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a b s t r a c t

An overall three-step six-component chemical kinetics model which includes CH4 + O2→CO + H2O + H2

and reversible 2CO + O2←→2CO2 and CH4 + H2O←→CO + 3H2 reactions is elaborated for the simulation
of partial oxidation of methane in inert porous media. Procedure of the model adjusting to the experi-
mental data is described. Kinetic parameters of the model are derived on the basis of temperature–flow
eywords:
ethane partial oxidation

yngas
iltration combustion
imulation

rate, H2 and CO output concentration–flow rate and temperature–pressure experimental correlations. It is
found that extremely slow solid body temperature growth with flow rate Ts,max(G) reported in the works
on partial oxidation of methane (and other hydrocarbons) in inert porous media may be reproduced by
the model. The model is designed for optimization, scale up and design assistance of the reactors of partial
oxidation of methane.

It is demonstrated that the overall chemical kinetics model can be combined with detailed gas-phase
estiga
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. Introduction

Energy demands of the modern society stimulate the explo-
ation of new energy technologies. High expectations are linked to
he natural gas (predicted to outlast the oil reserves [1]) conversion
o chemical feedstock, transportation fuels and hydrogen. Analysis
hows [2] that conversion to synthesis gas (syngas) and its further
tilization is more effective for industrial application than direct
ethane conversion to heavy hydrocarbons. There are three main

rocesses of methane to syngas conversion: carbon dioxide reform-
ng, water steam reforming and partial oxidation (POX). The last is
xothermic, which provides certain technological advantages [3,4].

Considerable efforts were made for the improvement of catalytic
OX technologies [2–7] and consequent synthesis of methanol,
imethylether and other chemicals [4] during the past decades.
ommercial catalytic generators of syngas/reduction atmospheres
re produced by AirLiquide, BP and some other companies. The
ndustrial scale non-catalytic POX process was first implemented

n the petrochemical plant in Bintulu, Malaysia, by Shell [3,8] (oxy-
en and steam entrained flow, T∼1400 ◦C, P = 5–7 MPa). Presently a
umber of industrial plants convert natural gas to syngas in oxygen-
team atmosphere by the entrained flow technology [9].

∗ Corresponding author. Tel.: +375 284 20 21; fax: +375 284 22 12.
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tion of detailed composition of syngas and intermediary components.
© 2008 Elsevier B.V. All rights reserved.

Usage of air instead of oxygen may decrease the POX price
ramatically, although in this case the syngas is diluted with nitro-
en (55–60%), and adiabatic temperature of the POX process (see
able 1) remains too low for intensive reaction and favorable con-
ersion degree. One of the promising technologies suitable for the
ethane–air POX is, so-called superadiabatic (excess enthalpy) fil-

ration combustion (FC) in inert porous media (PM).
The main principles of filtration combustion (excess enthalpy

ombustion) were formulated in the works by Weinberg [10],
ateev [11], Matros [12] and were further developed in [13–18] and
ther works. The corner stone of the superadiabatic FC is interaction
or coupling) of propagating thermal and combustion waves result-
ng in local increase of enthalpy and superadiabatic temperature.

FC applications concentrate mostly on the extra lean and the
xtra rich mixtures combustion. The latter gained considerable
ttention in the past decades in connection with syngas and hydro-
en production. Important work in this area was performed in
eat and Mass Transfer Institute, Minsk [22–25], University of Illi-
ois, Chicago [26–28], University of Texas, Austin [29], University
f Erlangen-Newrenberg [30] and some other centers.

Other technologies that utilize excess enthalpy effects in two-
hase systems were investigated in works by Weinberg et al. [19],
taya et al. [20], Pedersen-Mjaanes [21] and others. Weinberg et al.
19] experimented with rich methane–air mixtures (equivalence
atio ˚∼2) in spouted bed reactor. They reported up to 19.5% H2
nd 12.6% CO content in flue gas and methane conversion rate up to
5% (calculated by remaining CH4) for the maximum temperature

http://www.sciencedirect.com/science/journal/13858947
mailto:kdob@itmo.by
dx.doi.org/10.1016/j.cej.2008.05.027
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Table 1
Equilibrium temperature and H2 concentration for methane–air POX for the given pressure p and equivalence ratio ˚

p = 1 atm p = 2 atm p = 4 atm p = 8 atm

Tad (K) YH2 Tad (K) YH2 Tad (K) YH2 Tad (K) YH2

˚ = 1 2225 3.60e−03 2240 3.05e−03 2253 2.57e−03 2264 2.15e−03
˚ = 2 1565 0.1762 1565 0.1762 1565 0.1762 1565 0.1762
˚ = 3 1030 0.3212 1049 0.3149 1074 0.3059 1106 0.2946
˚ 8
˚ 68
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= 4 929 0.3196 962 0.30
= 5 900 0.2986 931 0.28

diabatic conditions, T0 = 300 K. Thermodynamic calculation.

