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Abstract

Numerical simulations are performed to analyze the combustion of the anode off-gas / cathode off-gas
mixture within the two-stage porous media burner of a 1 kW solid oxide fuel cell (SOFC) system. In
performing the simulations, the anode gas is assumed to be hydrogen and the combustion of the gas
mixture is modeled using a turbulent flow model. The validity of the numerical model is confirmed by
comparing the simulation results for the flame barrier temperature and the porous media temperature
with the corresponding experimental results. Simulations are then performed to investigate the effects of
the hydrogen content and the burner geometry on the temperature distribution within the burner and the
corresponding operational range. It is shown that the maximum flame temperature increases with an
increasing hydrogen content. In addition, it is found that the burner has an operational range of 1.2~6.5
kW when assigned its default geometry settings (i.e. a length and diameter of 0.17 m and 0.06 m,
respectively), but increases to 2~9 kW and 2.6~11.5 kW when the length and diameter are increased by a
factor of 1.5, respectively. Finally, the operational range increases to 3.5~16.5 kW when both the
diameter and the length of the burner are increased by a factor of 1.5.
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1. Introduction

As the world’s supply of natural resources dwindles, a requirement has emerged for highly-efficient,
environmental-friendly power generation systems. Solid oxide fuel cells (SOFCs), which produce
electrical energy by oxidizing a suitable fuel such as hydrogen or methane, represent a feasible solution
for meeting this requirement for a wide variety of applications, ranging from simple auxiliary power
units to large-scale power generation systems. SOFCs have a high electrical efficiency (40~60%), low
emissions, the ability to operate on a wide variety of different fuels, and the potential for implementation
in integrated gasification combined cycles (IGCCs) in order to realize SOFC coal-based central power
plants [1, 2, 3].

Many experimental SOFC power generation systems have been developed in order to explore the effects
of different fuels, fuel rates and operating temperatures on the operational range of real-world SOFCs.
For example, the Institute of Nuclear Energy Research (INER), Taiwan, recently developed a 1 kW
SOFC system comprising a natural gas reformer, a fuel stack, an after-burner, a fuel heat exchanger and
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an air heat exchanger [4]. Within this system, the two-stage porous media after-burner plays a key role in
ensuring the complete conversion of the SOFC off gases during nominal operation, supplying heat during
the system start up phase, and pre-heating the cathode intake air during long term operation. Compared
to conventional combustion systems with free flame burners, porous media burners have a number of
significant advantages, including lower emissions, a wider variable dynamic power range, greater
combustion stability, and a freer choice of geometry. As a result, porous burners have been used for
many applications in recent years, including household and air heating systems, gas turbine combustion
chambers, independent vehicle heating systems, steam generators, and so forth.

The problem of combustion within a porous medium has attracted significant interest in the literature.
For example, Trimis and Durst [5] conducted two-section porous media zone experiments in which the
two sections contained materials with different properties and porosities, and showed that flame stability
and low pollutant emissions could be obtained over a wide range of equivalence ratios. In addition, it was
shown that a minimum Peclet number of Pe = 65 was required to prevent flame quenching within the
porous media. Hayashi et al. [6] utilized a one-step reaction model to perform three-dimensional
analyses of the flows within a two-layer porous burner for household applications. The results provided a
useful understanding of the flame stabilization mechanism within the porous matrix. N-heptane was
chosen to model the actual fuel and the combustion process was described by the one-step reaction.
Tseng [7] performed a numerical investigation into the effects of hydrogen addition on the combustion of
methane in a porous media burner, and showed that adding hydrogen in the fuel the lean limit can be
further reduced to ¢=0.26. The flame speeds of porous media burner are several times as that of free

flames. In addition, it was shown that the porous media burner resulted in a thinner flame thickness than
a conventional free flame burner.

As computer technology has developed in recent decades, the use of numerical simulation techniques to
obtain detailed insights into the combustion mechanisms within porous media has become increasingly
common. Although radiation heat transfer plays an important role in solid phase media, its effects are
generally approximated when analyzing the combustion phenomenon using numerical techniques.
Consequently, a variety of radiation heat transfer models have been proposed, including the Rosseland
model for optically thick media [8], the two-flux approximation model [9], the discrete ordinate (DO)
method [10-11], and the direct solution of the one-dimensional radiative transfer equation (RTE) [12-13].
Of these various models, the DO model spans the entire range of optical thicknesses, and permits the
solution of problems ranging from surface-to-surface radiation to participating radiation in the
combustion process. In addition, the model also allows the solution of radiation at semi-transparent walls
and has modest computational and memory requirements. Consequently, the DO model is applied in the
numerical simulation here.

