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Abstract: Purpose of this study is to numerically investigate combustion within a porous channel, which has three
layers with different pore densities. Non-premixed combustion inside the porous channel is modelled with thermal non-
equilibrium energy equations. Flow and chemistry are decoupled with tabulated chemistry using flamelets, thereby
reducing the computational cost. GRI 3.0 mechanism is used to account for methane/air combustion. Simulations are
performed for different pore densities at the third layer in 8-30 PPI range. Also, the effects of thermal power and excess-
air-ratio (EAR) are investigated for the porous burner. Temperatures and species mass fraction distributions are
obtained. Maximum temperature in the burner found to be similar for all cases since combustion occurs in
stoichiometric conditions at the flame front as a result of the non-premixed combustion model. NOx and CO emissions
values of all simulations are compared against international gas emission standards. This comparison showed that while
CO emissions are always below all international standards, NOx emissions are below these limits only for high values
of excess air ratio and thermal power. Besides, as the pore density of the third layer is decreased, the values of emissions
decrease strongly.
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UC KATMANLI GOZENEKLI YAKICIDA ON KARISIMSIZ YANMANIN FLAMELET
MODELI iLE SAYISAL INCELENMESI

Ozet: Bu calismanin amaci ii¢ farkli gozeneklilik yogunluguna sahip bir yakiciyr sayisal olarak incelemektir. Bu
kanalda 6n karisimsiz yanma, gozenekli kati ortam ile akigkan arasinda 1sil denge olmadigi kabiili ile 1s1l dengesiz
enerji denklemleri kullanilarak modellenmistir. Yanma modelinde akis ve yanma mekanizmalari flamelet tablolama
modeli ile ayrilmistir ve boylece hesaplama maliyeti diigliriilmistiir. Metanin hava ile yanmast GRI 3.0 mekanizmasi
ile modellenmistir. Ugiingii gdzenekli katmanin zararh gaz salimina etkisini gzlemlemek i¢in, son katmanin 8-30 PPI
araliginda degisen farkli gozeneklilik degerleri ile hesaplamalar yapilmistir. Ek olarak, yakict giiciiniin ve fazla hava
oraninin yakiciya etkisi de incelenmistir. Hesaplamalar sonucunda sicaklik dagilimi ve tiirlerin kiitle kesirleri elde
edilmistir. On karigimsiz yanmada tepkime tam oranli sartlarda gercekleseceginden yakici igerisindeki en yiiksek
sicaklik her durum igin benzer bulunmustur. Yakicinin NOx ve CO salim degerleri uluslararas1 standartlar ile
kiyaslanmistir ve CO salimlarinin her durumda standartlarin altinda oldugu fakat NOx salimlarinin sadece yiiksek hava
oranlar1 ve 1s1l gilicler ile diigik ¢iktigi goriilmiistiir. Ek olarak iiglincii katmanin gézenek yogunlugu (PPI degeri)
distiriildiikce zararli gaz salim degerlerinin de ¢okea diistiigli gorilmiistiir.

Anahtar Kelimeler: Gézenekli ortam, Yanma, Flamelet modeli, Isil dengesiz model

NOMENCLATURE
ags  Surface per unit volume [m] MW; Molecular weight of it species [kg mol™]
¢,  Heat capacity at constant pressure [Jkg?K] Nu, Volumetric Nusselt number [-]
d, Pore diameter [m] n  Normaldirection[]
D, Mixture fraction diffusivity [-] q. Radiation flux in solid region [Wm™]
h  Interfacial heat transfer coefficient [WmK] Re  Reynolds number [-] B
hgs  Volumetric heat transfer coefficient [Wm=K] PPPr ¢ E?;;'g{fzgre;bﬁn[“]meter fem™]
: 0 X
,I;Ii Eg:ﬁ;th{ij ?31/ g;et?ieesrr}a):(tg_rlﬁ Lkg”] k  Heat conduction coefficient [Wm?K?]
k,  Radiative conductivity [-] Le  Lewis number [] .
K Permeability of porous media [m?] ©  Fluid velocity [ms~]



P Pressure [Pa]

R;  Gas constant of i species [Jkg'K™]
R,  Universal gas constant [Jmol1K™]

T  Temperature [K]

t Time][s]

Y;  Mass fraction of i species [-]

Z  Mixture fraction [-]

w; Rate of production of i" species [kgm3s]

