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ABSTRACT 7]. The problem of gas combustion in inert porous media has
A numerical study of the combustion of lean methane/air been studied intensively both theoretically and experimentally.

mixtures in a porous media burner is performed using a novelty The most important results of both research methodologies

geometry, cylindrical annular space. The combustion processhave been summarized in [8, 9].

takes place in the porous annular space located between two

pipes, which are filled with alumina beads of mfdiameter NOMENCLATURE

(Al,O3) forming a porosity of 0.4. The outer tube diameter of A [s1 Frequency factor
3.82 c¢m is isolated; meanwhile the inner tube of @m in c [mol/n?]  Molar concentration
diameter is covered by a continuous set of thermoelectric 5 [Jllz(g/K] Specific heat capacity
. . o D [m/s] Combined diffusion coefficient
elements TEE) for transforming heat energy into electricity. To p, [m2s] Dispersion diffusivity
achieve and maintain the proper temperature gradiefiEdh Dy [m?/s] Difussion coefficient
convective heat losses are considered from TRE The D, [mZS] ParallelD, componer
respective heat transfer coefficient is variable and is in the 5)‘ Em] S| ;;argil\f&si;?gectgfmoner
range 800 <h < 1500 W / nf]. The 2D mathematical model Aphm [3/mol] Molar reaction heat
includes the energy equations for solid and gas phases, thes [3/mol] Activation energy
momentum equations, the continuity equation, the fuel mass®» [l Length of ignition zone

[m]

conservation, the perfect gas law and it is solved by Means of:”“a" i Thickness of internal cylinder

computational simulations in COMSOL  Multiphysics K W/m/K] Epflifil\\,/:)tlhermm conductivity
Computer simulations focus on the two-dimensional F. [] Contact factor N
temperature analysis and displacement dynamics of theh [WI/K/nf]  Convective heat transfer coefficient
combustion front inside the reactor, depending on the values ofgy Dimol/K] Ernai‘cgrﬂsgfgzegonstam

the filtration velocity (0.1 <ugp < 1.0, m/g and the fuel Rz [m] Radius in geometrical position 1, 2 or 3
equivalence ratio (0.06 < < 0.5). The conditions that Re [] Reynolds Number

Fuel mass fraction

maximized the overall performance of the process of energy Y [
Length of downstream zone

owns [m]

conversion are 44 = 0.7 m / 4§, q’> = 0.363 gndh = 1500 Zon (] Length of upstream zone
[WinfK], to obtain 2.05 Y] electrical potential, 21 W] of
electrical power and an overall efficiency of procgss5.64%. Subscripts N N
The study shows that the cylindrical annular geometry can beg Ef']f";‘c'ti‘ig”g;['ﬁgssion
us_ed for (_:onvertlng_the energy of combustion fro_m lean gas [ Combustion front
mixtures into electricity, with a performance similar to the g Relative to gas phase
specified by manufacturers of TEEs. s Relative to solid pha:
w Relative to cylinder walls
f Fuel
INTRODUCTION Greek Symbols
The need to lower emissions and increase efficiency in owl [W/m’/K]  Volumetric heat transfer coefficient
fossil fuel combustion has driven the search of new combustion? [] Porosity
thods and advanced burner designs. A porous media burnef, [kg/ms] pynamic viscosity
me . . gns. Ap b - Fuel equivalence ratio
can provide a good solution due to a number of advantagess [Wim¥K*  Stefan-Boltzmann constant

compared to conventional free-flame combustion, such as large

power variation range, high efficiency, compact structure with One of the most important problems of porous media

very high energy concentration per unit volume, extremely low burners is stabilizing the flame in a specific zone of the inert
CO and NO, emissions over a wide range of thermal loads, porous media. It is also important for the static combustion

stable combustion over a wide range of equivalence ratios, 0.4front to have some predefined characteristics to be able to
< @ < 0.9 [1-3]. All the arguments mentioned above have maximize the efficiency of the burner and minimize CO and

driven the current development of these kinds of burners, which NOx emissions [2, 3, and 5]. For this purpose, four different

have already found several important industrial applications [4— flame control methods have been developed. The first method
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considers forming two layers of the porous media in which the PHYSICAL SITUATION