Compared to experimental methods, numerical simulations provide a more convenient and versatile
means of obtaining detailed insights into the characteristic thermofluidic properties of the stack and
afterburner components of an SOFC system. Numerical simulations enable the effects of the various
operating parameters (e.g. the fuel mix ratio, the stack intake temperature, the afterburner temperature,
and so on) to be easily explored such that the optimum operating conditions can be identified. In the
present study, numerical simulations are performed to analyze the premixed combustion problem within
the two-stage porous media burner in the 1 kW SOFC system developed by INER [4]. In contrast to most
previous studies in which methane was used as the fuel, the present simulations consider the fuel (and the
anode-off gas) to be hydrogen. To the best of the current authors’ knowledge, no generally accepted
model exists for turbulent premixed porous media combustion. The validity of the numerical model is
confirmed by comparing the results obtained for the flame barrier temperature and the porous media
temperature with the corresponding experimental results obtained using the INER SOFC system.
Simulations are then performed to investigate the effects of the hydrogen content and the geometry of the
porous media burner on the temperature distribution within the burner and the corresponding operational
range.

The remainder of this paper is organized as follows. Section 2 describes the mathematical model,
numerical method and boundary conditions imposed in the simulations. Section 3 discusses the
validation of the simulation model and presents the simulation results. Finally, Section 4 provides some
brief concluding remarks.
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2. Mathematical model and numerical method

The modeling of hydrogen combustion within a porous media burner is complicated since it requires the
solution of a coupled problem involving fluid flow, heat and mass transfer and chemical reactions within
both the porous media and the free space regions of the burner. Furthermore, the fluid and solid
properties depend on the temperature and concentration of the gas mixture and therefore result in a non-
linear system of partial differential equations. Consequently, certain simplifying assumptions are made in
performing the present simulations, namely (1) the gas mixture exhibits steady two-dimensional
turbulent flow, (2) the incompressible flow and gases conform to the ideal gas law, (3) gas radiation from
the fuel/air combustion mixture is negligible, (4) the porous ceramic materials within the burner have
homogeneous properties and emit, adsorb and scatter radiation in such a way as to maintain local
thermal equilibrium conditions, (5) the porous ceramic materials are inert and have no catalytic effect on
the gas mixture, (6) solid and gas become local thermal equilibrium due to the convective heat transfer
coefficient is large enough between gas and solid phase, (7) the Dufour and gravity effects are negligible,
and (8) the heat dissociation effect is sufficiently small to be ignored.

2.1 Governing equations

Figure 1 presents a schematic illustration of the burner used in the present simulations and indicates the
four temperature measuring positions within the experimental burner. As shown, the burner comprises a
mixing chamber (Region A), two porous media sections, namely an upstream fine-pore section (i.e.
Region B, the flame barrier zone) and a downstream large-pore section (i.e. Region C, the porous media
zone), and a free space region (Region D). In performing the simulations, it is assumed that the burner is
fitted with cordierite based honeycomb ceramic and SiC based foam ceramic in Regions B and C,
respectively, leading to an excellent modulation behavior, a high power density and low emissions.
Furthermore, the cordierite ceramic has an open section of 33% and a pore diameter of 0.8 mm to
prohibit the flame propagation in the area, while the metal foam has an open section of 87% and a pore
size of 10 pores per inch (ppi).