Greek Symbols

Emmisivity [-]

Porosity of porous media [-]
Scalar dissipation rate [s]
Enthalpy defect [Jkg?]
Stephan-Boltzmann constant [-]
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INTRODUCTION

Combustion within a porous burner is a relatively new
technology. The most important feature of this
technology lies within the inherent feedback mechanism
of the heat released from combustion towards unburnt
gases via a solid matrix, which in turn yields several
advantages such as; the enhancement of flame stability,
effective mixing of the reactants, high power density,
complete combustion, enabling ultra-lean combustion
regimes and thus reduction of thermal nitric oxide
emissions. The equivalent pore diameter of porous media
should be chosen carefully since the stability of
combustion in porous media depends on the modified
Peclet number. Stable combustion occurs only when the
modified Pecklet number is over 65, otherwise flame
cannot propagate in the porous media (Trimis et al.,
2000).

To date, many numerical and experimental studies
investigated pollutant emissions, operating limits and
thermal efficiency of porous burners. Weinberg (1971) is
one of the first researchers suggested that feedback of
heat from burnt gases to unburnt gases can increase
combustion efficiency and decrease the pollutant
emission. Before the porous burner concept, the
enhancement in heat feedback mechanism from burnt to
unburnt gases was achieved by mixing a portion of burnt
gases with unburnt gases. Takeno and Sato (1979b)
introduced the idea of using porous media inside the
combustion zone for the first time. Their mathematical
model considers convection and conduction heat transfer
while neglecting radiation and single-step global
chemical reaction is used to account for combustion. In
the same year, they conducted another study with
experimental and numerical results where they included
heat transfer with the environment in their mathematical
model of the numerical solution (Takeno and Sato,
1979a). In porous burner technology, the idea of
constructing the porous burner of two separate layers
with different equivalent pore diameters was an
important achievement (Hsu, Howell and Matthews,
1993).
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o,  Extinction coefficient [-]
p  Density [kgm=]

Subscripts
g  Gas phase
s Solid phase
v Volumetric
p  Particle
F  Fluid
0  Solid phase
o Ambient
Others

< > Volume averaging

There are one-dimensional studies investigating
combustion inside porous media. Zhou and Pereira
(1997) studied how burner power, excess air ratio, the
conductivity of solid phase and radiation affects pollutant
emissions and temperature profiles using a detailed
methane-air reaction mechanism. Barra et al. (2003)
investigated flame stabilization for two-layered porous
burners. Their results showed that the operating limits are
affected significantly by material properties such as
thermal conductivity of solid phase, radiative extinction
coefficient and heat transfer coefficient. Several one-
dimensional studies were also conducted by Bouma and
De Goey (1999), Barra and Ellzey (2004), and Coutinho
and de Lemos (2012).

Smucker and Ellzey (2005) investigated a porous burner
with two layers numerically and experimentally.
Experiments identified the stable operating envelope of
the burner for propane and methane fuels. In the
computational part of this study, only propane was
investigated with a complete chemical mechanism for a
one-dimensional porous burner. Another two-layered
porous burner was investigated experimentally by
Khanna, Goel and Ellzey (1994). Pollutant emissions
were measured at the exit plane of the burner for different
equivalence ratios, and results showed that both NOx and
CO levels decreased with decreasing equivalence ratio.

Mishra et al. (2006) solved two different energy
equations for gas and solid phases while investigating
methane-air combustion numerically in two dimensions.
Vijaykant and Agrawal (2007) studied liquid kerosene
combustion for a two-layered porous burner with several
configurations of SiC foam of different pore sizes. The
aim of their study was reducing pollutant emissions.
Baytas (2003) studied a non-Darcy porous medium with
the thermal non-equilibrium assumption for natural
convection in a square enclosure porous medium that
generates heat. In another study, Baytas and Pop (2002)
investigated thermal non-equilibrium model for free
convection flow in a square cavity filled with a porous
medium and compared their results for the local heat
transfer rates with previous studies.



In more recent studies, Keramiotis, Stelzner and Trimis
(2012) performed a comprehensive experimental study to
investigate thermal efficacy, pollutant emissions and
stable operating range of a porous burner for methane and
LPG. Shakiba et al. (2015) experimentally investigated
the effects of foam properties on the porous burner
performance. Experiments are conducted for different
materials, pore densities and porosities. Their results
showed that low emission values and high efficiencies
were obtained when the burner is operated at low excess-
air-ratios for foams with high pore densities and high
excess air ratios for foams with lower pore densities.