modified Peclet number is less than (first layer) or greater than  The burner analyzed in this work is made of two stainless
(second layer) 65 [1-3, 8, 10-12]. The second method steel tubes of different diameters, one placed inside the other,
considers cooling the post-combustion zone [13, 14]. The third with its annular space filled with alumina balls, as shown in
method enables retaining the flame in a specific zone of the Figure 1. The external cylinder of the burner is insulated, while
porous media by periodically exchanging the mixture inlet and the interior cylinder has interfacial energy losses from the
exhausting the combustion gases [15-19]. Finally, the fourth reactor to the cylindrical space in the middle of the burner
method of flame stabilization employs a porous body with non- where a coolant fluid circulates. This heat flow is done through
constant cross sectional area [20]. The motion of the a set of TEE covering the inner cylinder burner. The
combustion zone results in positive or negative enthalpy fluxes combustion of the lean fuel gaseous mixture takes place in the
between the reacting gas and solid porous media. As a resultannular space filled by the porous media. The mixture is ignited
observed combustion temperatures can significantly differ from in the region located at half the height of the reactor, imposing
adiabatic predictions based on the enthalpy of the initial the initial ignition temperature there. As a result, combustion
reactants and is controlled mainly by reaction chemistry and front moves along the reactor upstream or downstream,
heat transfer mechanism. Upstream wave propagation againstiepending on the physical conditions assigned to four different
the gas flow results in subadiabatic combustion temperature,variables: gas filtration rate, fuel equivalence ratio, heat loss
while downstream propagation of the wave leads to combustionfrom the internal cylinder of the burner and the radius of the
in the superadiabatic regime, with much higher temperaturescylinder itself. Combustion development is analyzed for each
than the adiabatic temperature [21-23]. Superadiabatic combination of these four parameters, including the combustion
combustion significantly extends conventional flammability front velocity and the two-dimensional transient temperature

limits to the region of ultralow heat content mixtures. profiles that are generated.
For an adequate burner design with a specific porous media,
it is imperative to know the temperature levels reached and the oo

travel speed of the combustion front inside the porous media
according to several parameters. These parameters include the
physical properties of the porous media, gas filtration speed and
fuel equivalence ratio, amongst others. The main results
published on this subject may be found in [8, 10, 12, 21, 23 and e

Thermoelectric
elements (TE)

24]. According to investigations, the combustion front velocity Porous
is positive (front moves downstream) in the ultra-pabr¢ 0) lgniton
mixtures and is negative in mixtures close to stoichiometric < o
(#—1) throughout the range of variation of the speed gas Methane/ir
filtration. However, for lean mixtures, i.e., those wihvalues Cooling fid

that lie between the two extremes mentioned above, there is
normally a theoretical value of the filtration gas veloeityfor
which ugc = 0. As a result, foty > ug , Usc > 0 and forug <

ug, Usc < 0. Moreover, the value afy increases for higher ZE?T'L_
values of . However, with the increased value & the i .
positive values ofurc decrease their size and the negative i
values of urc grow. Exactly the same is observed with
increasing pore diameter of the porous medium.

The literature review shows that the combustion in inert
porous media with cylindrical annular geometry was not
investigated practically. For this reason, it is interesting to ask:
What properties will the combustion of methane/air lean
mixtures in burners with this type of geometry have? Will these
properties be different from those of combustion in the
cylindrical geometry? What kind of practical applications can
be made of these burners? What would be the most appropriate
method for the detention or confinement of the combustion front
within the porous mediaRpparently, the selected geometry is
interesting for a particular application: the inner cylinder of the
annular space can be used to drive a cooling fluid, such as
water, for example. Then, if the inner cylinder is covered by a
layer of thermoelectric elements, it will be located between two
different temperatures imposed on their opposing surfaces: on
one side, the temperature of the coolant, and secondly, the
surface temperature of the inner cylinder in the annulus burner. Figure 2 Burner diagram used in computer simulations

Figure 1 Burner Diagram
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The porous media annular burner shown in Figure 1 is shownwhere 7, and 7, represent the normalized axial and radial
diagrammatically with its geometry in Figure 2. The system is components of the velocity vector:
composed of two tubes of length L and internal ratyand
R;, respectively. Through the inner tube radRspasses a =29 ©)
coolant fluid, which cools a set of ETE lining the tube. This set Jug
of thermoelectric elements consists of 128 pairs of BjpTe
type semiconductors connected electrically in series and The paralleD, and transversdd, components of the dispersion
thermally in parallel, collecting the heat of chemical reaction tensorD, are defined1] as:
and generating electricity.

