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Abstract: For industrial applications, we propose a concept of clean and efficient combustion through
burning syngas on an impinging burner. We performed experimental measurements of particle image
velocimetry, OH radical (OH*) chemiluminescence, flame temperature, and CO emission to examine
the fuel mixing and reaction of premixed impinging flames of CH4/syngas/air with H2/CO in varied
proportions. The velocity distribution of the combustion flow field showed that a deceleration area in
the main flow formed through the mutual impingement of two jet flows, which enhanced the mixing
of fuel and air because of an increased momentum transfer. The deceleration area expanded with
an increased CO proportion, which indicated that the mixing of fuel and air also increased with the
increased CO proportion. Our examination of the OH* chemiluminescence demonstrated that its
intensity increased with increased CO proportion, which showed that the reaction between fuel and
air accordingly increased. CO provided in the syngas hence participated readily in the reaction of the
CH4/syngas/air premixed impinging flames when the syngas contained CO in a large proportion.
Although the volume flow rate of the provided CO quadrupled, the CO emission increased by only
12% to 15%. The results of this work are useful to improve the feasibility of fuel-injection systems
using syngas as an alternative fuel.

Keywords: syngas; impinging flame; fuel mixing; reaction; OH radical chemiluminescence;
CO emission

1. Introduction

The avoidance of excessive consumption of hydrocarbon fuels and the implementation of clean
combustion have become major global concerns in recent decades. Syngas, a clean and alternative
fuel, has a great potential to replace hydrocarbon fuels in combustion applications, especially in
integrated-gasification-combined-cycle systems (IGCC) [1,2]. Syngas, which is comprised mainly
hydrogen (H2) and carbon monoxide (CO), is generally derived from the gasification of solid fuel
feedstock such as coal, biomass, and refinery residue. The feedstock and gasification processes cause
substantial variations in the composition of syngas, which lead to appreciably altered combustion
characteristics [1–3]. The variable composition of syngas affects both the physical properties and
the chemical reactions in combustion such as the flame stability, flame-flow interactions, and the
emission of pollutants. The characteristics of syngas combustion, including flame propagation
speed [4–7], chemical-kinetic mechanism [8,9], and flame structure [4,10], have been widely studied,
as summarized [1]. Hydrogen is present in syngas in a large proportion, which induces flame
instability [11] such as the opening of the flame tip and flashback issues [4,12–14]. To improve
the safety of the use of hydrogen, a mixture of hydrocarbon and hydrogen without rapid chemical
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kinetics has been examined [12,15]. Another major component of syngas, carbon monoxide, is the
leading intermediate during many combustion processes. The strongly bound molecular structure
of carbon monoxide imposes a great activation energy for the direct reaction of CO with O2, which
impedes the ignition and combustion of CO [15]. In using syngas for combustion, the improvement of
the oxidation of CO becomes an important issue. In syngas combustion, the oxidation of CO can be
accelerated significantly because the chain reaction of H2 and O2 provides OH radicals for CO to react
as CO + OH→ CO2 + H [15–17]. The H atoms from that reaction then recycle to participate in chain
reactions with O2 [15], thereby promoting the combustion of CO within syngas as long as sufficient O2

is available.
To facilitate syngas combustion, the adoption of a suitable burner contributes to the combustion