Understanding the combustion process is an important
issue to obtain higher thermal power and lower pollutant
emissions. Large number of chemical species and the
widely disparate range of time-scales make the
investigation of combustion with realistic chemical
kinetics computationally expensive in numerical
calculations (Lu et al., 2009). In order to reduce this
computational cost, methods that simplify the reaction
kinetics based on partial-equilibrium and steady-state
assumption, assuming that most chemical processes
occur in much smaller time scales than the flow time
scale have been developed.

Flamelet models are introduced for non-premixed
combustion by Peters (1984). This approach decouples
fluid dynamics and combustion chemistry via a
tabulation approach. Flamelet tables are generated at a
pre-processing step. Carbonell et al. (2009) studied both
interactive and non-interactive flamelet models
considering differential diffusion and non-differential
diffusion conditions as well as adiabatic and non-
adiabatic situations, and their square porous enclosure
was studied using Darcy model and thermal non-
equilibrium approach by Baytas (2003). Authors found
that the thermal non-equilibrium model affects
considerably the flow characteristics and heat transfer
between solid and fluid phases in the porous matrix. The
natural convection in a porous enclosure was examined
using non-Darcian and the two-equation model (LNTE)
by Khanna, Goel and Ellzey (1994). Authors studied the
flow field by taking into account non-Darcian effects,
Brinkman effect and Forchhiemer quadratic inertial
effect. The effects of viscous dissipation on free
convection in a porous cavity under thermal non-
equilibrium case were examined by Baytas and Pop
(2002). Their results showed that the average Nusselt
number of the fluid decreases and the average Nusselt
number of the solid increases by increasing the modified
conductivity ratio. This result is valid for all of the
viscous dissipation parameters. Barra and Ellzey (2004)
investigated the effect of local thermal non-equilibrium
(LTNE) state on the phenomenon of thermosolutal
convection in a square porous enclosure with the non-
Darcy model. They showed that the effect of LTNE
model was meaningful for temperature distribution and
the heat transfer rate; however, negligible on the mass
transfer rate. Compared their results with detailed
numerical calculations, Van Oijen and De Goey (2000)
presented a method referred as Flamelet-Generated
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Manifold (FGM) that can be considered as a combination
of flamelet and manifold approaches to simplify
chemical kinetics. Pope (2000) described a
computational technique based on the In-Situ-Adaptive-
Tabulation (ISAT) of the accessed region of the
combustion space that can decrease the computational
cost of reacting flows with realistic chemical kinetics in
numerical calculations.

The purpose of this study is to numerically investigate
combustion inside a two-dimensional channel with three
porous layers to obtain the effect of excess-air-ratios
(EAR), thermal powers and different equivalent pore
diameters for the third layer on CO and NOx emission.
Combustion in porous media is modelled with the
flamelet approach using the well-established GRI 3.0
mechanism (53 species, 325 reactions). Since
temperature difference shall be recognizably high during
combustion between solid and gas phases, non-thermal
equilibrium model for energy equations in porous media
are used. Thermophysical properties of both solid matrix
and gas mixture are considered to be functions of
temperature.

MATHEMATICAL MODEL

A two-dimensional rectangular porous burner is depicted
in Figure 1.
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Figure 1. Schematic illustration of the porous burner.

The height and width of the porous channel are b=300
mm and L= 100 mm respectively, and each inlet for air
and fuel have the same width of 20 mm. Vertical walls of
the porous channel are insulated. There are three
entrances at the bottom of the channel. The entrance in



the middle belongs to fuel and the other two entrances
belong to air. There is also ignition spark which is
installed the interface of first and second porous layers.
There are three layers in the channel of the porous burner
with different porosities. The first layer is for preheating
zone and its porosity is 20 PPI (Particle Per Inch). In this
zone, combustion does not occur. The second layer is for
the combustion zone and its porosity is 10 PPI. The third
and last layer in the porous burner is for post-oxidation
and its porosity range varies between 8-30 PPI. Porosity
(g) of each layer is considered to be 0.85. The fluid flow
and combustion are considered to be unsteady and
laminar. The Non-Darcian fluid flow model is used for a
porous medium with local thermal non-equilibrium
assumption.