n the bed ∼1100 ◦C. In the works [20,21] hydrogen production in
ethane–air flame stabilized within the porous media was inves-

igated. Gas mixture was fed though the porous ceramic plate and
gnited at the exit [20]. The upper flammability limit was estimated
s ˚ = 2.5 in equivalence ratio (defined as molar fuel to air ratio
elated to its stoichiometric value ˚ = (F/A)/(F/A)0 for methane–air
ombustion. Hydrogen concentration in flue gas was up to 10% in
ole fraction, which is close to the thermodynamic equilibrium at

haracteristic for the surface burner temperatures.
Higher superadiabatic conditions for POX can be obtained in

ransient co-flow FC wave. In the typical investigation [29] a co-flow
C wave in sponge-type ceramics was considered. The temperature
f the porous media as well as the concentration of the main com-
onents was measured for the range of equivalence ratios ˚ = 1.5–5.
he measured conversion ratio of methane was up to 70%. The
umerical simulation, utilizing detailed gas-phase kinetics, overes-
imated the temperature by 300–500 K, reproducing main trends
nd dependences of the process quite adequately.

In the works [22–25] POX process was examined in different
acked beds (Al2O3, SiO2, ZrO2). The temperature and the concen-
ration of the main components were measured as a function of

ixture flow rate and equivalence ratio. It was found that conver-
ion ratio directly correlates with the maximum temperature of
he packed bed. The temperature growth slowed down dramati-
ally at higher flow rates so that the maximum temperature Tmax

id not exceed 1450 ◦C in all the experiments for ˚ = 4. This fact has
ot found an adequate explanation [23]. The better conversion ratio
as reached at some lower ˚∼3 [24], while absolute concentration
f hydrogen at the exit of the system did not change considerably
ith equivalence ratio variation from 2.5 to 4. It is interesting to
ote that no deposited soot was found inside porous media at fil-
ration combustion in inert alumina and zirconia at equivalence
atios as high as ˚∼4 [23,24].

At the end of 80th investigation of regenerative type FC reac-
ors (also called Reverse Flow or Reciprocal Flow Reactor (RFR))
as started [17,31]. Superadiabatic conditions are realized in RFR

n the transient co-flow wave, while periodic switching of the flow
irection results in establishing of periodic quasi-steady regime of
peration. Currently RFR technology may be considered as the most
orthwhile option for practical applications.

The development of the FC POX process, its scale up and opti-
ization demand profound numerical, particularly non-steady and

n some cases 2D simulation. The choice of appropriate chemical
inetics model, enough compact for fast calculations and adequate
o the process, is the stumbling block here. The detailed kinetic

echanisms developed for gas-phase oxidative processes like GRI
.0, Konnov’s, Warnatz’s [32–34] and similar can hardly be applied
o this task because of their bulkiness (50 and more components

re included). Moreover, investigations show that utilization of
he detailed kinetics does not ensure an adequate reproduction
f the FC systems parameters, particularly the maximum tem-
erature of the porous media [25,29]. On the other hand, the

ntegration of the kinetic equations along the temperature profiles
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997 0.2953 1033 0.2813
965 0.2738 999 0.2595

stablished experimentally gives good agreement with measured
as components output concentrations [31]. This is because of
he fact that gas composition is strongly determined by thermo-
ynamic equilibrium (although it can be far from equilibrium),
hile the low-temperature “ignition” kinetics is not adequate to

he filtration combustion. Although the standard two-temperature
olume-averaged model of filtration combustion does not account
or the shape of the PM particles and detailed hydrodynamics
25,35], an inadequate model of POX kinetics is the main source
f mistakes.