Flame barrier zone Porous media zone Free space

(B}\ /{C} / (D)

3 &
/ = H / 7
(a) ) ’
— 4 H
gaim ¥ — 4 Flue gas
Fremized: ——femmm—— STy S RO — = — o — = == = =~
fuel/air—— - —
_ P
— ’
E—
1y —
Mixing chamber IEIJ
(4) Ignition
electrode

@ Thermal couple location
Figure 1. General configuration of two-stage porous media burner

In the simulations, the thermal and turbulent flow fields within the burner are modeled using the
turbulent Navier-Stokes and energy equation and are solved numerically using a finite-difference scheme
subject to the constraint of satisfying the continuity and species conservation equations. The effects of
turbulence are accounted for using an eddy viscosity model, and the flow is assumed to be steady,
incompressible, and two-dimensional. In addition, the thermo-physical properties of the solid
components within the burner are assumed to be constant. Thus, the governing equation for the gas
mixture can be written as follows:
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where ¢ denotes the dependent variables u, v, T, k, &, Y ; u, v are the local time-averaged velocities in
the x- and y -directions respectively; k, & are the turbulent kinetic energy and turbulent energy
dissipation rate, respectively; Y is the mass fraction of the species; and I’ 4 and S 4 are the turbulent

diffusion coefficient and source term, respectively, for the general variables ¢. The equations solved in

the simulations for the main flow region and porous region of the burner are summarized in Tables 1 and
2, respectively. Note that the empirical constants within the equations used in these regions are assigned
values of C, =1.44,C, =1.92,C, =0.09,0, =1.0, 0, =1.3.

Table 1. Summary of equations solved in main flow region of burner

Equations ¢ r, S 4
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Table 2. Summary of equations solved in porous regions of burner

Equations ¢ r, Sy
Continuity 1 0 0
X —momentum u 2 2
8 0 Lo (o) T+ Y
ox ox~ oy
—~ puzuvg L pClU[v*u
avlv] K,
Yy —momentum 4 2 2
8 L oty T4 T
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a
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yo,
N
Species Y, PD; M, = zRi,r
r=1
4y
7 150(1-v)
C- 1.75 .
V1500"°
|U| =u’ +v*.
In general, the chemical reaction of the ith species is given by
N Ry, N
Z}(z",rMi—’>Zsz,rMi (2)
i=l1 i=l1
b Ea
Ry, = ATP[H,] [02]Cexp{—R TJ 3)
u
1
H2+E(02+3.76N2)—>H20+1.88N2 4)

where R f,r s the forward rate constant for reaction r, R H, 18 computed using the Arrhenius

expression and A is the pre-exponential factor. The present simulations consider the one-step global
forward chemical reaction involved in the hydrogen combustion process Furthermore, [H 2] and [Oz]
denote the concentrations of hydrogen and oxygen, respectively, while parameters b and c are the
corresponding concentration exponents. In accordance with [14], the parameters in Eqs. (3) and (4) are
specifiedasb=1.1, c=1.1, =0, 4=9.87x10° Kmol"*m*®s™", and Ea = 3.1x10" J / kgmol .

Simulating the multi-step reaction mechanism in the combustion process involves a significant

computational effort. As a result, most previous numerical investigations simplified the reaction process
to a single-step chemical reaction. However, the use of a single-step reaction model overstates the flame
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temperature and prevents an understanding of the emissions produced by the reaction process.
Consequently, Hsu ef al. [15] argued that it is essential to use multi-step kinetics if accurate predictions
of the temperature distribution, energy release rates, and total energy release are required. However, it
was also reported in [15] that a single-step kinetics model is adequate for predicting all the flame
characteristics other than the emissions for the very lean conditions under which equilibrium favors the
more complete combustion process dictated by global chemistry. Table 3 summarizes the compositions
of the anode-off and cathode-off gas mixtures considered in the present simulations. The H,-20 to H,-8
cases correspond to fuel utilizations in the range Uf = 0 ~ 0.6, respectively, and equivalence ratios
ranging from 0.27 ~ 0.30. In other words, the present simulations all belong to the lean fuel regime, and
can therefore be performed using a single-step reaction model with no significant loss in generality.

Table 3. Compositions of anode-off and cathode-off gas mixtures considered in different simulation runs
and corresponding equivalence ratios

i i Equivalence
Case H, (slpm) Air (slpm) gi);)i}ll)lg atr Ezc(/)min) N, (slpm) ra?io ($)
H,-20 20 100 76 0 0 0.30
H,-19 19 97.6 76 0.8 1.9 0.29
H,-18 18 95.2 74 1.6 3.8 0.28
H,-17 17 92.9 69 2.4 5.6 0.28
H,-16 16 90.5 63 3.2 7.5 0.28
H,-15 15 88.1 56 4.0 9.4 0.28
H,-14 14 85.7 49 4.8 11.3 0.28
H,-13 13 83.3 43 5.6 13.2 0.28
H,-12 12 81.0 37 6.4 15.0 0.27
H,-11 11 78.6 30 7.2 16.9 0.27
H,-10 10 76.2 23 8.0 18.8 0.27
H,-9 9 73.8 16 8.8 20.7 0.27
H,-8 8 71.4 7 9.6 22.6 0.27