The governing equations for fluid and porous layer can
be presented as follows;

Continuity Equation;

GM+V-(pﬁ)=O

o M

Where the angle brakets (< >) denotes the volume
averaging for solid and fluid phases.

Momentum Balance Equation;

pg 01

224 4 2 () - V(i) = —V(p) +

)
“LVHE) + pgg — Vip)

where ¢ is porosity of porous medium, pq is the dynamic
viscosity of the gas phase. The pressure loss due to
porous matrix is taken into account using Ergun equation
(1952) modified by Macdonald et al. (1979) as

V(p)? = 180 “;j’z%? +1g A0 )
Mixture fraction equation is;
ZL2 4V .(piiZ) = V. (epD,VZ). 4)
Lewis number of mixture fraction, Lez = 1, is;
Le, = pD’;Cp. (5)
Scalar dissipation rate can be calculated with;
x=2D,(VZ.V2). (6)

Thermal non-equilibrium energy equation for gas phase
is;
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(7)

{C"—g v(e<H)g)} + hysags(Ty = T,) .
Pg

Here H denotes enthalpy of the gas and k is the thermal
conductivity. Enthalpy defect is calculated with the
equation

§ = H—[Ho + Z(Hr — Hp)]. (8)
Here H, and H: represent air and fuel enthalpies,

respectively. The thermal non-equilibrium energy
equation for solid-phase is

9(T)s
Cps ot

(1 - E)ps =V {ksv(l - 6)<T)s} +
9)

hysags(T, — Ts) =V .q,.

Here hygs and ag are the convective heat transfer
coefficient and the specific surface area or surface per
unit volume between gas and solid phases which can be
defined as

B 6(1—¢€)

ags P (10)

p

Where d, is the mean pore diameter. It is approximated
by the following equation suggested by Fu and Gore

(1998)
o 00254 fae
»=7pp1 Jw

V.q, is the radiation flux in solid region and it can be
defined as

(11)

o 0T¢ 160T;

q- AT,. (12)

"~ 30,0y 30,
Where the bold terms show a vector quantities. The
equation above is commonly known as Rosseland
approximation or diffusion approximation since it is of
the same type as Fourier’s law of heat conduction
(Modest, 1993). o is the Stephan-Boltzmann constant and
it can be rearranged as

qr = =k, VTs. (13)

k: is described as radiation conductivity, and defined as

160TS

305 ’

k (14)

Radiation problem reduces to a simple conduction
problem when conductivity is strongly temperature-
dependent. In equation (14) os is the radiation extinction



coefficient for the SiC foam it can be calculated with (Fu
and Viskanta R. Gore, 1998)

3 1
d_p( —E).

05 =

(15)

A correlation for Nu is proposed by Kuwahara, Shirota
and Nakayama (2001) for laminar flow and ceramic foam

as
(1 N 4(1 - e))
€

1 1
+ 5(1 — E)ZRedpPr
02<e<009.

Nug,
(16)

1
3

Nu, Re and Pr are Nusselt, Reynolds and Prandtl
numbers, respectively. Reynolds number is based on the
mean pore diameter, d,. The solid properties,
conductivity and specific heat are considered as functions
of temperature, and they are calculated from the results
of an experimental study (Rashed, 2002). Gas properties,
viscosity and conductivity are also calculated as
functions of temperature. Single component viscosity is
given by the standard kinetic theory expression in a study
(Hirschfelder, Curtiss and Bird, (1955))

i T my kT
16 mof 022’

Hi = (7)

Here o is the Lennard-Jones collision diameter, my is the
molecular mass, kg is the Boltzmann constant and Q@2
is the collision integral. After calculating viscosity for
each species, gas mixture viscosity can be calculated
using the equation

K Xili
K= YiciTr .
Yio1 Xjbij

(18)

Where ¢j; is defined as;

[we] o

1 Wi 2
by = \/—5(1 +W,)

where W is molecular weight. Thermal conductivity of

each species can be calculated using viscosity as,
ki =0.25(9y; — 5)p; Gy (20)

Here vy is the heat capacity ratio. Gas mixture

conductivity can be calculated using each species
conductivity.