reactions of syngas through the improved mixing of syngas and oxygen. The varied configuration of a
burner causes a concomitant variation of the flow field of combustion and hence affects the mixing
characteristics and the combustion performance. An impinging flow field, formed from the mutual
impingement of multi-jets, has attracted interest in the investigation of the mixing characteristics of
fuel and oxidizer in many fuel-injection systems [18–27]. Jet-impinging configurations have been
extensively used and investigated in gas turbines, internal-combustion engines, and jet-propulsion
systems because of their simple geometry and thorough mixing of fuel and oxidizer [20,24–31]. In a
non-reactive flow, the total pressure and the mixing section of the impinging flow in the vertical
direction increase with the increasing angle of inclination of the jets [19,22,23]. The turbulence intensity
attains a maximum value behind the intersection of the jets [20], which enhances the mixing rate
of the flow. In a reactive flow, the non-premixed impinging flame of syngas has been thoroughly
investigated in the jet-to-plate flame configuration using direct numerical simulation [28–31]; the
researchers reported that both the near-wall flame characteristics and the micro-mixing behavior
were greatly affected by the composition of syngas. An addition of CO plays an important role in the
H2-rich combustion, which caused the appearance of possible partially premixed regions in the H2/CO
non-premixed flame [28], but CO at a large concentration tended to induce the local flame extinction of
the syngas flame, wherein the fluid parcels concentrated in the rich-side of the stoichiometric mixture
fraction [30]. Further, the vortical structures in the flow field of the H2-rich flame became weaker
than that of the H2-lean flame because of the great diffusivity of H2 [31]. For a jet-to-jet impinging
flame, the temperature distribution along the center-line plane of an impinging flame yielded a rate
of development greater than for a single jet flame because of the turbulent interaction and thorough
mixing of the flow during the jet impingement. The blow-off limit of the impinging flame hence had a
range greater than for a single jet flame [24]. Furthermore, the flame lift-off position, flame stability, and
NOx emission were controlled with a triple-jet impinging burner through the modulation of the angle
of inclination and the distance separating the oxygen jets [25,26]. In our previous work, an impinging
flame was generated with a V-shaped burner [27]; the impingement of the two flames enhanced the
mixing and the pre-heating of fuel because the interaction between flame and flow improved within
the impinging area. For those advantages of an impinging burner such as the simple geometry, the
benefit of fuel-air mixing, and the enhanced heat transfer we employed a self-designed impinging
burner to undertake the present work. Up to now, most research concerning jet-to-jet impinging flames
has been focused on diffusion flames with hydrocarbon fuels so information about the investigation
of a premixed or partially premixed impinging flame using syngas as a principal fuel is still lacking.
Furthermore, varying the proportions of H2 and CO in syngas might cause a variation in its fuel
mixing and reaction, which must be further examined when a jet-impinging flame consumes syngas as
the combustible fuel.

In the present work, we burned a fuel mixture of syngas and methane on an impinging burner.
Our main aim was to understand the effects of varied H2/CO proportions on the fuel mixing and
reaction of a premixed impinging flame using syngas as a principal fuel. The operating ranges,
the distribution of velocity in the combustion flow field, the chemiluminescence of OH*, the flame
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temperature, and the CO emission were experimentally investigated, as we discuss here. The results
of this work provide practical information for the application of syngas on an impinging burner.

2. Experiments

2.1. Experimental Setup and Parameters

To assess the effects of varied proportions of H2 and CO on a premixed impinging flame of CH4,
syngas, and air, we applied an injection burner with inclined jets to generate an impinging flame.
The experimental devices included a multi-jet injection burner with inclined jets, mass flowmeters,
high-pressure gas cylinders, and a system for the exhaust gas, shown in Figure 1. The burner had a
special design with inclined injection jets, allowing the octahedral main body, with grooves at angles
of 45◦ from the horizontal axis, to have up to eight fuel tubes in a radial distribution. The fuel jets
intersected each other on the central axis of the burner. The inner diameter (i.d.) of the circular fuel tube,
D, was 5 mm (i.d. = 5 mm); a fixed cover was locked above it to ensure that the circular fuel tube was
maintained in position. The fixed inclined angle in the present work was 45◦; the distance (from exit to
exit) between the fuel tubes was fixed at 30 mm. The burner and fuel tubes were made of stainless
steel (high-temperature resistant, 310S); the arrangement of fuel tubes is shown in Figure 1b,c, with the
reference coordinate system in Figure 1c. The blended fuel was composed of methane (instrument
grade, CH4, 99.5%) and syngas; the syngas was prepared from hydrogen (H2, 99.99%) and carbon
monoxide (CO, 99.99%). The fuel and dry air (N2 79%, O2 21%) were supplied from high-pressure
cylinders and controlled with digital mass flowmeters to enable a stable output to be maintained to
the burner exits, shown in Figure 1a.
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For equivalence ratios ϕ = 0.8 to 2.0, the proportion of hydrogen and carbon monoxide (H2/CO)
in syngas was varied from H2/CO = 100/0 to H2/CO = 0/100. The flow velocity at the burner exit
(Uexit) was 5.0 m/s for a constant total rate of volume flow, Vtotal = 11.78 L/min (air + fuel), with the
Reynolds number Re varying from 1401 to 1701. The Reynolds number of the fuel jet was calculated
based on the fuel/air mixture as:

Re =
ρmix Uexit D

µmix
(1)

in which µmix was calculated [32] as:

µmix =
∑
(
µi Yi

√
Mi
)

∑
(

Yi
√

Mi
) (2)

The density of the mixture (ρmix) was based on the ideal-gas equation of state. Under conditions
of a constant temperature and pressure, the density of the mixture was determined as

ρmix = ∑k
i Yiρi (3)

in which Yi is the molar fraction of component i; ρi is the density of component i; Mi is the molecular
mass of component I; and µi is the dynamic viscosity of component i.