D, = 0.5d,|u,| ©)

MATHEMATICAL MODEL D, = 0.1d, |u,| (10)
The mathematical model presented below, which is made pive
up of equations governing the combustion process of lean Whered,

is the pore diameter.
methane/air mixtures in porous media according to the global P

The energy conservation equation for the fluid phase is

reaction: ;
CH, + 2(1 + ¢)(0, + 3.76N,) expressed as:
= €0y + 2H,0 + 290, + 7.52(1 + @)N, (1) Eq
ngpg L+ pCpu VT =V - (k-VT,) + AceR™s - Ahy,
Whereg is the excess air coefficient of the mixture that has the @ol, (7 _T) (11)
&

following relation with the fuel equivalence ratita

1 WhereAh,,= 847000J/mol is the molar heat of the chemical
P = /(1 + @) (2) reaction and represents the porosity of the porous matrix. The
physical properties of the fluid are approximated to air [4]:
When using a compressible fluid, the conservation of mass is

given by: k=ky;+05p,C,d,uy, (12)
a
TL 4V (pgug) =0 @3) .
Cpg = 947e'8310°T, (13)
Whereu, represents the gas filtration velocity and gas density . o
pg is governed by the ideal gas law: kg = 4.82-107"CpyTy" (14)
pMg Uy =3.37-1077T27 (15)
= —2 4 g g
Po = T, (4)
Where k, is the thermal conductivityu, is the dynamic
WhereT, is the temperature of the gas phase BRds the viscosity andCp, is the specific heat capacity of the gas phase,
molar mass of the mixture that is a functiorZof respectively. As noted, effective gas conductivity includes both
The equation of fuel mass conservation, considering single thermal conductivity and its dispersion component. In the same
step kinetics is given by: equation (11)a,,; is the volumetric heat transfer coefficient
between the solid and liquid phases [2, 3]:
—Ea
+ u, - Ve=v-(DVc)— Ace?"s 5)
g o = 2452 (2 + 1.1Pr/3Re*) (16)
Wherec is the methane concentration in mol/m = 2.6 - 108
[1/s] is the frequency factorE, = 1.3-10° [J/mo] is the WherePr andRe are the dimensionless numbers of Prandtl and
activation energy and is the effective diffusion tensor of the = Reynolds:
mixture in n¥/s, which considers both, the contribution by pr = HaPg (17)
molecular diffusionR,) and dispersionll) [23]: kg
Re = Pgtlugldy (18)
D=D,1+D, (6) Ho

] . L The energy conservation equation for the porous media:
The dispersion tensor coefficient is given by:

aT, _ Ayol
Dpt,* + Dyt (Dp — Dy)7,7y (1= &)psCps 50 = V- (ks erfVTs) + =52 (Ty = Tc)  (19)

a= (7)
(D = D)t,7,  Dyt,* + Dy,
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Wherep,= 3987 kg/niis the alumina density arid err IS the Vtz=0L:
effective thermal conductivity of the porous media considering Tsly, = Tgly, =Twly, =To (29)
the conductive and radiative transport mechanisms,

respectively, according to the Rosseland approximation [5]: aTy 0T __ 0Ty, dc _
¥|Vr_¥|\1r_¥|\1r£|\1r_0 (30)
32 0dy ee;
kseff = FC(l - E)ks + 9(155) = T53 (20) Vtr= Rl:
_ _ Plvr = Po (31)
Where F, = 0.01 is the contact factor between the alumina
balls, e, is the emissivity of the porous material ands the qlvz = heoot(Teoor — Tw) (32)
Stefan-Boltzmann constant. The physical properties of the v t,r = R,:
porous matrix are also functions of the temperature [5]: ugly, = (0,0) (33)
Cps = 29.567 + 2.6117T, — 0.0017T,* + 3.382 - 1077 T;*(21) k1 =0 (34)
ar'vz
— 2
ks = —0.21844539 + 0.00174653T, + 8.2266T,*>  (22) vz Ky - VT, + ks - VT = oy - VT, (35)
The energy conservation equation for the inner tube is: Vi R
, T = Rg3:
aT,, ugly, = (0,0 (36)
PwCpw Tot =V (kWVTw) (23) gz 0.0)
. - T = 9%  _9 (37)
Wherep,, Cp,, y k,, are the density, specific heat and thermal ar 'VZ T ar 'VZ T 5y IVZ
conductivity of the inner cylinder, respectively. Their values o ] ] ) )
Heat transfer between the inner tube of the reactor and thediven by:
cooling fluid, which is at constant temperatufg.,, IS Co = W (38)
o Mr

described by the following equation:

