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Abstract: Burning hydrogen-rich syngas fuels derived from various sources in combustion equipment
is an effective pathway to enhance energy security and of significant practical implications. Emissions
from the combustion of hydrogen-rich fuels have been a main concern in both academia and industry.
In this study, the NO and CO emission characteristics of both laminar and turbulent counterflow
premixed hydrogen-rich syngas/air flames were experimentally and numerically studied. The results
showed that for both laminar and turbulent counterflow premixed flames, the peak NO mole fraction
increased as the equivalence ratio increased from 0.6 to 1.0 and decreased as the strain rate increased.
Compared with the laminar flames at the same bulk flow velocity, turbulent flames demonstrated
a lower peak NO mole fraction but broader NO formation region. Using the analogy theorem,
a one-dimensional turbulent counterflow flame model was established, and the numerical results
indicated that the small-scale turbulence-induced heat and mass transport enhancements significantly
affected NO emission. Considering NO formation at the same level of fuel consumption, the NO
formation of the turbulent flame was significantly lower than that of the laminar flame at the same
level of fuel consumption, implying that the turbulence-induced heat and mass transfer enhancement
favored NOx suppression.

Keywords: hydrogen-rich syngas; counterflow flame; NO emission; turbulence

1. Introduction

Hydrogen-rich syngas fuels, with their wide availability and abundant quantity, offer a
promising alternative to conventional gaseous fuel in the industry [1,2]. The full utilization
of hydrogen-rich syngas fuels is a potential way to reduce the reliance on natural gas in
the heat and power supply system. NOx emission from the combustion of hydrogen-rich
syngas fuels is an important concern in both the academic and industrial sectors. Under-
standing the characteristics of NOx formation is of great significance for the achievement
of clean and efficient combustion technologies.

Extensive studies have been conducted in the literature on NOx formation during
the combustion process of hydrogen-rich syngas fuels. It is generally accepted that NOx
formation in hydrogen-rich flames receives two main influences. The first influence is that
hydrogen has a higher combustion temperature than natural gas at the same equivalence
ratio, and the richness of hydrogen in the fuel may result in a higher flame temperature
and thereby higher thermal NOx formation [3]. The second influence is that the existence
of abundant hydrogen in the fuel extends the lean combustion limit, and the hydrogen-
rich flames can be sustained under leaner conditions. Ultra-lean combustion favors NOx
suppression and higher combustion efficiency [4]. For example, Tuncer et al. [5] studied
hydrogen-enriched natural gas combustion in a gas turbine combustor and found that
an increase in the hydrogen proportion in the fuel results in a more stable flame at a
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lower equivalence ratio, leading to a reduction in overall NOx emission. Calabria et al. [6]
numerically studied the performance of various fuels in a T100 gas turbine and also
found that an increase in hydrogen helps establish ultra-lean combustion, favoring NOx
suppression. Reale [7] increased the proportion of hydrogen and reduced the production
of NOx by adding water vapor for dilution.

In order to insightfully understand the mechanism of NO formation and consumption,
lab-scale fundamental flames with well-defined boundary conditions are needed. Among a
group of lab-scale flames, the counterflow flame is a good platform to study NO formation,
as the key parameters influencing the NO formation, such as the temperature, equivalence
ratio, strain rate, etc., can be separately controlled in this configuration. Previous studies
indicated that in laminar counterflow flames, an increase in hydrogen content leads to
an increase in NO emission [8]. Shi et al. found that a higher strain rate reduces NO
emission [9]. In addition, Xi et al. conducted numerical studies on NO generation in
methane (CH4)/n-heptane (n-Cy Hi¢) dual-fuel laminar counterflow flames [10,11]. They
found that NO decreases with an increase of an equivalent ratio under fuel-rich conditions,
and the NO in Xi et al.’s studies was mainly prompt NO [10]. Moreover, NO emission
is also related to the peak flame temperature, heat release rate, and pressure [12]. NO
emission indices have been obtained, and it has been observed that the NO emission index
decreases with an increase in pressure [12].