The constant rate of volume flow of the input methane was 0.50 L/min (accounting for
10.96–27.20% of the total fuel). The volume flow rates and the volume concentrations of hydrogen
and carbon monoxide were determined and obtained through the setup of experimental parameters,
shown in Table 1. The experimental parameters, referred to in [32], were calculated as:

ϕ =
f uel
air(

f uel
air

)
st

=

Vf uel
Vair(Vf uel

Vair

)
st

(4)

Xi =
Vi

Vf uel
× 100% (5)

Table 1. Setup of experimental parameters.

Constant Parameters Given Parameters Variation Parameters

Total volume flow rate, Vtotal = 11.78 L/min equivalence ratio, ϕ from 0.8 to 2.0 Volume concentration of
component i in entire fuel, Xi, %

CH4 volume flow rate, Vmethane = 0.5 L/min H2/CO proportion 1 from 100/0
to 0/100

H2 volume flow rate, VHydrogen

Flow velocity of burner exit, Uexit = 5.0 m/s - CO volume flow rate,
VCarbon monoxide

1 Proportion of volume flow rate in syngas.

2.2. Particle Image Velocimetry and OH* Chemiluminescence

Information about both the flow and combustion fields occurring in a CH4/syngas/air
premixed impinging flame was obtained from non-intrusive particle image velocimetry (PIV) and the
chemiluminescence of OH radicals, as shown in Figure 1a. The PIV was measured with a laser light
sheet on the uniform flow field; a laser (Nd:YVO4, cw, maximum power output 12 W, wavelength
532 nm) served as a lamp for these measurements. The laser beam was led through an optical path to a
cylindrical lens before the observation zone and was then scattered to become a light sheet of thickness
1 mm in the test section. A high-speed charge-coupled device (CCD) camera (COMS, Phantom V7.3,
ISO 4800 mono, maximum resolution 800 × 600 pixels, shutter speed 6688 fps) with a lens (Nikon
Nikkor, AF Micro-Nikkor 60 mm, f/2.8D, Tokyo, Japan) was used to capture images and video.
Powdered alumina (Al2O3, 3 µm) served as seeding particles that were mixed with the blended fuel in



Energies 2017, 10, 900 5 of 16

the self-designed particle seeder and jet in the test section [27,33]. The PIV post-process calculations
were conducted with software (Insight 5, TSI) [34]. The chemiluminescence of free radicals is useful
in investigating combustion reactions because of its simple principle and convenient experimental
operation. The chemiluminescence of OH* is regarded as an indicator of the rate of heat release and of
the reaction zone in the reactive flow [35]. We captured the chemiluminescence images of OH radicals
with a characteristic emission band at 307 nm. The high-speed CCD camera (Phantom V7.3, Wayne,
NJ, USA) was used with a lens (Nikon PF10545MF-UV, Tokyo, Japan) and a filter at 307 nm for OH*
chemiluminescence. Image processing was performed on grey-scale images of chemiluminescent
intensity obtained with the high-speed camera. These images were converted to color charts of relative
strength to facilitate visual interpretation through a self-developed program (in MATLAB).

2.3. Flame Temperature and Exhaust Gas

For temperature measurement, the system was comprised of a thermocouple (OMEGATM R-type,
Pt/Pt-13Rh, 0–1600 ◦C, tolerance range ±0.75%, wire diameter 25 µm), a digital temperature display
(GIGARISE SE6000, Taipei, ROC), and a mobile platform with a control system for a micro-stepping
motor to position the thermocouple. The operating precision of the platform was 2 mm/turn (resolution
1.25 µm/step), ensuring a consistent and representative measurement point for each experiment.
The thermocouple was carefully calibrated; the average temperature was calculated. Since iron oxide
deposited on the thermocouple had a great influence on the radiation correction, the thermocouple
was cleaned completely to ensure an accurate correction when fuel containing CO was burned [36].
As the estimated radiation correction was approximately 250 ◦C, the actual temperature might be
greater than the uncorrected temperature by 300 ◦C [37], but the temperature data before correction
can still serve to distinguish the variation of the flame temperature.

We measured the emission of CO in the exhaust gas because this emission during the syngas
combustion is crucial to distinguish the reaction level [38,39]. Figure 1d shows the experimental setup
for the collection of the exhaust gas; a hood method was applied to analyze the exhaust gas [40].
The hood (cross section 1225 cm2), which maintained a stable condition for combustion to collect the
exhaust gas, was installed 10 cm above the exit of the burner. The exhaust gas that was collected with
the hood flowed into a vent tube (i.d. = 15 cm); the probe of a portable gas analyzer (RBR Ecom-B,
Shefford, UK), which detected CO from 0 to 4000 ppm, was inserted into the vent tube 100 cm above
the burner exit to sample the exhaust gas.