The initial and boundary conditions of the simulation are
listed below.

t =0 (Initial conditions for the solution for entire domain)
uy=u,=0, H=Hgy,, T,=300K,Z=0

and t > 0 (Boundary conditions)

At the left and right walls;
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B _OaH_ aTs az_O
e = Uy "ox ox " 0x
At the outlet;
_ auy _0 0H _0
ux ’ ay ) 6y - )
aT, 0z
_k - = T4 — To‘cl; ,— = 0
At the bottom wall;
B _OaH_ aTs az_O
BE = ey T ey T ey

At the air inlet;
ux=0,uy=U0,H=HO,
aT,
—hﬁﬁzaﬁﬂf—ﬂéLZ=0
At the fuel inlet;
uxIO,uyZUF,HZHp,
aT,

—k.—
say

=B (TF —TH),Z=1

Laminar Flamelet Combustion Model

The laminar flamelet model is one of the methods of
modelling combustion for non-premixed flames (Peters,
1984). In this model, the flame is considered as the sum
of thin, laminar and locally one-dimensional flamelets.
Mengi et al. (2015) studied this combustion model with
Sandia-D flame which is similar with considered
problem in terms of flow time scales. Because flow time
scales are much slower than combustion time scales, flow
and chemistry decoupling with flameler is justifiable.
Flamelet solutions can be computed from the solution of
counter-flow diffusion flames or solving the following
set of flamelet equations.

Species mass fraction equation is

ay; 1 xo%,
ot  Le,2 872
Here mixture fraction is an independent coordinate, Y;
and ( w,’) denotes the mass fraction and mass formation

of the i species, respectively. y is scalar dissipation rate
and Z is the mixture fraction.

W,

(21)

Energy Equation is

oT _ x9°T 1

% 2022 pe, (22)

N Q
me+F
i=1 P
Here Q represents energy transfer while h; denotes the
specific enthalpy of the i species. Before calculations,
laminar flamelet tables are constructed by solving
flamelet equations for non-adiabatic conditions as pre-
process using OpenFoam with libOpenSmoke. Flamelet
tables are generated for ten different enthalpy defect
values in the range of -85 to 100 (kJ/kg) and each
enthalpy defect, tables are constructed for eleven scalar
dissipation rate from an equilibrium state to quenching
for better interpolation.



Boundary conditions for flamelet look-up tables are
given as follows; temperature is 294 K, the pressure is 1
atm. Also, the mole fraction of CH, is 1 for fuel and air
consists of 21 % N2 and 79 % O,.

In the present study, the scalar dissipation rate will be
near zero in a quasi-laminar situation. As a result, the
flamelet equations reduce to the thermodynamic
equilibrium limit for slow flows. Therefore, equilibrium
tables can be used for calculations.

Figure 2 shows the flamelets generated between
equilibrium and quenching for both adiabatic and non-
adiabatic conditions. As seen from Figure 2 quenching
strain rate is 29 s for adiabatic conditions. In the super-
adiabatic condition where enthalpy defect is 50 kJ/kg,
quenching strain rate increases to 34 s and it decreases
to 25 s for a negative enthalpy defect of -50 kJ/kg.

In the flamelet approach, the gas mixture temperature is
determined by interpolation of mixture fraction, scalar
dissipation rate and enthalpy defect values using
previously generated flamelet tables. This approach does

e X=15s"

2000}

500

2000

not include combustion chemistry to flow field
calculations; therefore, for complex combustion
mechanisms, this is a great advantage in terms of
computation time.

Numerical Solution

For the spatial discretization of the governing equations,
a finite volume method is employed. The solution
domain is discretized with collocated, uniform, and
structured quadrilateral elements. Velocity and pressure
are coupled with the SIMPLE algorithm (Patankar,
1980), and simulations are run via in-house code.

The resulting system of algebraic equations is arranged
with the ADI method and solved with the usage of the tri-
diagonal matrix algorithm. To check the mesh

independency of the results, centerline temperatures of
solid and liquid phases that are obtained with three
different mesh sizes compared.

(©
Figure 2. Flamelets for adiabatic and non-adiabatic conditions. (a) § = —50 kJ/kg (b) § = 0 kJ/kg (c) § = 50 kJ /kg
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Figure 3 represents the results of an accuracy test
conducted using three sets of grids for gas phase since
solid phase graph has the same trend. As seen from the
comparison of centerline temperature profiles, there is an
insignificant difference between the results for 104x204
and 156x306 grid densities.