Additionally, for most combustion devices, combustion is organized under turbulent
combustion conditions to increase the power density. As per the comparison between the
characteristic turbulent scale and flame scale, the combustion is categorized into different
regimes [13]. For turbulent premixed flames, the well-known Borghi—Peters regime dia-
gram [14] gives an insight into turbulence—flame interaction modes. The existing studies in
the literature (e.g., [15]) proved that modern combustion devices are often operated in the
thin-reaction-zone regime, in which the length scale of turbulent eddies is smaller than the
thermal thickness of the laminar flame but larger than the thin reaction zone of the flame.
In this regime, turbulent eddies penetrate into the preheat zone of the flame, affecting
heat and mass transfer within the flame and thus influencing combustion products [16].
Investigating the emission characteristics of pollutants under turbulent effects is of practical
significance. Ren et al. [17] studied the impact of small-scale turbulence on premixed flame
NOx formation and proposed a model to simulate NOx generation in turbulent lean pre-
mixed combustion. Ren’s model indicates that NOx formation at the flame front decreases
as turbulence intensity increases. Aladawy et al. [18] conducted a study on the impact of
turbulence intensity on NOx emissions using methane/air as fuel. Their analysis revealed
that turbulence intensity only affects NOx generation in the flame zone, while its influence
on the post-flame region can be disregarded. Hwang et al. [19] concluded that the amount
of NO generation decreases with both strain rate and turbulence intensity. However, there
is still no consensus in the literature regarding the influence of turbulent eddies on NOx
formation, requiring further studies under well-defined boundary conditions.

Based on the aforementioned considerations, the objective of this study is to investigate
NO formation during the combustion process of hydrogen-rich syngas fuels. Unlike the
aforementioned studies, we established both the laminar and turbulent counterflow flame
configurations with well-defined turbulent boundary conditions, and we measured NO
and CO emission with respect to equivalence ratio and flow characteristics. With these
well-established configurations, the effects of small-scale turbulence, bulk flow strain rate,
and fuel properties are decoupled and insightfully investigated. We also simulate NO and
CO formation using a one-dimensional counterflow flame model integrated with a detailed
chemical kinetic model. The findings of this study provide theoretical guidance for the
design of combustion devices fueled with hydrogen-rich syngas fuels.
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2. Methods
2.1. Fuel Composition and the Counterflow Flame Experimental Method

The fuels used in the present study included two typical hydrogen-rich syngas fuels.
The gas composition and heat value of the two syngas fuels are shown in Table 1. Fuel
1 represented the syngas obtained through the entrained-flow gasification of pulverized
coal and oxygen (e.g., [20]), while Fuel 2 represented the syngas produced through the
fluidized-bed gasification of water—coal slurry and air (e.g., [21]).

Table 1. The components and calorific value of fuel gas.

Components by Volume/% Calorific
Fuel H, co CH, N> co,  Value/(MJ-Nm~3)
Fuel 1 24 66 0 4 6 10.9
Fuel 2 20 24 3 44 9 6.3

These two types of syngas fuels were chosen to represent different gasification methods
and feedstocks, enabling a comprehensive analysis of NO and CO emissions in hydrogen-
rich syngas flames. By studying the emission characteristics of these fuels, valuable insights
can be gained into the environmental impact of hydrogen-rich syngas combustion and
potential ways to mitigate harmful emissions.