Owing to the high emissivity of the solids in the porous media burner compared to the fluid, the present
simulations neglect the effects of gas radiation. However, the divergence of the radiative heat flux from
the solids is considered, and is obtained by solving the radiative transfer equation (RTE) using the
discrete ordinate (DO) model with the RTE in the direction s as a field equation. In general, the RTE for

the spectral intensity 7 ; (¥,5) can be written as

V-1, (75))+(ay +0,),(F,5)=an’1y, +Z—SL?”M (7,5 Yb(5 - 5')d’ (5)
T

where A is the wavelength, a; is the spectral absorption coefficient, o is the scattering coefficient,
I}, is the black body intensity given by the Planck function, @ is the phase function, and € is the

solid angle. In the present simulations, the scattering coefficient, scattering phase function, and refractive
index n are all assumed to be independent of the wavelength. Moreover, the porous media are assumed
to be gray, homogeneous and isotropically scattering materials. Finally, the extinction and scattering
coefficients of the SiC foam are taken from [16].

2.2 Verification of negligible heat dissociation effect

At higher combustion temperatures, the products in the combustion reaction dissociate and form many
additional compounds. For example, the compounds produced in hydrogen / oxygen combustion include
not only water and nitrogen, but also OH’, NO, and CO. Table 4 summarizes the STANJAN calculation
results for the molar fractions of the compounds formed in the current combustion process for a
hydrogen content of H,-20 LPM. The results indicate that in the “Equilibrium State” condition, the molar
fractions have a very low value for all compounds other than H,O and N,. Thus, the validity of
assumption #8 in Section 2 (i.e. the heat dissociation effect is negligible) is confirmed.
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Table 4. Molar fractions of compounds before and after combustion reaction as determined by

STANJAN calculations

Mole Fractions

Initial State

Equilibrium State

H, 9.8349E-02 2.9956E-08
H 0.0000E+00 2.1673E-10
0) 0.0000E+00 7.0006E-08
0, 1.6183E-01 1.1832E-01
OH 0.0000E+00 1.0119E-05
H,O 0.0000E+00 1.0343E-01
HO, 0.0000E+00 2.6741E-08
H,0, 0.0000E+00 2.0832E-09
NO 0.0000E+00 3.1217E-04
NO, 0.0000E+00 2.4694E-06
N,O 0.0000E+00 2.0611E-08
HNO 0.0000E+00 9.9136E-12
N, 7.3982E-01 7.7792E-01
2.3 Boundary conditions

Figure 2 presents a schematic diagram of the computational domain considered in the present
simulations. As shown, a symmetry plane exists along the x-axis of the burner, and thus only a half-
model is considered. In performing the simulations, the normal velocity components and variable
gradients along the symmetry plane were set to zero, while the remaining boundary conditions were set
as described in the following.

0.03

0.02

0.01

-0.08-0.07 -0.06 -0.05-0.04 -0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Position (m)

Figure 2. Schematic showing grid distribution within meshed burner

At the inlet of the computational domain, the fuel-air mixture (i.e. the anode-off and cathode-off gas
mixture from the SOFC stack) was assumed to have a known temperature 7,,;, specified in accordance

with the experimental data presented in [4]. The other boundary conditions at the inlet were specified as
follows:

u=uy, v=0, T =Ty, Yi:Yi,ina q =7y (Tpix) (6)

Meanwhile, the boundary conditions at the outlet were specified as

ou OT 0Y;

