be observed, these do not indicate true detonation. These findings offer insights for the safe handling and storage of

shock intiation boundary.
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1. INTRODUCTION

Hydrogen energy has been widely explored as a possible solution
to the energy and ecological crises. Syngas, a mixture of carbon
monoxide and hydrogen, has significant potential as a low-
carbon, high-efficiency, renewable and clean fuel.' Industrial
syngas, with harmful components such as H,S, SO,, and heavy
metals removed, is commonly used in gas boilers, gas turbines,
and other gas appliances,2 or as a raw material for chemical
synthesis. Syngas can be prepared from various sources, such as
coal gasification,”* gasification of biomass waste,”” and refinery
residues.”” Currently, coal gasification is the primary source of
syngas.'’ Syngas has more complex combustion and explosion
characteristics compared to traditional hydrocarbon fuels. The
combustion and explosion characteristics of syngas need to be
studied with a focus on the proportion of its fuel components.
The significant physicochemical differences between hydrogen
and carbon monoxide, the two primary components of syngas,
result in varying combustion behaviors. Additionally, the ratio of
these components can change widely depending on the
gasification process employed, influencing the combustion
characteristics of the syngas mixture.

Investigating the safety of accidental releases is crucial for the
safe use of syngas as a fuel and chemical feedstock. Syngas stored
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under pressure can lead to accidental leakage due to over-
pressure in storage tanks or vessel breakage, which can result in
the generation of jet flames.'' The generation of a jet fire can
produce shock overpressure and heat radiation that can affect
personnel and equipment downstream, potentially leading to a
domino effect and causing a larger accident. Guo et al.'”
investigated the propagation characteristics of high-pressure
hydrogen jet flames for pure hydrogen jet flame studies.
Additionally, Pitts et al."’ demonstrated the significant impact
of fuel concentration on jet fire hazard. Wang and Sun'*
summarized the minimum ignition energy and explosion limit
study for syngas components in the study of syngas combustion
and explosion characteristics. The impact of temperature,
pressure, humidity, and the degree of turbulence was also
considered. In a study by Sun,"” the explosion characteristics of
syngas with different component ratios were investigated in a
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Figure 1. Schematic diagram of the experimental system.
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constant volume explosion sphere. The results showed that an
increase in the proportion of hydrogen led to an increase in the
maximum explosion pressure. Sun’s'® turbulent explosion
experiments presented similar conclusions, showing that a
higher proportion of hydrogen resulted in a higher explosion
overpressure due to its greater combustion range, diffusivity,
laminar flame speed, and explosion index."”

The conventional method for investigating jet flame hazards
involves ifgniting the jet at the orifice using forced ignition.'® Shy
et al."” 7" investigated the effect of different component ratios,
initial pressures, and turbulence degrees on the propagation
velocity of outwardly propagating syngas flames. To evaluate the
hazard of jet flames, Zhang et al.> investigated the thermal
radiation hazard of propane jet fires, while Guo et al.' studied
the overpressure hazard of forced ignition of hydrogen jets. It is
worth noting that the ignition position has a significant effect on
the overpressure. Several studies have attempted to mitigate the
overpressure hazard of jet flames by using walls.”»**

Previous studies have primarily focused on the NOx emission
characteristics of syngas as a fuel in nonpremixed jet flames used
in burners.”>*° However, there has been limited research on the
hazard assessment of syngas jet flames, particularly in relation to
overpressure hazards. This paper employs an experimental study
to investigate the overpressure hazard downstream of a syngas
jet being forced to ignite for a coal gasification-to-syngas
scenario with CO volume ratios ranging from 50 to 80% and
release pressures of 2—5 MPa, encompassing the operational
conditions of most coal gasification reactors. The purpose of this
paper is to provide guidance on the placement and configuration
of syngas reactors and high-pressure storage vessels, as well as to
examine the impact of the hydrogen/carbon monoxide volume
ratio and release pressure on the overpressure of syngas jet
flames.