Figure 1 schematically depicts the experimental system used in this study. The core
component of the system is the counterflow burner. It consists of upper and lower nozzles
positioned symmetrically with a separation distance of 2 cm (L = 2 cm). The nozzle outlet
has an inner diameter of 1 cm. To control the flow rates of different gas streams, mass
flow meters are employed in the gas supply system. The upper nozzle is supplied with
nitrogen as the main gas stream, while the lower nozzle receives a mixture of air and
syngas fuel at a specific equivalence ratio. Both the upper and lower nozzles are designed
to provide co-flow shielding using nitrogen (N;) gas. This shielding action helps to confine
the flame and minimize its interference with the surrounding ambient air. As a result,
flame stability is improved, and experimental errors are reduced. Considering the small
spacing between the nozzles and the high temperature of the flame, water cooling systems
are incorporated to prevent overheating during prolonged experiments. These cooling
devices ensure that the burner remains within safe operating temperatures. Depending
on the experimental requirements, the flow field inside the nozzles can be conditioned
differently. For laminar flow, sintered metal plates are placed inside the nozzles as laminar
screens. These plates aid in achieving the desired laminar flow conditions. Conversely, for
turbulent flow, a turbulence generator plate with multiple holes is installed in the lower
nozzle. This plate generates well-defined fully developed turbulence, allowing researchers
to study turbulent combustion with specified boundary conditions. To measure the average
fluctuation velocity at the nozzle exit, a hot-wire anemometer operating at a frequency of
150 kHz is employed. This measurement provides valuable data on the flow characteristics
of the combustion process.

The flow rates of fuel Qgyey, air Qair, and nitrogen Qnp were individually controlled
using a set of mass flow meters (ACCU, £1.0%F. S) pre-calibrated using a high-accuracy
wet gas meter (W-K-10B, £0.1%F. S). The flow rates in the present work were estimated
within +0.4% according to the calibration data. The pollutants generated during the
combustion process were sampled using a water-cooled sampling probe. The sampling
position is located along the nozzle axis and was moved up and down to measure the
axial distribution of the NO and CO. The outer diameter of the sampling probe needle
was less than 0.5 mm to minimize the flow field disturbance induced by the probe needle.
The inner diameter of the sampling probe needle was less than 0.1 mm, and great efforts
were made to ensure isokinetic sampling, minimizing its impact on the flame. The sampled
mixture was analyzed using a flue gas analyzer (Thermo Scientific 48i/42i, Thermo Fisher
Scientific, Waltham, MA, USA). Among them, the Thermo Scientific flue gas analyzer has a
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mole fraction measuring range of 0~100 x 10~° for NO and 0~1000 x 10~ for CO, and the
measuring uncertainty is less than +1%.

Flue gas sampling and
analysis system

udadonu
HeIM

urep

Flue gas analyzer

udaSoniu

. )

Laminar screen

\\& )
Turbulence generator

Water cooling
system

Figure 1. Schematics of the s counterflow flame system.

In the experiment, the nozzle outlet flow velocity was controlled by controlling the
gas flow rate, so as to change the experimental equivalent ratio ¢ and the bulk flow strain
rate k. The bulk flow strain rate x was determined using Equation (1) [22].

U,/

K:ul[1+ ! pl} @
U, v Pu

where L is the nozzle separation distance; U, and U] are the average flow rates of the upper

and lower nozzles, respectively. p, and p; are the average gas density of the upper and
lower nozzle, respectively.

2.2. Experimental Uncertainties

The experimental uncertainties were carefully addressed in the present study. The
uncertainty (J) of the measured NO and CO mole fractions, Xno and Xco, was estimated
as per Moffat’s theory [23], expressed as Equation (2).

5x, = \/Bx2 + [t(n)ox,)” @

where By, represents the fixed error of X; determined by the uncertainty of Xi of the
measurement instruments. In the present study, the uncertainty of the flue gas analyzer
was +0.1%. o, represents the standard deviation of multiple measurements of random
uncertainty X;. £(y) is the Student’s ¢ statistic appropriate for the number of samples 77 and
the confidence level desired.

The equivalent ratio ¢ and the bulk flow strain rate x were indirect measurement
values. As per the uncertainty transfer theory [24], the uncertainties of ¢ and x were
estimated using Equations (3) and (4).

2
_ (.9 o -\’
54’ B <affuel 5ffw,> - (afair 5fair> (3)
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where f denotes the flow rate. The uncertainties of flow rate and velocity were determined
by the accuracy of the flow meters, being +0.5% as per the calibration data. Thus, the
uncertainties of ¢ and x were estimated to be within 1%, too small to display in the
figures hereafter.

The experimental conditions are listed in Table 2. As most of the practical industrial
premixed burners are designed and operated under fuel-lean conditions for more complete
consumption of the fuel and lower emissions, the ¢ values in the present study covered the
range of 0.6-1.0 to provide a theoretical guide to the industrial application.