The sampling data of the flame temperature and CO exhaust were recorded ten times over a total
sampling duration. We used the averaged data for the analysis of uncertainty [41]; the maximum
uncertainties (two standard deviations, 95% confidence level) were flame temperature at 1.5% and CO
emission at 2%. The experimental measurements of the flame temperature and the CO emission were
reported in our previous work [13,27].

3. Results and Discussion

3.1. Operating Range and Flame Patterns

For industrial applications of syngas, the operating range and zone of stable combustion are
important aspects. In this work, we recorded the operating range through the observation of flame
patterns with a digital camera (Nikon D90, 4288 × 2848 pixels, Tokyo, Japan). We defined that a
CH4/syngas/air premixed impinging flame was strongly anchored at the burner exit as a stable
flame. The premixed impinging flame was first ignited to form a stable flame from H2/CO = 100/0
at each equivalence ratio (from ϕ = 0.8 to 2.0). For the examination of the operating range, we
gradually modulated the H2/CO proportion of syngas from H2/CO = 100/0 to H2/CO = 0/100
until the CH4/syngas/air premixed impinging flame was blown off by the fuel jets. Figure 2 shows
the operating range of this work. The oblique line represents the unstable zone (lift-off flame); the
right and left sides of the oblique line represent the blow-off and the stable flame zone, respectively.
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In the unstable zone, we defined the lift-off flame as unstable because this flame appeared to jump up
and down. The adjustment of the proportion of H2 in the unstable zone caused a CH4/syngas/air
premixed impinging flame either to be sensitive to blow off or to be stable because of the highly
reactive property of H2. The dotted line represents the blow-off zone in which a stable impinging
flame was blown off by the fuel jets. The range of the stable zone expanded with an increased H2

proportion and the increased equivalence ratios because the increased content of H2 enhanced the
flame speed [6,7]. The increased flame speed supported the impinging flame to resist the flow speed of
the fuel jets so as to maintain a stable state. For this purpose, the demand of H2 content decreased with
an increased equivalence ratio because the increased rate of volume flow of CO might also slightly
enhance the entire flame speed [42].

Energies 2017, 10, 900 6 of 16 

 

flame was blown off by the fuel jets. The range of the stable zone expanded with an increased H2 

proportion and the increased equivalence ratios because the increased content of H2 enhanced the 

flame speed [6,7]. The increased flame speed supported the impinging flame to resist the flow speed 

of the fuel jets so as to maintain a stable state. For this purpose, the demand of H2 content decreased 

with an increased equivalence ratio because the increased rate of volume flow of CO might also 

slightly enhance the entire flame speed [42]. 

 

Figure 2. Operating range of a CH4/syngas/air premixed impinging flame at φ = 0.8 to 2.0 with a constant 

total volume flow rate Qtotal = 11.78 L/min and a constant methane volume flow rate Qmethane = 0.5 L/min. 

Figure 3 shows typical patterns of the CH4/syngas/air premixed impinging flame captured on 

plane xz. Tables 2 and 3 present the fuel parameters for the photography of typical flame patterns. 

For a stable flame, the CH4/syngas/air premixed impinging flame was strongly anchored at the 

burner exit. The blue conical flame was surrounded by the outer orange flame, which was similar to 

a fuel-rich Bunsen flame. Two inclined flames impacted each other on the central axis and then 

merged into one flame. For an unstable flame, designated with symbol (*) in Figure 3, the impinging 

flame was blown away from the burner exit because the decreased H2 proportion caused the flame 

speed to be less than the flow speed; a large gap was generated between the flame root and the 

burner exit, likely resulting in heat loss and the escape of the unburned fuel. 

 

Figure 3. Typical flame patterns of the CH4/syngas/air premixed impinging flame. 

Figure 2. Operating range of a CH4/syngas/air premixed impinging flame at ϕ = 0.8 to 2.0 with
a constant total volume flow rate Qtotal = 11.78 L/min and a constant methane volume flow rate
Qmethane = 0.5 L/min.

Figure 3 shows typical patterns of the CH4/syngas/air premixed impinging flame captured on
plane xz. Tables 2 and 3 present the fuel parameters for the photography of typical flame patterns. For a
stable flame, the CH4/syngas/air premixed impinging flame was strongly anchored at the burner exit.
The blue conical flame was surrounded by the outer orange flame, which was similar to a fuel-rich
Bunsen flame. Two inclined flames impacted each other on the central axis and then merged into one
flame. For an unstable flame, designated with symbol (*) in Figure 3, the impinging flame was blown
away from the burner exit because the decreased H2 proportion caused the flame speed to be less than
the flow speed; a large gap was generated between the flame root and the burner exit, likely resulting
in heat loss and the escape of the unburned fuel.