WhereM; is the molar mass of the fuel.
qo = h(Teoor — Tw) (24) f

Whereh represents the convective heat transfer coefficient and

: VALIDATION OF NUMERICAL MODELS
T,,, the tube surface temperature. The _fIU|d pressure drop due tOThe mathematical model (1) — (38) was computationally
the presence of the porous media is described by Darcy’simplemented using COMSOL Multiphysics.32 where the

equation: Ky following four Multiphysics were chosen: transport of diluted
Ug = _EVP (25) species¢hdg, heat transfer in fluidshf), heat transfer in solids
(ht2), Darcy's law @l) and electrical currente€. That latter
Where the permeability of the porous mekijais [6]: Multiphysic includes functions called thermoelectric effect,
electromagnetic heat source, thermoelectric effect contour and
a3 ¢ electromagnetic heat source. Initial and boundary conditions
ka = (1-£)2150 (26)  were also entered into each of these Multiphysics for each of
the differential equations, along with the physical properties of
The initial conditions of the system are given by: the respective involved substances: air, methane, stainless steel
and alumina. All the numerical data values of the physical
t=0: properties were entered into th@drameters window. The
(Tslzem] =Tyl er00) = Twlzepory =To Plyeor = Po ideal gas law and different functions including natural gas and
| vr vr vr vr solid temperature dependent properties were entered into the
¢l yepor =Co ug|ze[0’L] =0 “Variables window. Cylindrical geometry was chosén z)
7 €[R2.R3] vr (27) and it was assigned f0elative repair tolerance valueExtra
TSle[e- | = Tign fing” finite element mesh was chosgn and time stepping was
k rE[R;,gI;;] controlled by the variable step algorithm from the solver with

an upper limit of 0.01s. The convergence criteria for all
variables were set when errors obtained were lower to a relative
tolerance of 18.

Vit z=0: _The_ work of Foutko et al. [23] was electgd here for
= (0,uz) 28) valldatlon purposes. The authors of _[2_3] simulate thg
] ' 90 combustion of lean mixtures of methane/air in a porous media
made up of 5.6mm diameter alumina balls in a 7.8m

The boundary conditions are given by:

ug |T‘ E[Rz,Rg
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diameter quartz cylinder in a superadiabatic regime, without =~ The comparison between the solution [23] and this work
local thermal equilibrium between the gas and the solid. For a (Figure 3) showed very similar profile temperatures.
special casa)yp = 1.075 n/9, @ = 0.17 and the heat loss from  Particularly, according to [23], the highest temperature values
the burner defined by the formula (22) in the same work, the for each phase werg, = 1400[K] and Ts = 1350[K], with

gas and solid temperature profiles and the value of the combustion front velocityz. = 1.7 - 10~*[m/s], while,
combustion front velocity are taught in the same work. In this according to our simulations, the maximum temperatures were
paper, it is computationally simulated the combustion of lean T, = 1410[K] andTy = 1356[K], with combustion front
mixtures methane / air inside a quartz tube of 1.3 m in height ye|gcity w,. = 1.6 - 10~4[m/s]. Thus, relative deviations of
and 76 mm in diameter, filled with alumina balls of 5.6 mm in g 7194 were observed for the gas temperature, 0.44%, for the
diameter. solid temperature and 5.9%, for the combustion front velocity.

In order to validate the correct transposition of the TEE
model, Rowe and Min results presented in [25] were considered
here with the intention of repeating them with the best
accuracy. The main properties of different solids involved in
the construction and implementation of TEE are presented in
Table 1.Copper is used to bond together the elements of the
hot side of the elements and ceramics is used to electrically
isolate the elements of the refrigerant from the cold side. The
comparison results are presented in Figure 4 where the
temperature difference is the difference observed on both sides
of the elements.