Table 2. Experimental conditions.

Fuel Equivalent Ratio, ¢ Strain Rate, (s 1) Flame State
Fuel 1 0.6/0.8/1.0 154-355 Laminar/Turbulence
Fuel 2 0.6/0.8/1.0 75-289 Laminar/Turbulence

2.3. Numerical Simulation

The conditions of the numerical simulation model were consistent with those in the
experiments. Figure 2 illustrates the schematic diagram of the counterflow flame model
in the simulation and flame structure. The opposed jet flows created a stagnation surface
between the nozzles, which allowed for the mathematical simplification of the actual flow
as one-dimensional along the nozzle axis.

o f

Premixed
2 N
N gas :

Figure 2. Model of counterflow diffusion flame and flame structure.

(turbulent)

The counterflow flames were simulated using the 1D OPPDIF model [25] with modifications
to account for the turbulence. This model was integrated with the Sandia CHMKIN II [26] and
the Transport [27] sub-routines. To be more specific, for laminar flames, the conservation
equations were established in cylindrical coordinates, as Equations (5)—(8).

Mass conservation equation:

d(pu) i 19(por)

ox roor 0 ©)
Energy conservation equation:
dar 1 d (. dT 0 ar
pudx_(:pdx(/\dx> ZC kYkad th(dk+ de*O k_l ,K (6)

Species conservation equation:

dy, d .
pud—xk—l-ﬁ(kaVk)—kakzo k=1,...,K @)
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Axial momentum equation:
d (—puv 302 df d v
H-2— — 4+ —|p—(—=)| =
dx< 2r >+r2+dx{ydx( r)] 0 ®)
where H satisfies Equation (9) and V satisfies Equations (10) and (11).
19p
=5 = constant 9)
1 X, Dl 1dT
=—— —_— = 1
Vi X Do dx  pYi T dx (10)
1—-Y
Din = an
j#k Djy

where p is the density; u and v are axial and radial velocities, respectively. A is the thermal
conductivity; p is the dynamic viscosity; T is the temperature; C, is the average specific
heat capacity; Q,, is heat loss caused by gas and particle radiation. For the kth component,
Cpk is the heat capacity, Y is the mass fraction, Vi is the diffusion velocity, i is the specific
heat enthalpy, wy, is the molar rate of chemical reaction per unit volume, and Wy is the
molecular weight. Dy, Dy, and DT are the mixture-averaged diffusion coefficient, binary
coefficient, and thermal diffusion coefficient, respectively.

For turbulent flames, our previous work [28] has validated that the turbulence gen-
erator used in the present experiment generated turbulent outlet boundary conditions
dominated by viscous dissipation, and spectral analysis has demonstrated the rationality
of assuming vigorous turbulence in the turbulence simulation. Therefore, for turbulent
flames, this study adopted the concept of the “analogy theorem” in heat and mass transfer,
in which the turbulence-induced heat and mass transfer enhancements were considered
as the turbulent transport processes. In this case, the turbulent fluctuation terms were
regarded as the enhancement of the heat and mass transfer. Thus, the method proposed
by Ren et al. [17] was employed, in which the thermal conductivity A, dynamic viscosity
u, and diffusion velocity Vj in laminar flame equations are replaced by A’, ' and V}/,
respectively, as expressed by Equations (12)—(14).

A= A+ Aur (12)
“l/l/ = U+ Hturb (13)
1 dX; Dy 14T

where Ay, Prurp, and Dy, denote the equivalent transport induced by small-scale turbu-
lence. In the present study, they are calculated using Equations (15)—(17).