Table 2. Combination parameters of blended fuel at a constant volume flow rate Vtotal = 11.78 L/min
for typical flame patterns.

Vair (L/min) Vmethane (L/min) VHydrogen (L/min) VCarbon monoxide (L/min) H2/CO (Syngas) ϕ Re

9.35 0.50 1.25 0.68 65/35 1.0 1622
9.35 0.50 1.54 0.39 80/20 1.0 1602
8.83 0.50 0.98 1.47 40/60 1.2 1636
8.83 0.50 1.23 1.23 50/50 1.2 1620
8.83 0.50 1.96 0.49 80/20 1.2 1571
8.36 0.50 0.88 2.04 30/70 1.4 1640
8.36 0.50 1.17 1.75 40/60 1.4 1621
8.36 0.50 1.46 1.46 50/50 1.4 1602
8.36 0.50 2.33 0.58 80/20 1.4 1542
7.21 0.50 0.81 3.25 20/80 2.0 1637
7.21 0.50 1.22 2.84 30/70 2.0 1611
7.21 0.50 2.03 2.03 50/50 2.0 1556
7.21 0.50 3.25 0.81 80/20 2.0 1464
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Table 3. Volume concentration of each fuel in the entire fuel mixture.

ϕ H2/CO (Syngas) Xmethane (vol %)
(in Total Fuel)

XHydrogen (vol %)
(in Total Fuel)

XCarbon monoxide (vol %)
(in Total Fuel)

1.0 65/35 20.60 51.44 27.96
1.0 80/20 20.60 63.37 16.03
1.2 40/50 16.95 33.22 49.83
1.2 50/50 16.95 41.55 41.50
1.2 80/20 16.95 66.44 16.61
1.4 30/70 14.63 25.73 59.64
1.4 40/60 14.63 34.21 51.16
1.4 50/50 14.63 42.69 42.68
1.4 80/20 14.63 68.33 17.04
2.0 20/80 10.96 17.76 71.28
2.0 30/70 10.96 26.75 62.29
2.0 50/50 10.96 44.52 44.52
2.0 80/20 10.96 71.27 17.77
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Figure 4 shows the visual length of a conical flame and the calculated laminar flame speed of
stable flames corresponding to Figure 3. The visual length of a conical flame was measured directly
from the flame images [32,43]. The laminar flame speed was calculated according to the Bunsen flame
configuration [4] because the pattern of the conical flame was identical to that of a fuel-rich Bunsen
flame. As Figure 4 shows, at a constant equivalence ratio with an increased proportion of H2, the length
of a conical flame decreased, but the laminar flame speed increased. Such an increased proportion of
H2 decreased the length of the conical flame because the increased flame speed altered the angle of the
conical flame and its shape, which led to the separation of two conical flames as shown in Figure 3.
The trends of flame speed and flame length agreed with previous work [32,43].
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Figure 4. (a) Visual length of the conical flame and (b) calculated laminar flame speed of the stable
CH4/syngas/air premixed impinging flame with varied H2/CO proportion.

3.2. Flow Visualization, Distribution of Velocity and Vorticity in the Combustion Flow Field

Figure 5 shows the combination of flame patterns and the corresponding flow visualization in the
impinging flames, which clearly shows the structure of two impinging jets in the combustion flow field.
In Figure 5a, the structure of the individual flame that has a dual flame structure is identical to a typical
Bunsen flame, in which a fuel-rich inner flame is surrounded by a diffusion flame. The outer diffusion
flame formed where the carbon monoxide and hydrogen products from the inner flame encountered
the surrounding air [44]. In the stable flame, two fuel jets of premixed mixture penetrating the sheets
of conical flame impacted each other in the impinging zone. In the unstable flame, Figure 5b, the flow
structure above the burner exit was identical to that of a laminar non-reactive flow. The impinging
flame was lifted above the burner exit by the two fuel jets. The flame front was forced to become
suspended in the flow downstream, at which point the velocity of the flow was retarded by the
impingement of two fuel jets.
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Figure 6 shows the distribution of the turbulence intensity (T.I.) of a stable flame and a lift-off
flame. The distribution of the turbulence intensity was calculated from the PIV measurement data with
software (Insight 5, TSI) and Equation (6). In Figure 6, the turbulence intensities in the flow field of a
stable flame and a lift-off flame both increased after the impingement of two fuel jets, in agreement with
previous reports [20,24]. The heat transfer between the high-temperature products and the combustible
fuel increased through the interaction of the flame and the flow, which facilitated the preheating of the
unburned fuel [27].