2. RESEARCH METHODOLOGY

2.1. Experimental Setup. This paper describes the
experimental platform shown in Figure 1, which consists of
four parts: a gas supply system, a high-pressure storage tank, a
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pipeline evacuation and ignition system, and a data acquisition
system. The gas supply system comprised one 40 L bottle of
99.999% pure hydrogen, one 40 L bottle of 99.999% pure carbon
monoxide, and one 99.99% pure nitrogen bottle for purging after
each experiment. The tank has a volume of 4 L and is equipped
with a vacuum pump, an emergency venting valve, and an inbuilt
pressure transducer (Kulite, 37SM-250BARSG) for real-time
pressure monitoring. The evacuation and ignition system
comprises a pneumatic ball valve and a seamless steel pipe, 1.7
m in length and 10 mm in diameter, and the experiment uses an
arc igniter to generate a stable arc for forced ignition. The
pneumatic ball valve’s fully open time was set to 100 ms to
prevent spontaneous combustion of the syngas in the pipeline
due to shock waves.”” The data acquisition system utilizes three
PCB-106B ICP acoustic pressure sensor (measurement Range:
57.2 kPa, resolution: 0.00069 kPa), labeled P01, P02, and P03,
to record the pressure history outside the drain tube. The sensor
locations are arranged as shown in the dashed box in Figure 1.
Data was acquired and recorded using an oscilloscope (HIOK],
MR6000) with a sampling rate of 20 M/s and a total sampling
time of Ss for each pass. The jet and flame propagation process in
the near-field of the tube orifice was filmed using a high-speed
camera (Phanton, V2512) set to a frame rate of 10,000 fps, a
resolution of 1024 X 640, and an exposure duration of 70 us.
The pressure data outside the pipe is obtained using three
pressure sensors, namely P01, P02, and P03, which are
connected to the oscilloscope. The trigger line of the high-
speed camera is also connected to the oscilloscope. Both the
oscilloscope and the high-speed camera start working when the
pressure sensors in the tank detect a pressure drop. The text
includes colorful flame pictures captured using regular cameras.
The electric arc igniter is used as the ignition device and is placed
at 0.05, 0.5, and 1.0 m downstream of the pipe mouth axis. The
arc is generated at the same height as the nozzle and the igniter is
securely fixed to the ground to prevent any displacement caused
by the airflow during discharge.

2.2. Experimental Procedures. The paper investigates the
impact of the volume ratio of hydrogen/CO in syngas and the
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release pressure on the experimental variables. Two sets of
ignition position change conditions are used to introduce typical
pressure waveforms. At the start of the experiment, the pressure
of the gas supply system’s cylinder pressure-reducing valve was
adjusted to allow the two gases to enter the storage tank
sequentially and reach the specified relief pressure in the tank. As
the release pressure ranges between 2 and 5 MPa, it is
recommended to use the gas compression factor equation to
determine the pressure outlet setting of the pressure reducing
valve. This will ensure that the gas volume ratio in the tank is
correct, as demonstrated in eq 1.

PV = ZnRT (1)

Pressure (P) is measured in pascals (Pa), while temperature
(T) is measured in Kelvin (K). The compression factor, Z, is a
dimensionless parameter that represents the deviation of the
actual gas from the ideal gas law at a given temperature and
pressure.

Before the experiment, the storage tank was vacuumed using a
vacuum pump. Then, the tank was filled with two gases. After the
gas filling was completed, the tank was left to stand for a period
of time to allow the gases to mix completely. Next, the arc igniter
was switched on, and a pneumatic ball valve was remotely
opened using a remote control device. The syngas jet was
released into the atmosphere through a bleeder tube and could
be ignited on contact with the arc igniter. Finally, each release
was followed by a nitrogen purge to remove any residual syngas
from the release tube.