Atur = Leturbpchturb (15)
k2

Hiurb = PCH? (16)
Hturb

Dy = 17

turb Pscturb )

where k = 3 ()% /2 is the turbulent kinetic energy; e = k%/2 /1 is the turbulent dissipation
rate; u’ is the root mean square of the turbulent fluctuation velocity; [y is the integral scale
of the turbulence; Scy,,;p, is the Schmidt number of turbulence; Ley,,;, is the turbulent Lewis
number. In the experiment, the Reynolds number of nozzle exit flow with the nozzle outlet
diameter as the characteristic length scale was within the range of 40-300. As mentioned
in Section 2.1, turbulence was generated using a turbulence generator, so it was difficult
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to determine its Reynolds number as the characteristic velocity and length scale were
inaccessible. Nevertheless, the relative turbulent intensity characterized by the ratio u'/u
was less than 27%, indicating that the turbulence was generally weak. Therefore, the
proposed model based on the analogy theorem was acceptable for the present calculation.
In the calculation, Scy,p = Ley,p = 1, and Cy, = 0.5 according to the experimental results.
The integral scale Iy was consistent with the experimental value from the derivation of the
turbulent fluctuation velocity determined using a hot wire anemometer.

Grid independence verification is a crucial step in computational modeling to ensure
reliable and accurate results. In this study, two grid sizes, 200 and 500, were selected to
calculate the temperature distribution within the nozzle. The GRI Mech 3.0 [29] chemical
kinetic model was used, and the experimental conditions, such as nozzle spacing (L), outlet
temperature, and pressure, were matched at 2 cm, 293 K, and 1 atm, respectively. To assess
the grid independence, the results obtained from both grid sizes were compared. Figure 3
illustrates the outcomes of this verification. It can be observed that the temperature distri-
butions calculated using the two grid sizes were nearly identical. The peak temperature
difference between the two grids was less than 3 K. Based on these findings, it can be
concluded that a grid size of 200 is adequate for this study. The small discrepancy between
the two grid sizes suggests that further refinement of the grid would not significantly
impact the results. Therefore, using a grid size of 200 ensures computational efficiency
while maintaining the accuracy required for the study.

200 o L SN
2000 ----s00 e
{ \ 20501 /
| \ .‘.'
| Y2000 L
21500' | \ 06 08 1.0
1 A
~ [ \
g ’ ':
£ 1000} { \
=9 | \
E : '.
’ | \
1{ \
500} | \
L tl L . ‘\ L
0.4 0.8 1.2 1.6

Distance from the lower nozzle, L (cm)
Figure 3. Test of grid independence.

3. Results and Discussion

3.1. NO/CO Emission Characteristics in Laminar Counterflow Flames of Hydrogen-Rich
Syngas Fuels

The distribution patterns of NO/CO along the nozzle axis under laminar flow condi-
tions are presented in Figure 4, showcasing a notable agreement between the simulated
results and experimental data. When considering the same fuel type and equivalence ratio,
the mole fraction of NO exhibits a distinctive trend—initially increasing and then decreas-
ing with the elongation of the nozzle L, with the peak value occurring near the stagnation
plane. As the strain rate x increases, the NO distribution becomes narrower, accompanied
by a decrease in the peak value. In parallel, the mole fraction of CO displays a monotonous
decrease with increasing L. This behavior is expected, given that CO is part of the fuel and
undergoes oxidation as it approaches the flame front. With an increase in the strain rate x,
the turning point where CO begins to decrease shifts towards the stagnation plane. This
phenomenon can be attributed to higher gas velocity at the nozzle exit under elevated «,
resulting in a thinner laminar flame and lower temperature. Consequently, this leads to a
significant reduction in thermal NO formation. The intricate interplay between strain rate,
flame characteristics, and chemical reactions contributes to the observed variations in NO
and CO distributions along the nozzle axis.