In [25] the method of correction of Konnov’s model (applicable
o other models too) was proposed. The idea was to add the scheme
ith the plausible reaction of radical production O2→O + O and to

djust its rate by using experimental data. This method lets one tune
recisely the ignition temperature but does not simplify detailed
odel or improves its adequacy in other aspects.
Considerable efforts were paid to develop kinetic mechanisms of

he methane partial oxidation on catalysts [2,36,37]. Microkinetic
odels for partial oxidation and reforming of methane on Pt [36]

nd Rh [37] were proposed and validated. Note that rather compli-
ated models consisting of more than 100 heterogeneous reactions
nd bulky gas-phase reactions subset were incapable of predicting
2 and CO selectivity and were tuned in its methane oxidation sub-

et [37]. The necessity of handling such a bulky mechanism is of the
uestion in view of limited number of the measured parameters.
nyway, the utilization of catalytic POX models for modeling the
OX in inert porous media is groundless.

Considering the above-mentioned point, one can conclude that
ormulation of the compact chemical kinetics model providing the
uantitative adequacy of modeling is an important task for exten-
ive numerical study of the partial oxidation of methane.

An overall three-step six-component chemical kinetics model
or the simulation of partial oxidation of methane is described in
his article. The method/algorithm of its adjusting to experimen-
al data is proposed, which makes the model rather universal. The
orrelations between maximum temperature, H2, CO output con-
entrations and specific mass flow rate—Ts,max(G), Xexit

H2
(G), Xexit

CO (G)
re used as the basic experimental data. The kinetic constants and
arameters of the model are obtained. The model can be applied
o filtration combustion POX reactors numerical simulation, opti-

ization, scaling up and design assistance.

. Methane partial oxidation in inert porous media
xperimental data

There is a lack of published experimental data on partial oxi-
ation of methane in inert porous media. The most important

primary” information about the POX in transient FC conditions
s obtained in single wave experiments. Available information
ncludes one-dimensional temperature profiles of the porous

edia, porous media maximum temperature Ts,max, main com-
onents output concentration as a function of gas mass flow rate
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Table 2
Parameters of the system for the standard case POX reactor, experiments [23,24]

Parameter Dimension Value Description

L m 0.38 Reactor (porous media) length
D0 m 0.038 Internal diameter of the reactor

chamber
d0 m 6×10−3 Packed bed particle diameter
Lisl m 0.06 Thermal insulation layer width
ˇ W/(m3 K) 389 Volumetric heat loss coefficient
p0 Pa 1.013×105 Pressure at exit of reactor
ε – 0.6 Emissivity of the PM particle

surface
m – 0.4 Porosity
�s kg/m3 2810 PM particle material density
cs J/(kg K) 794 PM particle material thermal

capacity
�s W/(m K) 0.2 Thermal conduction coefficient

of the porous media
�isl W/(m K) 0.1 Thermal conduction coefficient

of insulation material
Dp, D� m−1 0.5, 0.1 Dispersion coefficients
˚ – 4 Fuel–oxidizer equivalence ratio
˛ W/(m3 K) ∼105 Gas–solid heat transfer

coefficient
G 2

P

(
t

t
b
(
a
c
a
e
m
t
F
T
p

F
r
b
b

F

p
d

g
p

X
F
g
a
o
t
c
a

t

m kg/(m s) Variable Gas mixture mass specific flow
rate

acked bed—Al2O3 balls.

or filtration velocity), mixture equivalence ratio and gas composi-
ion.

A typical laboratory scale reactor [22,23] consists of a quartz
ube (D = 41 mm, L = 500 mm) isolated outside with 5 cm KAOWOOL
lanket, packed with ceramic particles—Al2O3 cylinders or balls
from 3 to 6 mm diameters), ZrO2 grains or SiO2 chips (other data
re in Table 2). The system is ignited by the stoichiometric mixture
ombustion near the beginning of the reactor. The measurements
re performed after FC wave is formed and quasi-steady regime is
stablished. Thermocouples are usually used for the temperature
easurements with a characteristic accuracy of ∼1%. Other uncer-
ainties are associated with the radial position of thermocouples.
ig. 1 presents some selected data of PM maximum temperature
s,max measurement (marks) [23,24,29]. Comparison of these tem-
eratures with the correspondent adiabatic temperatures (Table 1)

ig. 1. Porous media maximum temperature Tmax as a function of mass specific flow
ate Gm. Experimental [23,24,29] (marks) and calculated (lines) data. 1–4: calculated
y using startup overall kinetic model for ˚ = 2.8, 3.2, 3.6 and 4 correspondingly; 5:
y using GRI 3.0 kinetics, ˚ = 4. d0 = 5.5 mm.

o
G

t
i

F
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ig. 2. H2 concentration Xexit
H2

as a function of mass specific flow rate. Measured

oints [23] (marks) and their approximants (dashed lines). Packing of Al2O3 balls

0 = 3 and 6 mm. ˚ = 4.

ives the understanding of the “superadiabatic” effect, which takes
lace at FC.