3. RESULTS AND DISCUSSION

3.1. Typical Experimental Conditions. Figure 2 shows the
relief pressure history recorded by the P03 sensor. The discharge
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Figure 2. Full pressure recording of a typical discharge.

pressure was 2 MPa, the volume ratio of the released syngas was
60% hydrogen to 40% carbon monoxide, and the ignition
position was 0.05 m from the tube outlet, under which condition
the syngas jet was successfully ignited. To better demonstrate
the full pressure change process, we manually selected the zero
time point. This point does not indicate the absolute time of
arrival of the pressure wave”. When the sensor receives an initial
pressure fluctuation, the magnitude of the pressure fluctuation is
low, only a small amount of gas is vented in the predischarge
phase and ignition has not yet occurred. As the release
continues, the discharge of syngas increases along with the gas
flow rate. The sensor detects a negative pressure phase, which

lasts approximately 600 ms. After the pneumatic ball valve is
closed, the upstream pressure decreases, and the discharge
gradually ceases. However, the figure shows three distinct
pressure peaks resulting from a sudden increase in pressure,
indicating that the syngas jet was ignited multiple times. The
maximum pressure peak, shown in the locally enlarged area in
Figure 2, reached a maximum overpressure of 4.057 kPa. In
other tests, the syngas jet was ignited several times, as often
happens. The highest value of overpressure during the entire
release process is noted as the peak pressure.

Figure 3 illustrates the influence of ignition position on the
ignition characteristics of syngas gas jet flames. Figure 3ab
depicts the flame propagation process images when ignited at
positions 0.05 and 0.5 m along the axis at the nozzle outlet,
respectively, to compare the effect of ignition position on
synthetic gas jet flames. The appearance of the visible flame in
the preceding frame is defined as time zero.

In Figure 3a, for ignition at the position of 0.05 m from the
nozzle outlet, the initial phase of the jet flame appears blue. As
the flame propagates downstream, its combustion intensifies,
accompanied by an increase in brightness at the leading edge. At
around 40 ms, the combustion reaches its peak intensity,
characterized by a white glare. Additionally, the flame lift-off
height gradually increases. However, the flame exhibits some
instability, with intermittent occurrences at 210 ms, followed by
the formation of a relatively stable self-sustained flame around
370 ms. The color of the flame transitions from blue in the early
stages to orange-red later on. During transient jet release, better
mixing between the jet front and the surrounding air occurs,
whereas steady-state jet flames lack this condition. Conse-
quently, the brightness of the steady jet flame is lower compared
to that at 40 ms.

In contrast, ignition at the 0.5 m position (Figure 3b) results
in significantly reduced flame combustion intensity, evident
from the diminished flame area and brightness. The flame
appears pale blue and has a shorter duration. Partial ignition of
the surrounding and downstream synthetic gas jet by the igniter
leads to an intermittent flame pattern. Furthermore, sensor data
indicate no pressure fluctuations exceeding the airflow noise
level for ignition at the 0.5 m axial position, suggesting negligible
pressure damage downstream. This can be attributed to the
lower jet velocity downstream, reducing the efficiency of gas-air
mixing, and resulting in a lower gas concentration differential.
Therefore, all subsequent tests in this study utilize ignition at the
0.05 m axial position to determine the maximum overpressure
that synthetic gas jet flames may generate.

3.2. Syngas Ignition Results. When a high-pressure syngas
is released through a pipeline and encounters an igniter, the
results can be classified into four categories: combustion/flash
flame at lower overpressure, normal deflagration, high velocity
deflagration at higher pressures, and nonignition. The three
scenarios other than nonignition are described below.

Figure 4 displays the occurrence of low overpressure
combustion. The CO volume fraction is 80% and the release
pressure is 5 MPa. The occurrence of low overpressure
combustion or flash combustion is characterized by a lower
peak overpressure, with the highest overpressure in the figure
being only 0.057 kPa. Furthermore, the process of increasing
overpressure is slow and lacks strong discontinuity, indicating
that the pressure perturbation has not yet formed a shock wave.
The flames are also subsonic, suggesting low downstream
overpressure and flame hazard in this scenario.

https://doi.org/10.1021/acsomega.4c00357
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Figure 3. Flame propagation at different ignition firing positions at 3 MPa. (a) Ignition at 0.0S m; (b) Ignition at 0.5 m.
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Figure 4. Pressure profile of combustion/flash flame.