—=—=—2=0, =7y (T, @)
ox Ox Ox 7 p(Te)
The boundary conditions for the temperature at the outlet were obtained by applying an energy balance
between the inlet and outlet boundaries. In addition, the inlet and outlet radiation boundaries in Eqs.(6)
and (7) were used to simulate the exchange of radiation with a black body cavity at the burner inlet and
outlet temperatures, respectively. Finally, the burner walls were assigned no slip and convection

boundary conditions and were assumed to be wrapped with an insulation layer with a thickness of 6 cm.
As shown in Fig. 2, the porous media burner was meshed using a non-uniform grid arrangement in order
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to reduce the overall computational effort whilst preserving the ability to capture the detailed variations
in the temperature distribution within the porous media regions of the burner. The simulations were
performed using the SIMPLEC (semi-implicit method for pressure-linked equation consistent) algorithm
proposed by Doormaal and Raithby [17]. The algorithm was implemented using pressure and velocity
correction schemes in order to ensure a convergent solution in which both the pressure and the velocity
satisfied the momentum and continuity equations. Furthermore, an under-relaxation scheme was
employed to prevent divergence in the iterative solutions. The resulting sets of discretized equations for
each variable were solved using a line-by-line procedure based on the tri-diagonal matrix algorithm
(TDMA) and Gauss—Seidel iteration technique presented in Patankar [18]. The solution procedure
continued iteratively until the normalized residual of the algebraic equation fell to a value of less than 10™.

3. Results and discussions

Before commencing the simulations, a grid independence test was performed using three different grid
sizes, namely 100 x 10, 100 x 30 and 130 x 50. Figure 3 illustrates the results obtained using the three
grid sizes for the temperature profile along the x-axis of the burner at a distance of 1/3H from the burner
wall. (Note that the hydrogen content is specified as H,-20 LPM (see Table 3).) The results show that the
numerical solutions are independent of the mesh size for a grid distribution of 130 x 50. Thus, in all the
remaining simulations, the grid distribution was specified as 130 x 50.

1400

— — — 100*10

20k |----- 100%30
————— 130%50

1000

Temperature (K)

600

400 1 I 1 I 1 I 1 I 1
-0.08 -0.04 o 0.04 0.08 0.12
Position (m)

Figure 3. Effect of grid refinement on temperature profile in x-axis direction at distance of 1/3H from
burner wall

3.1 Verification of numerical model

In order to verify the numerical model, the simulation results obtained for the flame barrier and porous
media temperature for a gas composition from H,-20 LPM to H,-8 LPM were compared with the
experimental results reported by Yen ef al. in [4]. The corresponding results are presented in Fig. 4. Note
that the flame barrier temperature and porous media temperature data correspond to measurement
positions (b) and (c¢) in Fig. 1, respectively. It is observed that a good agreement exists between the two
sets of results for both the flame barrier temperature and the porous media temperature. The discrepancy
between the simulation results and the experimental results can be quantified by the error percentage

Teiv, — T
( stm ex% . As shown in Fig. 5, the maximum discrepancy between the two sets of results is
exp

found to be just 7% for the flame barrier temperature and 4% for the porous media temperature. Thus, the
basic validity of the numerical model is confirmed.
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Figure 4. Comparison of experimental and simulation results for flame barrier temperature and porous
media temperature at various hydrogen contents in the range H,-8 ~ H,-20 LPM
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Figure 5. Discrepancy between experimental and simulation results for flame barrier temperature and
porous media temperature at various hydrogen contents in the range H,-8 ~ H,-20 LPM