T.I. (%) =

√√√√(
u′2 + v′2

)
/2

Uavg
(6)

u’ and v’ are the velocity fluctuations of the flow in directions u and v, respectively.
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Figure 6. Distribution of turbulence intensity of (a) a stable flame; (b) an unstable flame of a
CH4/syngas/air premixed impinging flame.

To examine how the varied H2/CO proportions affected the distribution of velocity and vorticity
in the flow field of stable CH4/syngas/air premixed impinging flames, we applied non-intrusive
particle-image velocimetry (frame rate 10,000 fps, resolution 512 × 512 pixels). Figure 7 shows the
velocity distribution of the flow field in stable flames at ϕ = 1.4 and 2.0. An area of deceleration (green
and light-blue contours in Figure 7) was formed in the flow field of the flame because of the mutual
impingement of the two jet flows. According to previous reports concerning a counter-flow diffusion
flame [45] and the counter-jet [46], a stagnation region exists in the counter flow. This stagnation region
implies that the flow velocity decreased in this region after the jet impingement, which significantly
influenced the flame characteristics and the flow structure [45,46]. In the deceleration area, the
impingement of two jets increased the momentum transfer of the flow field, which enhanced the
rate of fuel/air mixing [24]. The rate of reaction of an impinging flame might increase because of the
increased mixing rate and the increased heat transfer. Furthermore, the deceleration area of flow fields
of CH4/syngas/air premixed impinging flames expanded with an increased CO proportion, as shown
in Figure 7a–e. The rates of mixing and reaction of CH4/syngas/air premixed impinging flames might
increase with the increased proportion of CO because of the expanding area of deceleration when the
CO proportion increased.
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Figure 7. Velocity distributions of CH4/syngas/air premixed impinging flames: (a) ϕ = 1.4 and
H2/CO = 80/20; (b) ϕ = 1.4 and H2/CO = 50/50; (c) ϕ = 2.0 and H2/CO = 80/20; (d) ϕ = 2.0 and
H2/CO = 50/50; (e) ϕ = 2.0 and H2/CO = 20/80.

Figure 8 shows the vorticity distribution in stable flames at ϕ = 1.4 and 2.0. The intensity of the
vorticity distribution at both ϕ = 1.4 and 2.0 increased with an increased CO proportion (a decreased
H2 proportion). This finding about the vorticity distribution is similar to that of the jet-to-plate
impinging flame; the great diffusivity of H2 led to vortical structures in the H2-rich flame weaker than
in the H2-lean flame [31]. The increased intensity of vorticity enhanced the mixing of the flow [47],
which means that the mixing rate of CH4/syngas/air premixed impinging flames increased when the
proportion of CO increased.
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H2/CO = 20/80.

3.3. Distribution of OH* Chemiluminescence

Figure 9 shows the distribution of OH* chemiluminescence corresponding to flame patterns of
CH4/syngas/air premixed impinging flames with varied equivalence ratios and H2/CO proportions.
The OH radicals concentrated both on the conical flame sheets and behind the impinging zone.
The concentration of OH radicals behind the impinging zone indicated that most chain reactions of H
atoms occurred not only on the flame sheets but also after the impingement of two fuel jets. This result
verified that the rate of reaction of impinging flames increased because of the enhanced rate of mixing
after the impingement of the two fuel jets. In Figure 9, the intensity of OH* chemiluminescence
increases with increased CO proportion (ϕ = 1.0, 1.4 and 2.0), which means that CH4/syngas/air
premixed impinging flames had greater rates of reaction and heat release when the CO proportion
increased. This might relate to the CO oxidation and the variation of the deceleration area in the
flow field. Since that area of the flow field expanded with increased CO proportion, the rate of
fuel/air mixing of CH4/syngas/air premixed impinging flames increased. Hence, more O atoms were
provided for the chain reaction of H atoms, and then this produced OH radicals as well as accelerating
the CO reaction. The H atoms from the reaction CO + OH→ CO2 + H were recycled in the chain
reaction of H atoms and released more OH radicals [1,15]. The reaction rate of CO and the intensity
of OH* chemiluminescence hence both increased with an increased CO proportion. According to
the distribution of OH* chemiluminescence, we surmised that only a small amount of H2 in the
syngas participated in the reaction, which is worthy of reference in terms of syngas burning on an
impinging burner.

