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Abstract: This study investigates the impact of thin flame combustor design on hydrogen flame
characteristics and combustion performance through numerical simulations. Variations in flame
shape and combustibility between 100% methane and 100% hydrogen combustion are analyzed.
Three combustor header shapes (flat, concave, and convex) are modeled to assess their influence on
flame behavior. Results show distinct flow patterns, with concave headers promoting strong central
flows and convex headers dispersing the flow outward. Temperature field analysis indicates that
hydrogen flames have higher temperatures and shorter quenching distances compared to methane
flames. A comparative analysis of combustion products is conducted to evaluate combustion
performance and NOx emissions. Consequently, the concave header has high combustibility and
increases temperatures and NOx fraction in hydrogen combustion.
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1. Introduction

Combustion is a fundamental process extensively utilized in various industrial applications,
ranging from power generation to transportation [1]. With the increasing demand for cleaner and
more efficient energy sources, there is a growing interest in understanding the combustion behavior
of alternative fuels such as hydrogen [2,3]. In the context of premixed combustion systems, the design
of the combustor plays a critical role in determining flame characteristics and overall combustion
performance [4-6]. Recently, studies have been conducted to investigate the flame behavior and
shape changes due to hydrogen mixing due to the combustion rate of hydrogen seven times faster
than methane [7-9]. The targets to be overcome in hydrogen-methane combustion are the large
amount of NOx generated due to high-temperature flames [10-12]. In addition, the application of
ultra-lean burn technology as a means to solve this problem may additionally cause flame
stabilization problems [13,14]. In order to solve these problems of hydrogen combustion, it is
necessary to design a combustor that can reduce the flame temperature.

As a good alternative, there are slit flame combustors with thin flames and multiple flame
combustors with fire holes. These combustors can reduce the flame temperature by increasing the
surface area of the flame or by splitting the flame into smaller pieces. This is effective in reducing
thermal NOx emissions during combustion reactions. Somers and Goy [15] proposed a slit burner
capable of forming a thin flame using a slit structure. The shape of the slit flame was simulated and
compared experimentally. Guo et al. [16] studied ways to improve flame stability while increasing
the mixing flow rate in a micro-combustor where a thin flame is formed. The stable flame, transient
oscillating flame, extinction, flame with repetitive extinction and ignition, and quenching were
analyzed experimentally. Liu et al. [17] conducted a study on the dynamic behavior and stability of
a slit flame through a model of fluid perturbation. The flame aspect ratio significantly affected the
time-averaged slit flame front surface area, while the mean flow velocity played an important role in
the response of the slit flame heat release rate to transverse disturbance. Raghavan et al. [18]
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investigated the impact of slit width on exhaust gas temperature. As the slit width decreased, the
exhaust gas temperature tended to decrease. These studies on slit flames offer valuable data
regarding flame shape and temperature, but they somewhat lack in the quantification of NOx. In
multiple flame combustors, Chen et al. [19] experimentally investigated the effect of multi-layer slit
structures on flame speed reduction in premixed flames. They suggested that the maximum flame
length decreases as the number of slits increases, and the shear layer between flames can cause flame
surface distortion due to vortex action. Tyagi et al. [20] conducted an experimental study of local
flame-fire interaction in turbulent premixed flames. They suggested that when there is high shear
flow between adjacent flames, a local interaction occurs in which the flame structure bends toward
the flame center. However, the influence of slit-type combustor design on the combustion behavior
of hydrogen, particularly in comparison to methane, remains an area of active research.

This study aims to investigate the influence of thin flame combustor design on hydrogen flame
characteristics and combustion performance through numerical simulations. By analyzing variations
in flame shape and combustibility between 100% methane and 100% hydrogen combustions, insights
can be gained into the optimal design parameters for achieving efficient hydrogen combustion. To
achieve this objective, three combustor header shapes (flat, concave, and convex) are modeled to
study their effects on flame behavior. Through comprehensive analyses of flow patterns, pressure
drops, turbulence premixing, temperature fields, and combustion product compositions, this study
seeks to elucidate the impact of combustor design on hydrogen combustion performance and
emissions, with a particular focus on NOx emissions.

2. Simulation Methods
2.1. Governing Equation

The flame characteristics of hydrogen and methane were simulated by numerical analysis of the
internal flow and flame shape. The numerical analysis program is Simcenter FIoEFD (Siemens,
Germany), which calculates the combustion reaction based on chemical equilibrium. It also had a
method of calculating combustion products mixed with fuel and oxidizing agents to the molecular
level until chemical equilibrium is reached. Therefore, the parameters of the fuel mixture are
calculated according to the chemical equilibrium equation and expressed as the molar fraction of the
product by pressure, density, and temperature. The governing equation for calculating the generation
and flow of combustion products (yp) at a constant mass fraction is written as follows.

ai;% + aixi(puiyp - (é + ﬁ) aﬁ) = pYyp 1)

Sce/ 0x;

Here, the reaction rate (yp) is defined as a function of the mass fraction of residual fuel (yz) and
oxidizing agent (y,) and the molar mass of fuel (mr) and oxidizing agent (m,) by the mass transport
equation as follows.