3.2 Effect of hydrogen content on temperature distribution within burner

Figures 6(a)~6(g) show the simulated temperature contours within the porous media burner for hydrogen
contents of H,-20~H,-8 LPM, respectively, corresponding to fuel utilizations of Uf=0~0.6. In general,
the flame speed of hydrogen/air mixtures is around 6 times higher than that of methane/air mixtures in
free laminar flame burners. Thus, the flame barrier temperature must be carefully controlled in order to
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minimize the risk of overheating, flash back or flame extinction. Furthermore, for mixing chamber
temperatures greater than 673 K, additional cooling air may be required to prevent flash back [4]. In [4],
the mixing chamber temperature in the porous media burner (corresponding to the inlet temperature of
the fuel / air mixture in the present simulations) was found to vary between 549 and 664 K under the
considered condition. The maximum temperatures in Figs. 6(a)~6(g) are 1354, 1278, 1249, 1234, 1205,
1183, and 1163 K, respectively. Although the equivalence ratios for the seven simulation cases are
approximately the same in every case (i.e. 0.27~0.3, see Table 3), the results show that the flame barrier
temperature increases with an increasing hydrogen content. Furthermore, it is observed that the
maximum temperature within the mixing chamber exceeds a value of 673 K in every case, and thus
additional cooling air is required to prevent flash back. The amount of cooling air required increases as
the hydrogen content increases and it also results in lower mixing chamber temperature. Finally, it is
seen that the anode-off / cathode-off gas mixture entering the mixing chamber pushes the flame position
in the downstream direction of the burner. As a result, the maximum temperature is located in the exit
region of the burner in every case.
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Figure 6. Temperature contours within porous media burner for hydrogen contents of (a) H,-20, (b) H,-
18, (¢) Hy-16, (d) H,-14, (¢) Hy-12, (f) H,-10, and (g) H,-8 LPM
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Figure 7 illustrates the influence of the hydrogen content (H,-8, H,-14 and H,-20 LPM) on the
temperature profile within the porous media regions of the burner. Note that the results correspond to two
planes within the burner, namely the central symmetry (SYM) plane and a plane located at a distance of
1/6H above the central symmetry plane, respectively. It can be seen that there is little significant
difference in the mixture inlet temperature in the various simulation cases. Furthermore, it is apparent
that the temperature increases in the downstream direction of the burner for all values of the hydrogen
content. However, it is noted that the temperature gradient within the flame barrier zone (0 ~ 0.011 m) is
lower than that in the porous media zone (0.011 ~ 0.063 m). In other words, the different porosity and
pore size characteristics of the two porous regions of the burner have a significant effect on the
temperature distribution within the burner. Figure 8 presents the temperature distribution along the
symmetry plane of the burner for hydrogen contents of H,-8 ~ H,-20 LPM. As in Fig. 6, the results show
that the maximum temperature within the burner increases with an increasing hydrogen content. In
addition, it is seen that the difference between the outlet temperature and maximum temperature in region
C (i.e. the porous media zone) reduces as the hydrogen content decreases. In other words, for combustion
at lower hydrogen concentrations, a more uniform temperature is obtained along the symmetry plane of
the burner.
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Figure 7. Effect of hydrogen content (fuel utilization) on temperature distribution within porous media
regions of burner

Figure 9 illustrates the effect of the hydrogen content on the pattern factor (PF) of the porous media
burner. In general, even small variations in the fuel / air mixture ratio of gas turbine combustors can
result in measurable, and potentially detrimental, exit thermal gradients. These gradients not only
increase the emissions produced by the combustor, but also shorten the design life of any downstream
turbomachinery. As a result, a uniform temperature profile is generally sought within the combustor
through the careful design and manufacturing of the related combustor components. The pattern factor of
the present porous media burner is defined as

PF = Tout,max - Tout,avg )
Tout,avg - Tin,avg

where 7,1 max is the maximum temperature at the burner outlet, 7, avg is the average temperature at

the burner outlet, and Tj, 4, is the average temperature at the burner inlet. Based upon the present
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simulation results, the PF value of the porous media burner is found to vary from 0.081 to 0.085. In
addition, the PF value is found to increase slightly as the hydrogen content is reduced. Thus, overall, the
results reveal that while the exit temperature of the burner is relatively uniform in every case, the
uniformity of the temperature distribution reduces slightly as the hydrogen content is decreased.
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Figure 8. Effect of hydrogen content (fuel utilization) on temperature distribution along burner symmetry
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Figure 9. Effect of hydrogen content on pattern factor (PF) of burner
3.3 Effect of burner geometry on operational range

It is well known that the geometry of porous media burners has a significant effect upon the combustion
performance. Figure 10 shows the burner geometries considered in the simulations performed in this
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study to clarify the geometry effect in the two-stage porous media burner shown in Fig. 1. Specifically,
Fig. 10(a) shows the default burner, Fig. 10(b) shows a burner in which the default burner length is
increased by a factor of 1.5, Fig. 10(c) shows a burner in which the default diameter is increased by a
factor of 1.5, and Fig. 10(d) shows a burner in which both the default length and the default diameter are
increased by a factor of 1.5(i.e. a length and diameter of 0.17 m and 0.06 m, respectively in the original
geometry). In establishing the operational range of the two-stage porous media burner, the following
conditions apply: (1) the flame barrier temperature should be less than 923 K in order to prevent flash
back, (2) the maximum burner temperature should not exceed 1373 K in order to prevent burn out, and
(3) the porous media temperature should exceed 1073 K in order to prevent flame extinction [4].