Processes 2024, 12,475 8of 14
~ 25 0.20 ~ 6 0.100
2 NO CO NO CO . 1541 o b NO CO NO CO _ . RN
— - 1 et o A — .. xk=T4s ot
X 20 © & - Kk=198¢] ~ X >

S o A = xk=317s 015 5 s | 0.0755
= R @) = O
><“ 15 t‘kﬁ; '\ LS ><r 4 ha
7 - o
S /\ =298 K010 g > 0.050 £
S 10 i =1atm '§ b ) 5
o _ IS = IS
g $=06 " Joos < £ 0.025
g S G g o
& , = = =
< L AX —
< 0507 05 11 13 15% < () 4 4000
Distance from lower nozzle, L (cm) Distance from lower nozzle, L (cm)
(a) Fuel 1, $=0.6 (b) Fuel 2, ¢ =0.6
£ 80 0.3 &
S “"[NO €O NoO co R L Pmoco~o co a1 012
< o A — ... k=197s g i A — - xk=1095) Q
~ Kk=238s > z [ TN — x=1064s ;%’
k% xKk=355s s s [e..~2 — K=277s 0.09 5
! 020 =10 7,=293K O
o} w o B
Z, ° Z, p=1atm °
& e < 0.06 &
2 g ) $=0.8 ]
=] k51 = 3]
S 0.18 2 s &
3 P 5 0032
Lt] — = [=]
g § 2 > § =
S L4t/ )
A S V5% : 00
= & 0% 0 1500 0.50 075 100 125 T30
Distance from lower nozzle, L (cm) Distance from lower nozzle, L (cm)
(c) Fuel 1, = 0.8 (d) Fuel 2, =08
£ 140ryoco Mo ¢o 0.32 < 015
% o A — = ><8 X S
s105} © 024 7% S al
= b S ) 010 S
S 70 0.16 E Z E
E TE E g
g 2 g 005 3
2 35 0.08 = 5 TE
Q 5 &
& = & G
e = = 3
© .00 s RN
= i 8 = 05 0.8 1.0 7000

Distance from lower nozzle, L (cm)

(f) Fuel 2, ¢ = 1.0

Distance from lower nozzle, L (cm)

(e) Fuel 1, p=1.0

Figure 4. The variation in NO/CO mole fraction in laminar flame at various equivalent ratios and
strain rates (circle and triangle symbols: experimental; lines: calculated).

For the same type of fuel, as the equivalence ratio ¢ increases, the mole fraction of NO
significantly increases. This can be explained by the increased flame temperature as ¢ increases.
The variation in CO mole fraction is featured in two categories. At lower equivalence ratios,
as shown in Figure 4a,b,d, the CO mole fraction demonstrates a “one-stage” decrease as L
increases; say Xco initially decreases rapidly and then decreases slowly until it approaches
zero. However, at a higher equivalence ratio, as shown in Figure 4c e f, the CO mole fraction
shows a “two-stage” decrease as L increases. This indicates that the mole fraction of CO
is affected by the combined effects of consumption and production. At a low equivalence
ratio, the consumption rate of CO is higher than its production rate. Thus, CO rapidly
decreases at the front of the flame. At a relatively higher equivalence ratio, the production
of CO increases in the flame front, causing a two-stage CO decrease phenomenon.

For the same equivalence ratio and similar strain rate, significant differences also
exist in NO/CO distribution between the two fuels. The NO and CO emissions for Fuel
1 are significantly higher than those for Fuel 2. This can be attributed to the substantial
differences in the composition and flame temperature between the two fuels. Fuel 1 has
a higher percentage of fuel contents, resulting in a higher flame temperature and more
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thermal NO formation, resulting in a higher NO mole fraction. In addition, Fuel 1 has a
higher CO composition, leading to a higher CO mole fraction across the flame front.
Figure 5 shows the peak flame temperatures under laminar flow conditions. Combined
with Figure 4, it can be observed that the cases with higher peak flame temperatures also
exhibit higher NO concentrations. This further confirms the findings mentioned above.

2200 T T T T T
e o —a Fuel 1 K=154-197 ¢!
Q —— Fuel 2
~. 2000 | g
g
~ 198256 51 317355 &1
5 3
2 1800l 74-197 ¢
g
o
g
2 145-317 ¢
4 1600 F \ 1
]
[=%}
100-256 s
1400 L— : : :

0.6 0.7 0.8 0.9 1.0
Equivalence, ¢

Figure 5. Variation in laminar flame peak temperature at various equivalence ratios.