Figure 3 Combustion wave propagation: gas temperature in

solid line and solid temperature in broken line, time intervals 7777 vebtaeal == oo verew
span 5 minuy, = 1.075 fn/g, @ =0.17. Teorexlel teall
Table 1: Physical properties of solids present in the system.
Paramete|| Value | Units
Alb,Os
Ps 3987 | [kg/m]
ds 0.0056 [m]
Stainless steel 80
CPac 440 [I/kg/K] Temperature difference, [K]
kac 76.2 | [Wim/K] Figure 4 Electrical power obtained as a function of the
Pac 7870 | [kg/n] temperature difference on both sides of TEE.
Copper
CPey 385 [J/kg/K] RESULTS
ke 350 | [Wim/K] In order to analyze the two-dimensional wave propagation
Do 8920 | [kg/mi] in a cylindrical annular space, three different parameters were
O 59.16 | [S/m] varied in the work: gas filtration velocity,, fuel equivalence
. 6510 | [VIK] ratio @, heat loss coefficient from the internal cylindeand
Ceramics the internal cylinder radiuB, . The variation ranges of each of
o 921 | [ikg/K] the above parameters are presented in Table 2. In order to
= -~ maintain laminar hydrodynamic regime in this work, the
Keer 27| Wim/K] maximum value of the filtration gas velocity is limited by the
Peer 2350 | [kg/m] value of 1 m/s.
TEE: BiTey :
Table 2: Values of the four variables
Cpp =Cpn | 154.4 | [J/kg/K]
P 16 (W/m/K] Values Units
p — 'n .
0.1,0.3,0.5,0.7,1.p [m/
Py = pu | 7740 | [kgiri] Hg0 (m'd
@ [01,02,03,04,06
o,= 0, | 1.1-16 | [S/m]
h 400, 800, 1500 | WInf/K]
a, 200-1C | [VIK]
Ry 0.01, 0.02 nfl
a, -200-1¢ | [VIK]
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For each of the four variables analyzed, we have createdthis location does not have local thermal equilibrium: on
four different graphics representing the values of the average,Ty — T; ~ 40(K. For higher values of gas filtration
combustion front velocity in the porous media, the temperatures velocity and equivalence ratio, the maximum temperatures for
along the external cylinder € R3) and the internal cylinder ( both gas and solid increased. Figure 8 shows that the highest
= R; and r = R), and the minimum values of the fuel temperatures of gas and solid reached in the porous media that
equivalence ratiod®,,,) at which the combustion in the annular is in contact with the insulated surface of the external cylinder
space does not extinguish (combustibility limits), depending on of the burner is located at intervals 1100Tg< 190K and
the gas filtrating speed. The analysis of these cases is done il050 < Ty < 160, respectively. A local thermal non
the following order. FirstR; = 0.01 mis chosen for three equilibrium in this area is also observed, where the local
different values ofh presented in Table 1 and the wave differencesT; — T are in the range between 100 and 200
properties of combustion determinedugy and® areanalyzed. with greater differences for higher valuesiof
Then, the same analysis is applied to the caseRyith0.02m.

Figures 5 — 8 show the case ot 400 W/nf/K. Figure 5 ey ype ey ——
shows that in the five cases analyzedhyor @ = 0.1, 0.2 and 750
0.3, the combustion wave moves downstream at a velocity 0
whose order of magnitude is 4én/s reaching a superadiabatic
regime. In cases @ = 0.4 and 0.5, the wave moves upstream
in a subadiabatic regime. Something similar occurs with
combustion wave movements in porous cylindrical media:
increasing the value @b changes the superadiabatic regime to
subadiabatic. However, a notorious change is also observed in
the uec = f(uyg) functionality for any value ofp: the almost
straight lines located absolutely above or below the horizontal
axis ofugoin the case of annular geometry (see figures 5, 10, 12
and 14) are changed for downward concave curves that cross
axis ugo at some point in circular geometry [10]. In short, for a
fixed @, theugc combustion front velocity keeps the same sign
(travel direction) regardless of the valueugd. Also, in all the (-0 =01 -0 402 - 403 - B~ g=04 -7 g=05]
cases, the combustion front velocity increases as the gas
filtration velocity increases, for the same valuegof

Figure 6 Solid maximum temperaturesrig R, as function of
gas entry velocity and equivalence ratie;, 400W/nf/K.

[—0— =01 —6—¢=02 —B—¢=0.3 —#— 4=0.4 —F— ¢=05|

2 T T T X

4
U 10°%, mis

+ - e Figure 7 Maximum temperatures of gas (dotted line) and solid
R O D e e . (solid line) inR,= 0.012m as function of gas entry velocity
Moo e Y and equivalence ratit,= 400W/nf/K.

Figure 5 Combustion front velocity as function of gas entry
velocity and equivalence ratib,go = 400W/nfiK.