(b)

15L

O

15D

Figure 10. Burner geometries used for comparison purposes in evaluating operational range of burner

For each of the burner geometries shown in Fig. 10, the theoretical operational range can be determined
by examining the temperature distributions at the lowest (H,-8 LPM) and highest (H,-20 LPM) hydrogen
concentrations and establishing the flow rate which satisfies the three design constraints given above at
each hydrogen concentration. Figs. 6(a) and 6(g) show the temperature contours within the original
burner (see Fig. 10(a)) for hydrogen concentrations of H,-20 LPM and H,-8 LPM, respectively. The
corresponding operational range is determined to be 1.2 ~ 6.5 kW. Figure 11 presents the corresponding
results for the case in which the burner diameter is unchanged, but the burner length is increased by a
factor of 1.5 (see Fig. 10(b)). In this case, the operational range is found to increase to 2 ~ 9 kW. The red
dot in the figure is the checking point to satisfy the operation criteria. Figure 12 shows the temperature
contours within the burner when the original burner length is unchanged, but the diameter is increased by
a factor of 1.5 (see Fig. 10(c)). The corresponding operational range is found to be 2.6 ~ 11.5 kW.
Finally, Fig. 13 shows the temperature contours within the burner when both the original burner length
and the original burner diameter are increased by a factor of 1.5. In this case, the operational range is
found to extend from 3.5 ~ 16.5 kW.

4. Conclusions

This study has performed a numerical investigation into the premixed hydrogen combustion problem
within a two-stage porous media burner. In performing the simulations, the flow of the hydrogen / air
mixture within the burner has been described using a turbulent flow model and the combustion process
has been treated using a simple single-step chemical reaction model. A good agreement has been
observed between the simulation results and the experimental results for the flame barrier temperature
and porous media temperature at various values of the hydrogen content. Thus, the basic validity of the
numerical model has been confirmed. Simulations have been performed to investigate the effects of the
hydrogen content and the burner geometry on the temperature distribution within the two-stage burner
and the corresponding operational range. It has been shown that the temperature within the burner
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increases with an increasing hydrogen content and attains a maximum value in the exit region of the
burner. A more uniform temperature distribution is obtained along the symmetry plane of the burner as
the hydrogen content reduces. In addition, the rate of temperature increase within the flame barrier zone
is lower than that within the porous media zone. The results have confirmed that the operational range of
the burner is significantly dependent upon the burner geometry. Specifically, the original burner with a
length and diameter of 0.17m and 0.06m, respectively, has an operational range of 1.2~6.5 kW.
However, when the burner length or burner diameter is increased by a factor of 1.5, the operational range
increases to 2~9 kW and 2.6~11.5 kW, respectively. Finally, when both the burner length and the burner
diameter are increased by a factor of 1.5, the operational range increases to 3.5~16.5 kW. Overall, the
results presented in this study confirm that the numerical model used in the present simulations yields
useful insights into the hydrogen combustion process within a two-stage porous media burner and
provides a convenient means of identifying the operating conditions which minimize the risk of flash
back or flame extinction.
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Figure 11. Temperature contours within burner with amplified length (i.e. Figure 10 (b)) under (a)
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Nomenclature

A pre-exponential factor Greek symbols

a spectral absorption coefficient B temperature constant

b concentration exponent of hydrogen € E‘;ﬁg’/:%‘;nt energy dissipation rate

Cy, Cp, C,,  turbulent constants P density (kg m'3)

c concentration exponent of oxygen oy,0,. turbulent constant

Ea activation energy o scattering coefficient

1 radiation intensity @ equivalence ratio

k turbulent kinetic energy (m”/s°) Q solid angle

M species annotation ) phase function

N number of chemical species in system y4 stoichiometric coefficient

n refractive index Superscripts and subscripts

PF pattern factor ! reactant

q heat flux " product

R reaction rate constant b black body

R, gas constant f forward

T temperature (K) r rate constant

u velocity in x-direction A wavelength

v velocity in y-direction exp experiment

Y mass fraction of species mix mixture

sim simulation
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