Energies 2017, 10, 900 11 of 16 

 

 

Figure 8. Velocity distribution of CH4/syngas/air premixed impinging flames: (a) φ = 1.4 and H2/CO = 

80/20; (b) φ = 1.4 and H2/CO = 50/50; (c) φ = 2.0 and H2/CO = 80/20; (d) φ = 2.0 and H2/CO = 20/80. 

3.3. Distribution of OH* Chemiluminescence 

Figure 9 shows the distribution of OH* chemiluminescence corresponding to flame patterns of 

CH4/syngas/air premixed impinging flames with varied equivalence ratios and H2/CO proportions. 

The OH radicals concentrated both on the conical flame sheets and behind the impinging zone. The 

concentration of OH radicals behind the impinging zone indicated that most chain reactions of H 

atoms occurred not only on the flame sheets but also after the impingement of two fuel jets. This 

result verified that the rate of reaction of impinging flames increased because of the enhanced rate of 

mixing after the impingement of the two fuel jets. In Figure 9, the intensity of OH* 

chemiluminescence increases with increased CO proportion (φ = 1.0, 1.4 and 2.0), which means that 

CH4/syngas/air premixed impinging flames had greater rates of reaction and heat release when the 

CO proportion increased. This might relate to the CO oxidation and the variation of the deceleration 

area in the flow field. Since that area of the flow field expanded with increased CO proportion, the 

rate of fuel/air mixing of CH4/syngas/air premixed impinging flames increased. Hence, more O 

atoms were provided for the chain reaction of H atoms, and then this produced OH radicals as well 

as accelerating the CO reaction. The H atoms from the reaction CO + OH → CO2 + H were recycled in 

the chain reaction of H atoms and released more OH radicals [1,15]. The reaction rate of CO and the 

intensity of OH* chemiluminescence hence both increased with an increased CO proportion. 

According to the distribution of OH* chemiluminescence, we surmised that only a small amount of 

H2 in the syngas participated in the reaction, which is worthy of reference in terms of syngas burning 

on an impinging burner. 

 

Figure 9. Distribution of OH* chemiluminescence in CH4/syngas/air premixed impinging flames 

with varied equivalence ratios and H2/CO proportions. 

3.4. Temperature Distribution and CO Emission 

The CO emission of CH4/syngas/air premixed impinging flames might have great variation at 

the same examined conditions (equivalence ratio and total fuel volume flow rate) with a varied 

H2/CO proportion. The samples of exhaust gas were collected every 15 s for 150 s. Figure 10 shows 

Figure 9. Distribution of OH* chemiluminescence in CH4/syngas/air premixed impinging flames with
varied equivalence ratios and H2/CO proportions.



Energies 2017, 10, 900 12 of 16

3.4. Temperature Distribution and CO Emission

The CO emission of CH4/syngas/air premixed impinging flames might have great variation at
the same examined conditions (equivalence ratio and total fuel volume flow rate) with a varied H2/CO
proportion. The samples of exhaust gas were collected every 15 s for 150 s. Figure 10 shows the average
CO emission from the stable flames of CH4/syngas/air premixed impinging flames; the CO emission
of all the stable flames decreased with an increased H2 proportion at the same equivalence ratio
because of the decreased CO proportion in the syngas. At a larger equivalence ratio, the CO emission
from H2/CO = 80/20 to H2/CO = 20/80 increased by only 12% and 15%, such as ϕ = 1.6 and ϕ = 2.0,
at which the provided volume flow rate of CO quadrupled. However, at a smaller equivalence ratio,
the CO emission substantially increased by 35% and 40% from H2/CO = 80/20 to H2/CO = 20/80,
such as ϕ = 1.2 and ϕ = 1.4. These results show that the CH4/syngas/air premixed impinging flames
with large CO content did not emit a large CO exhaust at ϕ = 1.6 and ϕ = 2.0. The provided CO of
syngas can readily participate in the reaction under the greater equivalence ratio because the large
CO content in the fuel improved the rates of mixing and reaction of the CH4/syngas/air premixed
impinging flames. Despite a large proportion of CO, its emission from CH4/syngas/air premixed
impinging flames increased only slightly at large equivalence ratios. Under the fuel-lean condition,
the CH4/syngas/air premixed impinging flame presented a lift-off flame (unstable) or tended to be
blown-off (refer to Figure 2). For the present work, we expected that the CO emission would increase
greatly when the CH4/syngas/air mixture combusted under a fuel-lean condition because the fuel
mixture of a lift-off flame might leak to the ambient air from the flame root without combustion, hence
increasing the CO emission in the fuel-lean combustion.
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Figure 10. CO emission of CH4/syngas/air premixed impinging flames with varied equivalence ratios
and H2/CO proportions.