Figure § illustrates the scenario of a 2 MPa release pressure
with a CO proportion of 60%. Under these conditions, the
syngas jet flame undergoes a typical deflagration, characterized
by features resembling shockwaves in the pressure history
recorded by sensor P03, though these do not indicate a true
detonation. The pressure fluctuation processes of sensors P01,
P02, and P03 reveal the formation of the leading shockwave
during the ignition of the synthetic gas jet flame. The P01 curve
exhibits minor pressure fluctuations accompanied by small
increments, indicating relatively large disturbances. The P02
curve depicts the gradual stacking of pressure waves, with an
accelerated rate of pressure rise, yet without any pressure
discontinuity at this stage. Upon reaching sensor P03, the
pressure wave has formed into a strong discontinuity, namely,
the shockwave. The significant pressure gradient ahead and
behind the shockwave causes a sharp increase in pressure
recorded by sensor P03. The gradual formation of the
shockwave suggests that ignition outside the synthetic gas jet
pipe differs from the deflagration process inside a combustible
gas container. The formation of the shockwave requires time and
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flame development distance. However, due to the limited
number of sensors, it is not possible to calculate the exact speed
of the shockwave, and consequently, it is uncertain whether this
phenomenon constitutes detonation of the synthetic gas outside
the pipe. Therefore, we conservatively consider this combustion
phenomenon to be deflagration, where the flame propagation
speed exceeds the speed of sound. The combustion phenom-
enon in the high-speed jet is different from the premixed gas in
the pipe deflagration in the detonation of the bombardment.
Additionally, more pressure sensors are required to determine
whether the intensity of the shock wave increases following the
P03 sensor.

In the case of the high velocity deflagration with very high
overpressure shown in Figure 6, the peak overpressure is a
prominent feature, reaching up to 28.40 kPa, which is
significantly higher than the previous case. The pressure trends
of the three sensors resemble those of a typical deflagration.
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Figure 6. Pressure profile of high velocity deflagration.

However, there is a significant difference in the peak and rate of
pressure rise between P01 and P02, indicating a rapid pressure
shift in the area between the two sensors. It should be noted that
the peak overpressure of P03 may not accurately represent the
hazards of the high overpressure deflagration due to the
placement of the pressure sensor and the potential continuation
of the pressure wave superposition after the P03 sensor. To
ensure a more accurate assessment of the hazards, the pressure
sensor should be placed axially to the orifice and the
superposition of the pressure wave should be taken into
consideration. The literature summarizes the hazardous pattern
of explosion overpressure on people and buildings.”**’ In our
experiments, the maximum recorded overpressure reached 28.4
kPa, which is sufficient to cause damage such as the deformation
of metal panels and minor damage to concrete walls. This very
high overpressure case differs significantly from the first two
ignition cases in terms of flame propagation, which will be
discussed in detail in Section 3.4.

3.3. Effect of Release Pressure and Carbon Monoxide
Fraction of Syngas on Maximum Overpressure. Figure 7
shows the effect of the volume fraction of carbon monoxide in
the syngas on the peak flame overpressure at different release
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Figure 7. Volume fraction of carbon monoxide in syngas for peak flame
overpressure plots at different release pressures.

pressures. The nonignition test cases are not plotted in the
figure. The figure illustrates that there is no consistent pattern for
the volume fraction of CO in the syngas for flame overpressure at
a specific release pressure. Additionally, the nonignition
conditions occur at release pressures of 2, 3, and 4 MPa.
However, the maximum overpressure occurs within the range of
55—65% CO fraction at each release pressure. This suggests that
hydrogen/carbon monoxide mixtures in the group distribution
are more hazardous than those within that range. In Figure 7, the
dotted line represents the boundary between the pressure record
with and without shock generation. For the experimental
conditions described in this paper, the boundary is at
approximately 3.27 kPa at 4 MPa with 55% of the released
CO fraction and 4.06 kPa at 2 MPa with 60% of the released CO
fraction. The present experiments indicate that the deflagration
of syngas outside of the tube did not generate a shock wave in
most conditions, and the combustion was subsonic. However, in
four conditions, a shock wave was produced. Furthermore, a
higher fraction of carbon monoxide results in lower flame
overpressure, as shown by Table 1, which presents some physical