Vp = mpp 222 K(T) @)

mrmo

K is a function dependent on temperature as the reaction rate, which is defined as follows.
1
K =~ Rign[1 + tanh Cign (T = Tign)] ®3)

Here, Ry, is 1x105, Cign is 0.2, T is the current temperature, and T4, is the ignition
temperature. Therefore, it can be understood that the combustion process of the fuel-air mixture is
determined by the mass fraction of the equilibrium combustion product.

The majority of NOx in combustion byproducts consists of thermal NOx at a flame temperature
of 1300°C. Since NO is the primary chemical species in NOx, NOx is represented solely by considering
NO in combustion analysis. The mass transport equation for NO can be written as follows.

i i a a _
—p;/tNo + 7% (puiyno) = o (pDZ ;’gio) + Sno (0, T, ¥k, Yno) (4)

NO represents the mass fraction of the gas phase, and the reaction is described by the Zeldovich
mechanism as follows.
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Since the thermal NO is produced at high temperatures, most of the reactions occur immediately
after the combustion reaction until heat is transferred from the flame. To determine the concentration
of nitrogen atoms, a metastable state is considered, which is consumed as rapidly as free nitrogen
atoms are generated based on oxygen involved in the oxidation reaction under lean combustion
conditions. This assumption is valid for most combustions except for rich combustion conditions.
Therefore, the NO reaction rate can be written as follows.

9 (yno)) _ 2Ri[1-Ono/INno)’]
(_) 1+ —(yno/TNo) ®)
R2+R3

Here, R is the one-way reaction rate, and the amount of NO is derived from the transport
equation as follows.

2myoR1[1-(Yno/IN0)?]
S =m 2R — NOR1
o = Mol "o == ke o/ ©)

2.2. Design Parameters

A pre-mixed combustor of 40,000 kcal/h was designed to find out the variations in flame shape
and combustibility in 100% methane and 100% hydrogen. Since hydrogen has about three times lower
calorific value per unit volume than methane, the fuel flow rate was set at 4.5 Nm?/h for methane and
13.8 Nm?3/h for hydrogen to match the same calorific value of 40,000 kcal/h. The air volume
corresponding to the fuel flow rate is set to a lean combustion condition that is 1.3 times higher than
the theoretical air volume. The flow rate of the mixed gas from the final combustor surface is 59.5 for
methane-air and 56.6 for hydrogen-air. The design parameters are listed in Table 1.

Table 1. Design parameters at methane-air mixed gas and hydrogen-air mixed gas.

Design Parameter CH4 H:
Required heat input 40,000 kcal/hr 40,000 kcal/hr
Fuel flow rate 4.5 Nm3/h 13.8 Nm3/h
Calorific value HHV 8698 kcal/Nm3 2796 kcal/Nm3
Fuel inlet temperature 15°C 15 °C
Combustion air flow rate 55.0 Nm3/h 42.8 Nm3/h
Mixture flow rate 59.5 Nms3/h 56.6 Nm3/h
Excess air ratio 1.3 1.3

2.3. Simulation Models

In Figure 1, the combustor configurations include fuel heads, metal fiber plates, and distribution
plates. Fuel and air are individually injected into each inlet and passed through the fuel distribution
panel and the air distribution panel, respectively. After that, the fuel and the air are mixed and flow
toward the metal fiber distribution panel. Finally, flames are formed on the metal fiber surface to
complete premixed combustion. In detail view of design, the fuel and the air distribution plates for
flow uniformity are designed as perforated plates with rectangular holes of 1.0 x 6.0 mm and circular
holes of 1.0 mm. The metal fiber distribution plates for flame shape uniformity are designed as
perforated plates with holes of 1.5 x 8.0 mm in a square arrangement with 8.0 mm pitch.
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Figure 1. Combustor configuration and distribution plates design.

In Figure 2, three different combustor headers were modeled to analyze the flame effects
according to the combustor header shapes. The headers are designed to form a thin flame to prevent
the flame overheating. The combustor headers are designed to be flat, concave, and convex. The
concave and convex headers are each folded about 90°, so they have a larger surface combustion area
than the flat header.

Flat header Concave header Convex header

Figure 2. Three types of combustor headers.

In Figure 3, the analysis area of the combustor model is 550 mm long and 55 mm wide, and it is
divided into an internal flow area and an external combustion area. The flow area has complex flow
paths and narrow perforated holes, so it is necessary to densely form the analysis grid. Here, one grid
was set to have a size of less than 0.1 mm by dividing the minimum diameter of a 1.0 mm perforated
hole into at least 10 equal parts. The number of grids used in the three combustor header models in
total ranges from 2,240,000 to 2,690,000. The outer wall boundary of the combustion area was set to
atmospheric pressure.
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Figure 3. Analysis area of combustor model.