[ -0 ¢=0.1 === ¢=0.2 ~H~ ¢=0.3 =-BF- ¢=0.4 ="~ (FO‘S‘
T T T I T I R ==Y
| I

1900

RN | A - A D R

Figures 6 — 8 show the maximum temperatures reached on
different solid surfaces of the annular cylindrical burner: on
external R;= 0.01n) and internal R, = 0.012m) surfaces of the 2
internal cylinder and on the internal surface of the external
cylinder (Rs= 0.038n), respectively. Figure 6 shows that the
highest temperatures reached on the cooled surface of the
internal cylinder ( = R,) is within the range of 350 ;<
750K, for the analyzed values df andug. On the other hand, o T ugymis
according to figure 7, the temperatures of the solid and the gas . ) . .
in R, = 0.012n (porous media in contact with the internal F|gur.e$ Ma?qmum temperatures of.gas (dotted line) andlsohd
surface of the same cylinder) remains within the ranges of 350 (Solid line) inRs=0.038 m as function of gas entry velocity
< T,< 70K and 600 <T, < 120(K, respectively, indicating that and equivalence ratit, = 400W/nf/K.
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Finally, figure 9 shows the combustibility limits according the value ofR; from 0.01 to 0.0&, the combustion front
Pmin values, depending on the input gas velogity The figure velocity for the cases o = 0.1, 0.2 and 0.3, noticeably
shows that these limits decrease from 0.1 up to 0.06 when theincreased their values, by up to 40% for= 0.1, keeping the
gas velocityu, o increases its value from 0.1 to InUis Also, superadiabatic regime seen in figure 5. The figure 12 also
the same figure shows the highest temperatures reached by thehows that in the case = 0.1, the stable combustion waves of
porous media (three marked lines) and the gas (two unmarkedthe system only exist in the interval of gas entry velocity
lines) located in contact with the cooled surface of the internal between 0.5 and 1.8/s For lower values ofly,, combustion
cylinder (one dotted lineg,= R,), also on the internal surface of  does not occur and it is extinguished. On the other hand, in the
the same cylinder (two broken liness R) and on the surface  subadiabatic regime witth = 0.4 and 0.5, the changes in the
of the external cylinder (two solid lines= R;). As seeninthe  values of the combustion front velocity are much smaller, up to
figure, the temperatures of all the surfaces gradually increase10% and no qualitative changes are observed in figures 5 and
with the increase of®d. Gas temperatures of the insulated 12.
cylinder surface come near to 15Q0vhile solid temperature,
on average, border 12800n the other hand, on the surface [—o—401 —6— 402 —8— 403 —o— 0 —F— 403
= R,, gas temperature is in the range 600 toK{7&howing :
higher values for highetp, while temperatures of the solid
phase in the same location are around K50@ractically
matching the temperatures of the cylinder itself, but on the
cooled side,r = R; (in the figure these two lines concur).

0.12 T T T T T T T 2000

3 s - -
1500 F—M_
H H

L L i i L L
o1 02 03 04 05 06 07 0B 08 1
gy, mi's

T
b = 400 (W/m?K), R = 0.01 (m) gmax
m

Figure 10 Combustion front velocity as function of gas entry
500 velocity and equivalence ratiB; = 0.0Im andh= 1500
Winf/K.

0.12, 2000

b = 1500 (W/m?K), R = 0.01 (m)

1500

Figure 9 Combustibility limits (values o) and maximum
gas (dotted lines) and solid (solid lines) temperatures within the .
reactor inRy, R y R: R, = 0.0dIm andh = 400W/nf/K.

1000

TK

500

After analyzing the case witR; = 0.0Im and h = 400 oot °
W/nf/K, the value oh was varied, first td = 800W/nf/K and I
later toh = 1500 W/nf/K, for the same value d®,. Results ’
showed that both the combustion front velocity and the Figure 11 Combustibility limits (values 6b,,) and maximum
combustibility limits of the mixture remained practically temperatures of gas (dotted lines) and solid (solid lines) within
invariable, therefore the intermediate case 800W/nf/K was the reactor ifR;, R y R R; = 0.0Im andh = 1500W/nf/K.
omitted in the illustration, showing only the case with 1500
Winf/K in figures 10 and 11. These figures show that the e ey ey ——ry
combustion front velocity, combustibility limits and 2
temperatures of the insulated cylinder surface Rs) did not
actually suffer a noticeable change in their values. However, s
some changes in values of temperature are seen near the
interior cylinder: both the temperatures of the gas and the solid
have decreased by an average dfC7bn the surface = R,,
just like the temperatures on the cooled surface R;.