Figure 4 shows numerical results in comparison with
other numerical and experimental data obtained by
Farzaneh et al. (2012) and Durst, Trimis and Pickenacker
(1996), respectively. For this study, maximum
temperature is observed at the flame front since
combustion occurs at stoichiometric conditions as a
result of non-premixed combustion Turns (1996).
Farzaneh et al.’s study includes a heat-exchanger which
affects the entire flow domain since the governing
equations of the system are elliptic in nature. Therefore,
even thought the heat-exchanger of their study is located
at the end of their channel the effect of heat extraction
can be observed within the all channel. As a result, the
difference between present results and the others can be
explained with the effects of heat-exchanger presence in
the other studies.

Even though other studies have heat exchanger at the
third layer which affects all domain; in the second layer,
temperature profiles seem to have similar behavior after
the peak temperature but then temperature decreases

| | 1 | I ]
0.05 01 015 0.2 0.25 0.3
y(m)
(a) e5=8 PPI

rﬂ

2000 "\

B v,
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drastically in the third layer because of the presence of a

heat exchanger in Farzaneh’s study.
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Figure 3. Centerline temperature profiles of gas phase for
different grid sizes.
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Figure 5. Temperature profile comparison for excess-air-ratio inside the 15 kW porous burner with three different porosities
for the third layer (a) €3 =8 PPI (b) e3= 10 PPI (c) €3 = 30 PPI.
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Figure 4. Comparison of calculated and experimental
centerline temperature profiles for excess-air-ratio of 1.6.

RESULTS AND DISCUSSION

In this study, non-premixed combustion in a porous
burner is investigated with the laminar flamelet approach
with non-equilibrium energy model of gas and solid
phases. The investigated porous burner has three layers
with different pore densities. Effect of thermal power,
excess air ratio, and pore density at the third layer on CO
and NOx emission is studied. To examine the effect of
the third layer pore density; 3 different pore density is
chosen which are 8 PPI, 10 PPI and 30 PPI. On the other
hand, to examine the thermal power effect on emission,
it is chosen in a range between 12.5 kW to 20 kW.
Thermal power is adjusted by changing the mass flow
rates of both fuel and air, and equivalence ratio (thus
excess-air-ratio) is kept constant.

In Figure 5, temperature profiles are presented in the
centerline of the channel for different excess-air-ratios.
Increasing the excess-air-ratio resulted in exit gas
temperature to decrease since the power of the burner
kept constant while the total mass flow rate is increased.
Another result of increasing excess-air-ratio is that the
flame front moves backwards for higher excess-air-
ratios.

Temperature distribution along the axial direction is
presented for three different pore density values on the
third layer of the burner in Figure 6. It shows that
increasing the PPI of the third layer of the burner causes
higher gas temperatures at the exit. Also, the flame front
moves forward for higher PPI values of the third layer.
Neither pore diameter nor excess-air-ratio affects the
maximum temperature in the burner since combustion
occurs at stoichiometric conditions at the flame front.

In Figure 7, temperature distribution in axial direction is
compared for different thermal powers of the burner. As
a result of increasing velocity, the flame front moves
backwards, and the temperature of the gas mixture
decreases at the exit of the burner. Again, the maximum
temperature in the burner is not affected by velocity
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change. Figure 7 also shows clearly that the heat transfer
coefficient between the gas and the solid phase is
increasing with pore density. There is a sudden change in
solid temperature profile at the beginning of the third
layer at y=150 mm.

Mass fraction of major species in vertical direction
centerline is presented in Figure 8. As mentioned before
this figure shows that combustion occurs at
stoichiometric conditions as oxygen and methane
fraction goes zero at the flame front.occcurs at
stoichiometric conditions at the flame front as a result of
non-premixed combustion.

it e T 8 = |O PP[
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Figure 6. Temperature profiles comparison for the 15 kW
porous burner with three different porosities for the third layer
with excess air ratio 1.4.
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Figure 7. Temperature profiles comparison for different
thermal power with excess air ratio 1.4 and third layer porosity
30 PPI.
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Enthalpy defect distribution is shown in Figure 9. Since
heat transfer between gas and solid phase is taken into
account with the thermal non-equilibrium model,
combustion does not occur adiabatically inside the
porous burner. Positive values of enthalpy defect mean
that combustion occurs in super-adiabatic conditions.