The main components concentrations (molar fractions) XH2 ,
CO, XCH4 and XN2 are measured in the most experimental works.
igs. 2 and 3 show selected data on H2 concentration in dried flue
as and H2 to CO concentration ratio [23]. The packed beds made of
lumina balls with diameter 3 and 6 mm were considered. In spite
f rather high dispersion of the experimental data, the observed
endencies (dashed lines) and averaged (expected) values of con-
entrations can be utilized for the numerical model verification and
djusting.

The concentration of the main components at the exit of reac-
or as a function of the mixture equivalence ratio ˚∼1–3 and
xygen content in oxidizer for the fixed specific mass flow rate

∼=0.13 kg/(m2 s) is presented in [27,28].

Experiments reported in [29] were performed in quartz
ube rector (D0 = 45 mm, L = 356 mm) placed in ceramic thermal
nsulation shell and filled with yttria-stabilized zirconia sponge-

ig. 3. H2 and CO concentrations ratio at the exit of reactor Xexit
H2

/Xexit
CO as a function

f mass specific flow rate. Experimental data [23] (marks), and their approximants
dashed lines). Packing of Al2O3 balls d0 = 3 and 6 mm. ˚ = 4.
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ype ceramics (porosity m = 0.835, characteristic pores diameter
por = 2.6 mm). Porous media maximum temperature and main
omponents concentrations at the exit were measured for ˚ = 1.5–5
t constant Darcy velocity (superficial flow velocity) uD = 0.55 m/s,
s well as for different filtration flow rates at fixed equivalence
atio ˚ = 3. The last data from [29] are represented in Fig. 1
ith crosses and demonstrate similarity to the data obtained

or alumina-packed bed porous media at moderate flow rates
= 0.4–0.6 kg/(m2 s). In the wider range of flow rates the stronger

emperature growth is observed, which is presumably connected
ith the small pressure drop in foamed PM.

Experimental data of POX reactor operation at elevated pressure
ould be of great value in connection with industrial application of
he process. Unfortunately, there is no consistent published data
n FC POX at elevated pressures. To emulate pressure-dependent
haracteristics (Ts,max = f(p), Xexit

H2
= f (p) and similar) numerical sim-

lation with detailed chemical kinetics model can be considered.

. Model of the filtration combustion methane partial
xidation reactor

Experimental reactor described in [23,24] was a prototype for
umerical modeling. The accepted parameters of the reactor sys-
em are listed in Table 2.

.1. Basic equations

For the simulation of the system a conventional volume-
veraged two-temperature approximation was used [15,25,29,35].
he model assumes porous body a homogeneous media with effec-
ive (volume averaged) properties. The set of equations included
ontinuity and filtration equations for gas, mass conservation equa-
ion for chemical components, thermal conductivity equations for
as and solid phase and ideal gas state equation. An unsteady prob-
em was considered to simulate system evolution in accordance

ith experimental tests:

∂�g

∂t
+∇(�gu) = 0, (1)

∇p = �

k0
u+ �g

k1
|u|u, (2)

g
∂Yi

∂t
+ �gu∇Yi −∇�gD∇Yi = �̇i, (3)

gcp
∂Tg

∂t
+ cp�gu∇Tg −∇�∇Tg = ˛vol

m
(Ts − Tg)−

∑
i

hi�̇i, (4)