Finally, the same analysis as above was repeated for the

variation ofug g, heoo and®, according to Table 1, but now with 9 I D S S e ¢

R; = 0.02m. For example, comparing figure 5 with 12 and 9 Prooz o3 owen Be 07 08 09

with 13, respectively, the influence of the change of the inner

cylinder radiusR; can be analyzed for the same valuencf Figure 12 Combustion front velocity as function of gas entry

400 W/nf/K. Figures 5 and 12 show that with the increase in  velocity and equivalence :Ta?tii = 0.02n andhg,q= 400
Wint/K
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Ih = 400 (Wim?K), R = 0.02 (m)

1500

1000
— X

01 02 03 04 05 06

ug,, m's

07 08 09 1

Figure 13 Combustibility limits (values aby,;;) and maximum
gas (dotted lines) and solid (solid lines) temperatures within the
reactor aRy, R andRs: Ry = 0.02n andhege = 400W/nf/K.

The comparison between figures 9 and 13 shows that increasing

radius Ry from 0.01 to 0.0&x significantly affects the
combustibility limits of the mixture. If in the ca$® = 0.0Im
the combustibility limits values are lowered frabg,, = 0.1 for
Ugo = 0.1m/sto @pin = 0.06 forug, = 1.0m/s in the casdy; =
0.02n, the same limits decrease from 0.18 to 0.1, within the
same variation range of, Additionally, in the interval 0.5 <
Ug < 1.0, the values ob,, are practically the same. The same
figures also show that as radils increased from 0.01 to
0.02m, the inside cylinder temperatures of the solid pha$g in
and R, do not suffer major changes. Only fagp > 0.5, the
temperatures in the cas® = 0.02n are slightly higher (~
25°C) than in the cas® = 0.0Im. These differences are
stronger for higher values ofi,, The same tendency is
observed for gas temperatures rine R,: they have higher
values in the cade; = 0.02n and the differences between both
cases increase for higher valuesigf up toAT = 100°C forugg

= 1.0. On the surface = Rj, the temperatures of the porous

media maintained the same values in both cases, according to

the value ofR;. However, the gas temperatures of the same
region, on average, were T@higher for the cask; = 0.02n.

[B—4=01 —0— =02 —8— =02 ——¢=04 —F—¢=05
2

‘
l4/|U . mis

u
F

Figure 14 Combustion front velocity as function of gas entry
velocity and equivalence ratiB; = 0.02n andh= 1500
WinfIK.

After analyzing the case witRy = 0.02n and h = 400
W/nf/K, the value oth was varied, first consideriniy = 800
W/nf/K and laterh = 1500W/nf/K, for the same value d%;,
just like in the case d& = 0.0Im. As a result, it was found that
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both combustion front velocity and combustibility limits of the
mixture were practically invariable fdn, therefore, only the
caseh = 1500W/nf/K is presented here in figures 14 and 15,
omitting the casé = 800 W/nf/K. The comparison between
figures 12, 13 with 14, 15 show that combustion front velocity,
combustibility limits and temperatures in the cylinder surface
insulated ( = R3) have not suffered any important change in
value. However, there is some decrease in values of gas
temperature and the porous media near the interior cylinder (
= Ry): gas temperatures lowered by about°@and solids, by
about 28C.

0.18 2000

h = 1500 (Wim2K), R = 0.02 (m)

0.16 11500

0.14F 3| 41000

T.K

0.121 4500

0.1k 0

, . \ . .
05 0.6 0.7 08 0.9 1
ug, m's

L L
03 0.4

Figure 15 Combustibility limits (values ab,i,) and maximum
gas (dotted lines) and solid (solid lines) temperatures within the
reactor aR;, R, andRs: R; = 0.02n andh = 1500W/nf/K.