The temperature distribution along the centerline is an important feature of impinging flames
because it is related to the extent of the reaction and the fuel/air mixing in the impinging zone.
The axial temperatures were measured along the z-axis every 5 mm from the center point (0, 0, 0);
the average temperature was calculated from 10 acquired data over a total sampling duration of
100 s. Figure 11 shows the temperature distribution along the central axis corresponding to a stable
state of CH4/syngas/air premixed impinging flames with varied equivalence ratios and proportions
of H2 and CO. The temperatures of the centerlines of CH4/syngas/air premixed impinging flames
increased with an increased CO proportion at each equivalence ratio because of an increased rate
of reaction of the CH4/syngas/air premixed impinging flames when the CO proportion increased.
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As the molar heating value of the reaction of CO is greater than that of H2 [1], an increased reaction
of CO in the combustion increased the flame temperature. The zone of greater temperature in every
impinging flame of this work was located behind the deceleration area. This result agrees with
the temperature distribution of the centerline reported in the literature [24], which states that the
lowest temperature was located at the impinging point and that the flame temperature increased after
the impinging point of the two jets. For comparison, the temperature of the centerline of the pure
methane diffusion impinging flame was below 1200 K [24]; in our work, the axial temperature of
the CH4/syngas/air premixed impinging flames increased to 1435–1620 K, which indicates that the
combustion performance of the CH4/syngas/air premixed impinging flames was superior to that of
methane diffusion impinging flames.
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4. Conclusions

In this study, we burned a fuel mixture of syngas and methane on an impinging burner, forming a
CH4/syngas/air premixed impinging flame. This concept provided clean and efficient combustion for
syngas applications. In our experimental investigation of the effects of varied proportions of H2 and
CO on the fuel mixing and the reaction of CH4/syngas/air premixed impinging flames, we found that
the varied proportions of H2 and CO in syngas caused a variation of the flow field of the flame, which
is a crucial factor to affect the fuel mixing and reaction of CH4/syngas/air premixed impinging flames.
The flow visualization and velocity distribution of the reactive flow field showed that a deceleration
area of the main flow formed in the flow field because of the mutual impingement of the two jet flows;
the momentum transfer was enhanced in this deceleration area so that the fuel/air mixing and flow
intensity increased after the impingement of the two fuel jets. The deceleration area expanded and the
intensity of the vorticity distribution increased with an increased proportion of CO, which indicated
that the fuel/air mixing also increased with the increased proportion of CO.

The measured chemiluminescence of OH* was consistent with the discussion concerning the
deceleration area in the combustion flow field. The OH* chemiluminescence showed that the produced
OH radicals concentrated behind the impinging zone and that the intensity of OH* chemiluminescence
increased with an increased CO proportion. These results show that the rates of mixing and reaction
increased after the impingement of two fuel jets and that these rates increased with an increased
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proportion of CO; the section of the center line with the highest temperature in every impinging flame
of this work was thus located behind the deceleration area. The temperature of the centerline also
increased with increased CO proportion because of improved rates of mixing and reaction of the
CH4/syngas/air premixed impinging flames when the CO proportion increased. The CO added to the
syngas participated readily in the combustion with this impinging setup. Despite the syngas being
provided with a large CO content, the CH4/syngas/air premixed impinging flames did not emit a
large CO exhaust; the CO emission from H2/CO = 80/20 to H2/CO = 20/80 increased by only 12%
and 15%, respectively, when the provided CO volume flow rate quadrupled. The results of this work
are useful to improve the feasibility of a premixed impinging flame using syngas as a principal fuel.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1996-1073/10/7/900/s1.
Table S1. Combination parameters of blended fuel at a constant volume flow rate Vtotal = 11.78 L/min for typical
flame patterns. Table S2. Volume concentration of each fuel in the entire fuel mixture.
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Nomenclature

D inner diameter of the fuel tube, mm
µi dynamic viscosity of component i, N s/m2

Uexit flow velocity at the burner exit, m/s
Yi mole fraction of component i, %
Vtotal volume flow rate of total gas, m3/s
Mi molecular weight of component i, %
Re Reynolds number of the mixture jet
ρi density of component i, kg/m3

ρmix density of the mixture, kg/m3

Vi volume flow rate of component i, m3/s
µmix dynamic viscosity of the mixture, N s/m2

Xi volume concentration of component i in entire fuel, %
T.I. turbulence intensity, %
u’ velocity fluctuation of in u direction, m/s
Su laminar flame speed, m/s
v’ velocity fluctuation of in v direction, m/s
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