Table 1. Details of Measurement and Data Collection
Instruments

gas type H, CcO
flammability limit (%) 4-75  12.5-742
standard heat of combustion (kJ/mol) 285.8 283.3
diffusion Coefficient at atmospheric pressure and 0.61 0.16

room temperature (sz/ s)

parameters of the two gases. When a homogeneous mixture of
the gases is ejected from the tube, the heat of combustion is less
influenced by its components, while the flammability limit and
gas diffusion coefficient play a more significant role.

The low diffusion coefficient of carbon monoxide results in
less efficient mixing of the high carbon monoxide syngas as the
oxidant undergoes a limited mixing process. Another piece of
information shown in Figure 7 is that the three conditions with
the highest overpressure occur at a release pressure of 5 MPa,
indicating that the jet velocity of the syngas at the nozzle has a
significant effect on the flame overpressure. The higher the jet
velocity at the orifice, the more the syngas-air shear layer at the
jet boundary sucks in air, and the more intense the turbulent
combustion flame. However, under these experimental con-
ditions, the hydrogen/CO jet at the orifice is in an under-
expanded state.’® As a result, the high release pressure leads to
higher jet pressure behind the Mach disc, which promotes more
intense combustion chemistry. Furthermore, increasing the
release pressure results in a higher mass flow rate from the tube
to the outlet of the fixed-volume tank in the experiment. This
leads to an increase in concentration downstream of the jet,
contributing to the growth of the flame maintenance time and
flame length. As a result, there is a boost to the continuous
superposition of the combustion pressure wave.

3.4. Syngas Jet Flame Propagation Characteristics. A
high-speed camera was used to observe the various flame
development and propagation processes at a fixed position after
igniting the syngas jet under different overpressure conditions.
The connection between flame overpressure and the observed
differences in flame propagation processes was elucidated.

Figure 8 shows a group plot of the key frames of the flame
propagation process for the test condition (same condition as in
Figure 4) with a CO volume fraction of 80% and a release
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Figure 8. Low overpressure deflagration flame propagation diagram.

pressure of 5 MPa, with a brightness change at the orifice
appearing as time zero. The figure shows that the flame duration
phase, from ignition to the disappearance of the visible flame on
the screen, lasts approximately 97 ms. The jet flame initially
takes on a conical shape to propagate downstream and then
grows in flame propagation. At 14 ms, the angle presented by the
jet flame is 18.14°, which is smaller than the “normal
deflagration” scenario mentioned later in the text. However, at
27.8 ms, asymmetric flame propagation along the axial direction
is observed. Concurrently, flame extinction near the ignition
point occurs, with the flame base shifting downstream,
ultimately resulting in an inability to sustain the flame and
causing an overall reduction in flame length. The near-field flame
close to the tube exhibits asymmetry, which suggests a high level
of flame propagation instability at this stage. This is due to
momentum dominance rather than buoyancy dominance. The
reasons for this phenomenon are mainly as follows: First, the
expansion effect of the airflow at the orifice is an important
influencing factor. The under-expanded jet ejected from the
orifice expands and cools down, which reduces the degree of
combustion. Second, as the flame gradually propagates down-
stream, vortex structures develop and affect the upper part of the
flame by 27.8 ms. The absence of combustion at the base of the
flame (indicated by the yellow dashed circle in Figure 8) leads to
an inability to sustain the combustion, resulting in a weakening
of the flame. At 34.8 ms, a decrease in brightness at the leading

edge of the flame is observed, indicating a reduction in
combustion intensity. The flame size significantly shrinks, with
no signs of expansion toward the outer periphery of the jet. The
flame disappears gradually at 96.5 ms. The pressure fluctuations
in this case are solely generated by the initial jet flame. As the
combustion is not intense, the resulting combustion pressure
wave is already weak by the time it reaches the sensor.