3. Results and Discusstion
3.1. Internal Flow Characteristics

Figure 4 shows the variations of the velocity fields according to the three header shapes. Because
the combustor models have the same fuel slit, the fuel passed through this narrow slit to form the
same axial flow of about 20 m/s. After that, the fuel was mixed with air and showed various flow
fields due to different header shapes. In the case of a flat header, vortex flow was formed, and it has
a relatively uniform flow field of about 12m/s in the combustion area. In the case of a concave header,
a flow field with central velocity of about 20m/s was formed to form a strong central flow. In the case
of a convex header, the flow was concentrated in a direction perpendicular to the surface of the header,
and the flow was dispersed diagonally.

P értex rowJ
| Qver 12 m/s

b W
W\ —

20.000
18.000

16.000
14.000
12.000
10.000
8.000
6.000
- 4.000

2.000
0

Uniform flow

Velocity [mis]
(a)
N
#" Central flow —
. Over 20m/s =

20.000
e 18.000
- - == 16.000
. _— 14.000
! S 12.000
, Strong central flow——— = 10.000
= 8.000
e 6.000
—_—— = = - 4.000
2.000

0
Velocity[m/s]

(b)


https://doi.org/10.20944/preprints202404.1643.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2024 d0i:10.20944/preprints202404.1643.v1

6
= g
|agona| flow
ver 12 m/s \
a
20.000
18.000
A 16.000
// 14.000
12.000
. 10.000
Diagonal flow // 8.000
6.000
4.000
2.000
— 0
S 5
- Velocity([m/s]

Figure 4. Flow velocity fields: (a) flat header, (b) concave header, and (c) convex header.

Figure 5 shows the axial velocity distribution from the central line to the edge line on dividing
six rows of combustion surface. Figure 5a,b shows the velocity of hydrogen-air mixed gas and
methane-air mixed gas on the flat header surface. Because the flat header has the smallest combustion
area than the other header shapes, it has the highest velocity distribution. Figure 5c—f show the
surface velocities of the concave header and the convex header in hydrogen-air mixed gas and
methane-air mixed gas. The flow velocities were average 20 m/s, and the central flow of hydrogen-
air mixed gas is more developed than that of the methane-air mixed gas. Here, the development of
central flow on the concave header causes the flame to form in the center, and conversely, on the
convex header, it has the effect of dispersing the flame outward.
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Figure 5. Velocity distributions from the center line to the end line of the combustor surface: (a)
hydrogen flat header, (b) methane flat header, (c) hydrogen concave header, (d) methane concave
header, (e) hydrogen convex header, and (f) methane convex header.

3.2. Pressure Drop of Distribution Plates

Since the combustor supplies the premixed gas using a blower, a differential pressure analysis
was performed on the distribution plate with high pressure drop. The differential pressures for the
air distribution plate and the mixed gas distribution plate of air and fuel gas were analyzed along the
air flow path, and the pressure drop of the entire system was compared and analyzed in Figure 6. As
a result of the analysis, the differential pressure in the air distribution plate was 1,750 Pa for hydrogen
combustion and calculated as 3,000 Pa for methane combustion. Regarding pressure drops for
different header types, the flat header showed the highest differential pressure due to the smallest
number of slit openings, while the concave header had the lowest differential pressure due to a large
number of slit openings and its shape. Concerning the differential pressure of the entire system, the
flat header, the convex header, and the concave header were 2700 Pa, 2300 Pa, and 2150 Pa,
respectively, in hydrogen combustion. In the same order, the required pressure appeared in methane
combustion, with the average pressure being 1500 Pa higher than that of hydrogen combustion. From
these results of the pressure drop, the concave header is considered advantageous for the blower due
to its lowest pressure drop.
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Figure 6. Pressure drops on various distribution plates: (a) hydrogen combustion, (b) methane

combustion.

3.3. Fuel and Air Mixing Performance and Turbulence Intensity

To investigate the premixing performance of fuel and air, the mixing efficiency was analyzed
using the mass fraction of residual fuel. In Figure 7, the mass fraction of residual fuel ranged from
the maximum value of 1% to the minimum value of 0.1% for residual fuel diluted in air. Therefore, a
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higher residual fuel ratio indicates better mixing. The results showed that the distribution of residual
fuel widened as it approached the flame. In terms of residual fuel distribution among the different
header types, although the convex header showed a relatively wide distribution and the concave
header showed a narrower one, it is considered that all of them display a similar residual fuel
distribution, suggesting they will exhibit appropriate mixing performance.
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Residual fuel ratio
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0
Residual fuel ratio

Figure 7. Mass fractions of residual fuel in mixing zone: (a) flat header, (b) concave header, and (c)
convex header based on hydrogen combustion, (d) flat header, (e) concave header, and (f) convex
header based on methane combustion.