3.2. NO/CO Emission Characteristics in Turbulent Counterflow Flames of Hydrogen-Rich
Syngas Fuels

The conditions of the turbulent flames are listed in Table 3. Generally, the experimental
results indicate that the turbulent flames exhibit a narrower range of flammability compared
to the laminar flames. As shown in Table 3, the turbulent flames become unstable at a high
strain rate or lean equivalence ratio.

Table 3. Turbulent flame experimental conditions.

Conditions Fuel Equivalence Ratio Strain Rate Flame Stability
Turbulent 1 Fuel 1 0.6 154 571

Turbulent 2 Fuel 1 0.6 198 51

Turbulent 3 Fuel 1 0.6 31751 Unstable combustion
Turbulent 4 Fuel 1 0.8 197 s~ 1

Turbulent 5 Fuel 1 0.8 238571

Turbulent 6 Fuel 1 0.8 35551

Turbulent 7 Fuel 1 1.0 197 s~ 1

Turbulent 8 Fuel 1 1.0 256 571

Turbulent 9 Fuel 1 1.0 317571

Turbulent 10 Fuel 2 0.6 7551 Unstable combustion
Turbulent 11 Fuel 2 0.6 10051

Turbulent 12 Fuel 2 0.6 14571 Unstable combustion
Turbulent 13 Fuel 2 0.8 109571

Turbulent 14 Fuel 2 0.8 164 51

Turbulent 15 Fuel 2 0.8 227 571 Unstable combustion
Turbulent 16 Fuel 2 1.0 197 71

Turbulent 17 Fuel 2 1.0 241571

Turbulent 18 Fuel 2 1.0 289571 Unstable combustion

Similarly, the emission characteristics of turbulent flames were subjected to analysis,
revealing that they exhibited analogous trends to laminar flames concerning variations in
equivalence ratio and strain rate, as illustrated in Figure 6. For instance, considering NO
formation, the mole fraction of NO decreases as the strain rate x increases. This observed
alignment between the simulated results and experimental data suggests that the turbulent
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model employed in this study effectively captures the small-scale turbulence-induced heat
and mass transfer enhancement. The agreement in trends implies that the turbulent flames
respond similarly to changes in operating conditions as their laminar counterparts. In
particular, the reduction in NO mole fraction with increasing strain rate highlights the role
of turbulence-induced mechanisms in influencing the combustion process. The findings
contribute to a comprehensive understanding of the emission characteristics of turbulent
flames and underscore the applicability of the turbulent model for describing the intricate
interplay of factors affecting heat and mass transfer in turbulent combustion.

03

100

Mole fraction of NO, X, (x10°)
Mole fraction of CO, X,

0.0

03— 0% 0.9 12 15

Distance from lower nozzle, L (cm)

Figure 6. The variation in NO/CO mole fraction in turbulent flame with strain ratio (¢ = 1.0, Fuel 1;
circle and triangle symbols: experimental; lines: calculated).

Figure 7 demonstrates the comparison between the emissions of laminar and turbulent
counterflow flames under the stoichiometric condition (¢ = 1.0). It is seen that the peak NO
mole fraction of the laminar flame is significantly higher than that of turbulent flame at
the same « and ¢. The CO oxidation process is also faster in turbulent flames rather than
in laminar flames, as the CO mole fraction decreases at an earlier stage as L increases in
turbulent flames. This can also be partially explained by the increased flame thickness in
turbulent flames.

Moreover, the NO mole faction profiles become wider in turbulent flames compared
to those in laminar flames. Thus, considering the overall NOx formation across the flame,
the integrated NO formation along the L direction is also given in Figure 7 (numbers near
the curves). It is seen that the integrated NO value of the turbulent flame is quite close
to—that is, only slightly lower than—that of the laminar flame, although the peak values
are significantly different from each other.

Considering that the fuel consumption rate and combustion completeness in the
turbulent flame differ from those in the laminar flame, an emission index of NO, Ely, is
introduced in this section to evaluate NO formation at the same level of fuel consumption.
Elno is calculated using Equation (18) [30].