Figure 9 illustrates the flame propagation corresponding to
the pressure history presented in Figure S, with a CO ratio of

Resolution:1024x640
Sample Rate:10000fps
Exposure:70ps.

14 ms

27.8 ms

Flame base maintained

o

55.4 ms
80.9 ms

96.5ms

Figure 9. Normal deflagration flame propagation diagram.

60% and a release pressure of 2 MPa. In this case, the maximum
peak overpressure exceeds 4 kPa, but the flame propagation
process is generally similar to that of the previous deflagration
type with low overpressure. The flame persistence process also
lasts approximately 97 ms. The discrepancy lies in the
heightened luminosity and increased combustion observed in
the deflagration flame at both 14 and 27.8 ms. Furthermore,
there is a degree of sustained combustion at the base of the
flame. Specifically, during the early phases of the flame, the
deflagration flame demonstrates a broader angle of 21.13°,
indicative of its propagation to the outermost periphery of the
jet, where the mixing of syngas and air is most eflicient.
Additionally, there is a more robust maintenance of combustion
at the flame’s base, intensifying the downstream combustion
kinetics. Within the jet, vigorous combustion reactions occur,
culminating in the formation of a luminous fireball at the flame’s
forefront. The fireball exhibits notable gradients in physical
parameters, prompting the formation and enlargement of
vortices at 43.3 ms. Subsequently, the fireball undergoes
displacement from the primary flame body and dissipates by
55.4 ms.

When high overpressure deflagration occurs, as shown in
Figure 10 with a CO ratio of 65% and a release pressure of 5
MPa, the most notable feature is the rapid flame propagation
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Figure 10. High-velocity deflagration flame diagram.

process. In approximately 40 ms, due to an increase in lift-up
height, the flame has left the high-speed camera’s field of view. At
1.8 ms, the flame has propagated to the far right of the screen.
The axial propagation of the flame is slower than its axial
propagation at this stage. At 5.7 ms, the flame takes on a conical
shape. Intense air entrainment in the shear layer can be
observed, causing the lift-up height to increase continuously due
to the rise in jet velocity. The flame propagation remains stable,
and the base of the flame burns intensely as the lift-up height
continues to increase.

In both cases, the flame is not stably maintained, and narrow
flame widths are observed during combustion/flash fire at lower
overpressure levels and normal deflagration. The concentration
of gas inside the jet near the orifice is high, and the combustion
of the flame depends on the proper mixing of syngas and air.
When the jet is initially ejected from the orifice, a combustible
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zone is formed by the front of the jet and the air mixed at the
edges, which is the condition for the initial combustion of the

syngas.

4. CONCLUSIONS

This study investigates the phenomena of overpressure and
flame propagation induced by syngas flames released at
pressures ranging from 2 to 5 MPa and carbon monoxide
concentrations between 50% and 80%, following venting
through a pipe and ignition by an arc igniter. The investigation
is primarily based on pressure data and flame propagation
images. The key conclusions drawn from this study are
summarized as follows:

1. The influence of carbon monoxide concentration on
overpressure at each release pressure does not follow a
singular pattern. However, it is observed that the
maximum overpressure consistently occurs within the
range of 55—65% at all release pressures.

. Syngas ignition leads to three distinct types of ignition
events: combustion/flash fire at lower overpressure levels,
normal deflagration, and high-velocity deflagration at
higher pressures. Classification is based on the presence or
absence of shock wave generation and differences in flame
propagation dynamics. High-velocity deflagration events
can generate maximum overpressures of up to 28 kPa,
posing a potential risk of damage to concrete structures.

. The combustion/flash fire phenomenon observed at
lower overpressure levels is characterized by a failure to
form a stable jet of fire. In contrast, high-velocity
deflagration events exhibit rapid flame propagation and
the formation of a stable jet of fire.
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