(kJ/kg).

Temperature isotherms inside the porous burner are
shown for gas and solid phases in Figure 10. As expected,
the combustion does not occur in the first layer because
of the small equivalent pore diameter. The heat feedback
mechanism works successfully as seen in Figure 10.
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In Table 1, international gas emission standards are
presented to compare with the results of this study.
Comparison of these results with international gas
standards shows that CO emissions of the porous burner
are always within the limits of all standards for each pore
density and excess air ratio. On the other hand, NOx
emissions are not always in compliance with standards.
When combustion occurs in low excess-air-ratios with
high pore density at the third layer of the burner NOx
emission exceeds the limits. However, if the EAR is
increased or pore density of the third layer is decreased,
the emission values of NOx and CO decreases
dramatically below the limits of international gas
emission standards.

In Table 2, gas emissions are compared for different pore
densities at the third layer of the porous burner and results
are given for various excess air ratios. It can be seen from
the table that increasing pore density in the third layer of
the burner leads to higher gas pollutant emissions. Even
a small change in pore density such as from 8 PPI to 10
PPI cause higher emission values. This result is valid for
both NOy and CO emissions for each excess air ratio.

In Table 3, gas emissions are compared for different
thermal powers of the porous burner where combustion
occurs at four different excess air ratios. The results of
CO emission for each simulation seem to be below the
limits of all compared international standards but NOx
emissions exceed the standards for small values of EAR
and thermal power. Operating the burner at higher
thermal powers results in less pollutant emission.

CONCLUSION

In this study, the non-adiabatic flamelet approach is
applied to model combustion in the porous burner.
Simulations are conducted for thermal powers from 12.5
kW to 20 kW with EAR ranges from 1.2 to 1.8. Based on
the numerical results, the following conclusions can be
drawn.

 Pore density at the third layer of the burner is an
important parameter that can affect the temperature
distribution and pollutant emissions dramatically.
Increasing the pore density at the third layer helps to keep
the heat inside the porous burner extracting more heat
from the combustion products. This is an important
observation in terms of design of practical porous media
combustors.

« Effect of thermal power of the porous burner was also
investigated in this study and results showed that
operating the porous burner at higher thermal power
leads to a decrease in pollutant emissions within the
range of conducted simulations.

« Enthalpy defect distribution shows that combustion
occur in super-adiabatic conditions which results to
higher combustion temperature and therefore higher
pollutant emissions.



* Flamelet model is used for modeling combustion inside eIncreasing the excess-air-ratio always decreased the exit
a porous medium. With this approach, methane-air temperature of the gas mixture and the pollutant levels.
reaction is solved using GRI 3.0 mechanism but

complexity of the chemical reactions was not involved in

the computations since it was tabulated in the pre-

processing process. Tabulated chemistry approach

speeds up computations.

(b)

(©
Figure 10. Isotherms of gas and solid phases temperatures for the 15 kW porous burner with three different porosities at the third
layer (&) €3 = 8 PPI (b) &3 = 10 PPI (c) &3 = 30 PPI.
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Table 1. International gas emission standards (Scheffler, Colombo and Wiley, 2005).

DIN 4702 Swiss Standard Blauer Engel Hamburg
Promoting
NOx (mg/kwh) 200 80 60 20
CO(mg/kWh) 100 60 50 10
Table 2. Gas emission comparison for 15 kW porous burners with different PPI at the third layer.
EAR 1.2 | EAR 1.4 | EAR 1.6
NOx Emission (mg/kWh)
8 PPI 201.24 16.43 6.12
10 PPI 210.32 16.49 6.22
30 PPI 409.02 216.35 103.67
CO (mg/kwWh)
8 PPI 0.03 0 0
10 PPI 0.03 0 0
30 PPI 0.04 0.03 0
Table 3. Gas emission comparison of the porous burner with 30 PPI third layer for different thermal powers
EAR 1.2 | EAR 1.4 | EAR 1.6 | EAR 1.8
NOx Emission (mg/kwh)
12.5 kW 658.69 443.92 262.47 144.62
15 kW 409.02 216.35 103.67 50.64
20 KW 108.45 40.38 16.22 6.59
CO (mg/kWh)
12.5 kW 9.62 8.81 5.65 4.16
15 kW 0.47 0.03 0 0
20 KW 0 0 0 0
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