—Jy @no(L)WyodL
_fOL wfuel (L)queldL

Elno = x 1000 (18)

where wno(L) and wy,e (L) denote the mass production rates of NO and the fuel, respec-
tively; Wno and Wy, denote the molecular weights of NO and the fuel, respectively.
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Figure 7. NO/CO mole fraction in laminar and turbulent flame at various strain rates (¢ = 1.0,
Fuel 1; circle and triangle symbols: experimental; lines: calculated; numbers near the curves are the
integrated values along the abscissa).

Figure 8 shows the variation in EINp as a function of the peak temperature T,y of the
flame under various operating conditions. The ElNo values of the laminar flames of dif-
ferent fuels under varied ¢s generally converge on a single curve, and Elno exponentially
grows as Tyay increases. Similar results are found for turbulent flames. The Elno values
of the turbulent flames follow another single curve of exponential growth as a function of
Thmax- These results indicate that the thermal NOx mechanism overwhelmingly dominates
the NOx formation pathways in the flames in the present study. Additionally, a noteworthy
phenomenon is that the EInos of turbulent flames are significantly lower than those of lam-
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inar flames at the same Ty, implying that the turbulence-induced heat and mass transfer
enhancement favors NOx suppression. This is because the impact of turbulence on the
combustion process leads to the difference in flame structure and substance concentration
from laminar flow, and the heat and mass transfer caused by turbulence increases NOx
consumption. As a result, nitrogen oxide emissions are reduced.

Laminar Turbulence

04 —o— =—o-TFuell ¢=06 1
—o— == Fuell ¢=0.8

—'— =A=TFuell ¢p=1.0
—_

03} =7= Fuel2 ¢=0.6 7

Fuel2 ¢=0.8

Fuel2 ¢=1.0
0.2+ / A

Fas
fay
0.1r 4 1
: D/--DD’LI o= -
S A

0.0

NO emission index, EINO (g-NO/kg-Fuel)

1400 1600 1800 2000 2200
Peak temperature, 7, (K)

Figure 8. The variation in Elyo as a function of the flame peak temperature at various equivalence
ratios and strain rates.

Our findings on NO emission characteristics in hydrogen-rich syngas flames are a
remarkable extension of the existing studies in the literature. Compared with the results
found by Refs. [11-13] and Daniel et al. [31], the present study reaches similar results:
that the higher strain rate leads to lower NO formation. Nevertheless, the present study
obtained both the experimental and numerical NO formation in both turbulent and laminar
counterflow flames at the same bulk flow velocity. To the best of the authors” knowledge,
this study is the first one in the literature to experimentally compare NO formation in
laminar and turbulent flames under the same bulk flow velocity. The effect of turbulence
on NO formation in stretched counterflow flames is solely evaluated and turned out to be a
high-impact factor.

4. Conclusions

In this study, we investigated the NO and CO emission characteristics of both laminar
and turbulent counterflow hydrogen-rich syngas/air flames. The concluding remarks
include the following;:

(1) Both laminar and turbulent counterflow premixed flames exhibit a similar trend of
NO formation as a function of the equivalence ratio and strain rate. The peak NO
mole fraction across the flame increases as the equivalence ratio increases from 0.6 to
1.0, and it decreases as the strain rate grows.

(2) Turbulent flames demonstrate a lower peak NO mole fraction and wider NO mole
fraction profile along the nozzle axis compared to laminar flames, and the integrated
NO emission along the nozzle axis of the turbulent flame is only slightly lower
than that of the laminar flame at the same equivalence ratio and strain rate. One-
dimensional turbulent counterflow flame modeling indicates that the effect of small-
scale turbulence on NO formation is due to enhanced heat and mass transfer.

(8) Considering NO formation at the same level of fuel consumption, both laminar and
turbulent flames exhibit an exponential growth in NO as a function of the flame
temperature, indicating that the thermal NO mechanism dominates NO formation in
the counterflow premixed hydrogen-rich syngas/air flames. The NO formation of
the turbulent flame is significantly lower than that of the laminar flame at the same
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level of fuel consumption, which implies that the turbulence-induced heat and mass
transfer enhancement favors NO suppression.
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