Table3:® values as function afy, andh for whichug = 0:

R;=0.02n
[
uge [m/s] | h=400 [W/(n*K)] | h=800 [W/(n*K)] | h=1500 [W/(n*K)]

0,1 0,3275 0,3288 0,3288
0,3 0,3388 0,3395 0,3400
05 0,3524 0,3327 0,353
0,7 0,3630 0,3630 0,3630
1,0 0,3750 0,3750 0,3750

As Figures 5, 10, 12 and 14 do not teach nulls of the
combustion front velocitygc for different values ofp, uy and
h, computer simulations were conducted to find their values. As
a result, it was found that in the case wRh= 0.02n, h.oo =
400 W/nfiK andug = 0.1m/s theugc speed was null fo@ =
0.3275. Increasingg from 0.1 to 1.0m/sfor the same value of
heoon the value of® for which usc = 0 increases, reaching =
0.375. Increasing the value loffrom 400 to 1500V/nf/K does
not show considerable variations in the valuedofor which
Urc = 0. A summary of these results is presented in Table 3.
However, decreasing the valueRyffrom 0.02 to 0.0In for all
the values ofh and ugy, the values of®@ for which uec = 0
resulted lower. Particularly, in the caseugf = 0.1m/sandh=
400W/nf/K the result isirc = 0 whend = 0.276. By increasing
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Ugo to 1.0m/sthe value of® increases and reaches 0.368. Itis as the ratio of the electric energy produced and the heat
also noted that by varyinigfrom 400 to 1500/N/nf/K for the released by the combustion.
same gas filtration velocity, the values &éfwere practically

h=400 W/m2/K] ~  eeeeesees h=800 [W/m2/K]
unChanged | -— = = h=1500w[VWTm2/E<] tim2ig |
700
| - = e h=400 WM2/K]  eeeeeeees h=800 [W/m2/K] 650
—1=1500 [W/m2/K]
2,10 600
1,80 z %
= 500
.g 1,50 = 450
Q
3 120 400
g 090 350
& 300
0,60 0 0,2 04 0,6 08
0,30 ug, [m/s]
0,00
0 0,2 0,4 0,6 08 . . .
Figure 19 Maximum temperature reached on the hot side of the
ug, [m/s]
TEMs.
Figure 16 Electric potential produced by the TEMs. - = = NSA0OWIM2IK]  eeeeseens h=800 [W/m2/K]
em——=1500 [W/m2/K]
3,0
= o= == h=400 W/M2/K] ~  eecescees h=800 [W/m2/K]
e 11=1500 [W/M2/K] 25 | mimaeeereeeeseesees
%00 , g et R i
20 -_—— -
20,00 =
215
— =
15,00
% 1,0
B
5 1000 0,5
5,00 0,0
0 0,2 0.4 0,6 0.8
0,00 ug, [m/s]
0 0,2 0.4 0,6 08
ug, [m/s]

Figure 20 Overall system efficiency.

Figure 17 Electric power produced by the TEMs.
CONCLUSIONS

= o= = (=400 [W/M2/K] ~ eeeescees h=800 [W/m2/K]
e ©=1500 [W/M2/K]

200 Computer simulations of combustion waves in annular

1?3 cylindrical porous media show that, as in the case of porous

140 cylindrical media, combustion waves are spread at a speed of
around 10 m/s within the variation ranges afy, and @

< 120

£ 100 considered in this work. Depending on the value of the fuel

5 80 equivalence ratio®, these waves may move upstream, in
ig subadiabatic regime (for greater values&f or downstream,
20 in superadiabatic regime (for lowdr) where the thermal and
0 s i o oe combustion wave travel in the same direction (downstream)

along the porous media. For the same valu@,offhen the gas
filtration velocity increases, the combustion wave travels at
higher speeds in the superadiabatic regime, with their values
Figure 18 Temperature differences on the TEMs. unchanged or slightly decreasing in subadiabatic regime. It is
also observed that along the complete variation interval of gas
Then forall cases presented in Table 3, the electric potential, entry speed 0.1 €95 < 1.0m/sthe combustion front velocity
power, temperature difference, the maximum temperature andpas the same sign, positive or negativep ifs held constant.
the overall efficiency of the system obtained in this work The variation of the radius in the inner cylinder noticeably
presented in Figures 16-20, respectively. From these figures itaffects the combustion characteristics, however, the heat loss
appears that with increasing both the filtration gas velocity as from the inner cylinder have little effect on these, within the
the convective heat transfer coefficient the electric power ygariation range of the considered parameters.
produced increases. The overall system efficiency was defined  The conditions that maximized the overall performance of
the process of energy conversion agg ©10.7 m/ §, @ =

ugo [mis]
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0.363 andh = 1500 W/nfK], to obtain 2.05 V] electrical
potential, 21 W] of electrical power and an overall efficiency
of process; = 5.64%.
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