Turbulence intensity analysis was conducted in the mixing area to quantitatively evaluate the
mixing performance in the air and fuel mixing zone. Turbulence intensity represents the deviation of
the actual flow rate compared to the average flow rate. The total interval of the mixing area was
divided into six equal parts at 10 mm intervals to distribute the turbulence intensity according to
distance. As the results in Figure 8, in hydrogen combustion, the turbulence intensity was the lowest
in the concave header. Conversely, turbulence intensity increased with distance in the flat header and
the convex header. In methane combustion, turbulence intensity was lowest in the concave header,
while the flat header and the convex header exhibited a tendency to gradually decrease. From these
turbulence intensity results, it was confirmed that the flow in the concave header was the most stable,
whereas the flow in the convex header and the flat header was less stable.
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Figure 8. Turbulence intensities in mixing zone: (a) hydrogen combustion, (b) methane combustion.

3.4. Flame Shape with Temperature and Residual Fuel Ratio

A temperature field analysis was performed to predict the flame shape of 100% hydrogen and
100% methane. The temperature field in Figure 9 has the temperature range of 293K to 2400K, with
red at high temperature and blue at low temperature. In the flat header, the flame was formed by
floating from the combustor surface. This means that a lifting flame can be formed on the flat header
with the fast surface flow velocity of 50 m/s. At the lifting distance, due to the fast diffusion velocity
of hydrogen, the hydrogen flame had a shorter lifting distance than methane flame. In the concave
header, the hydrogen flame and the methane flame were stably attached to the combustor surface.
The temperature of the hydrogen flame was 600°C higher than that of the methane flame. The convex
header is considered unsuitable for use as a combustor because it was dispersed outside the required
axial flame region.
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Figure 9. Temperature field of hydrogen flame and methane flame: (a) flat header, (b) concave header,
and (c) convex header.

Figure 10 shows the amount of residual fuel for the flame quenching distance analysis. The mass
fraction of residual fuel was set from 1% to 10%, and the high fraction was blue, and the low fraction
was red. In the flat header, long residual fuel was shown in the axial direction, however, due to the
lifting flame, it cannot be regarded as an actual quenching distance. In the concave header, the
residual fuel fraction is high on the combustor surface and then decreases toward the axial direction.
The flame quenching distances were 230mm and over 250mm in hydrogen flame and methane flame,
respectively. The flame quenching distance of the convex header could not be calculated due to the
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flame dispersion. Therefore, it was found that the hydrogen flame had a shorter quenching distance
than the methane flame.
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Figure 10. Residual fuel ratio field in the range from 1% to 10%: (a) flat header, (b) concave header,
and (c) convex header.

3.5. Exhaust Gas Composition

A comparative analysis was performed on the combustion products at the final outlet based on
the shape, temperature, and mass fraction of the flame. Figure 1la,b represent the combustion
products of hydrogen and methane, respectively. Hydrogen combustion products have high H.0
and NOx fractions, and methane combustion products have high CO: and CO fractions. Here,
hydrogen causes an increase in temperature and thermal NOx generation and an increase in
conversion to H20. In addition, the concave header had the lowest O: fraction compared to other
headers. Therefore, it can be evaluated that the concave header has the highest combustibility. In the
concave header, NOx is 0.128% in hydrogen combustion and 0.072% in methane combustion, and the
NOx emission rate of hydrogen combustion can be about 1.78 times higher than methane combustion.
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Figure 11. Mass fraction of combustion products: (a) hydrogen combustion and (b) methane
combustion.

4. Conclusions

This study suggests that the thin flame combustor design significantly influences hydrogen
flame characteristics and combustion performance. The flame characteristics of hydrogen and
methane were investigated using numerical simulations. Variations in flame shape and
combustibility were observed in 100% methane and 100% hydrogen combustions. Three combustor
header shapes (flat, concave, and convex) were modeled to analyze their effects on flame behavior.
Different header shapes resulted in distinct flow patterns, affecting flame behavior. Concave headers
promoted strong central flows, while convex header dispersed the flow outward. In the temperature
field and residual fuel field, hydrogen flames showed higher temperatures and shorter quenching
distances compared to methane flames. Concave header forms a stable flame, with lower residual
fuel fractions and higher flame stability. In the comparative analysis of combustion products,
hydrogen combustion led to increased temperatures and higher NOx fraction compared to methane
combustion. The concave header had complete combustibility with lower Oz emission, particularly
in hydrogen combustion. These findings provide valuable insights for optimizing hydrogen
combustor design in industrial applications, particularly in enhancing combustion efficiency and
minimizing emission.
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