1−m)�scs
∂Ts

∂t
−∇(�∇Ts) = ˛vol(Tg − Ts)− ˇ(Ts − T0), (5)

g = pM

RTg
. (6)

ere m is the porosity, Yi is the mass fraction of ith component,
is the heat loss coefficient, T0 is the ambient temperature, hi is

he mass enthalpy of the ith component, �̇i is the ith component
ass generation rate due to chemical reactions (it is described in

he chemical model section), subscripts “g” and “s” relate to gas
nd solid phases, respectively and other parameters are standard.
ote that the model is formulated for mass fractions Yi, while the
nalysis and comparison with experimental data are performed for

olar fractions Xi.
The gas diffusivity and conductivity terms in Eqs. (3) and

4) is a sum of the gas molecular transport and dispersion
erms: D = Dg + DD and � = �g + �D. The dispersion terms are
xpressed via the bed particle diameter d0 [38]: DD = 0.1d0ug and

ˇ

w
t

ring Journal 144 (2008) 79–87

D≡0.1d0ug(c�)g. The thermal conductivity of the porous medium
ncludes the solid matrix conductivity �s and radiation diffusivity
erms:

= �s,e +
(

16
3

)
ε�T3dph, (7)

here � = 5.67×10−8 W/(m2 K4) is the Stefan-Boltzmann
onstant, ε is the emissivity of the porous medium sur-
ace, dph = (2m/(3(1−m)))d0 is the average photon free
ath; the solid matrix effective conductivity is a very weak
compared to radiation diffusion) function of tempera-
ure and can be expressed by the empirical formula [47]
s,e = �g(�s/�g)0.28−0.757 log m−0.057 log(�s/�g), �s is the thermal
onductivity of solid matter.

The volumetric convective heat transfer coefficient ˛vol is used
n the form suggested by [38]:

vol =
(

6m

d2
0

)
�gNu, Nu = 2+ 1.1Pr1.3Re0.6. (8)

The molar heat capacity and enthalpy of each substance as
ell as the average enthalpy per mole of the mixture H are calcu-

ated by the polynomial formulas in accordance with the CHEMKIN
rocedures and database [39]. Other temperature-dependent gas
roperties (�, Dg, �g) were calculated by explicit approximate
ormulas, with a characteristic accuracy of 5% in the entire temper-
ture range [18,40]. (Note that in the FC system dispersion prevails
ver molecular transport, and this makes the problem of accurate
alculation of Dg, �g insignificant.)

.2. Boundary conditions

The system (1)–(5) is supplemented with boundary conditions
or temperature, concentration and filtration velocity. As far as the
D system was simulated, the boundary conditions were applied
o the input (x = 0) and output (x = L) cross-sections of the reactor.
ondition of heat exchange with circumambience was applied to
q. (5):

�
∂Ts

∂x

∣∣∣∣
x=0,x=L

= ε�(T4
s − T4

0 )+ ˛ext(Ts − T0). (9)

Conditions of zero diffusion flows through the chamber
oundaries ∂Yi/∂x (x = 0, L) = 0 were applied to Eq. (3). To avoid
ncontrollable diffusion flows through the inlet and outlet sec-
ions, the appropriate diffusion coefficients were set equal to
ero D(x = 0) = D(x = L) = 0. The composition of the input gas was
pecified: Yi(x = 0) = Yentrance

i
.

Similar conditions were applied to Eq. (4): ∂Tg/∂x(x = 0, L) = 0.
he temperature of the input gas was fixed: Tg(x = 0) = T0.

Boundary condition for gas filtration consists of condition of wall
mpermeability, given mass flow rate at the inlet cross-section and
onstant pressure at the outlet cross-section p(x = L) = p0.

The side losses of the system in the 1D case were simulated by
pplying the proper value to the heat loss coefficient ˇ in energy
quation (5). This procedure is proved to be adequate for the ther-
ally isolated FC systems [40,41]. The heat loss coefficient ˇ can

e easily estimated under the assumption that predominant part
f the total temperature drop in the system (Tmax− T0) comes to
nsulation layer and heat flux is in the steady state (time averaged
alue of ˇ):
= 2�isl

R2
0 ln(R2/R0)

, (10)

here R0 is the internal radius of the reactor chamber and R2 is
he external radius of the system including the thermal insulation
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ayer. The heat loss coefficients evaluated by (10) for the standard
eactor is presented together with other parameters in Table 2.

The initial temperature of gas and solid has a step-type profile
ith the maximum temperature 1500 K and length of the step 5 cm.
eactor contains air at the initial instant.

.3. Chemical kinetics overall model

Nowadays it seems impossible to consistently ab initio generate
n adequately detailed chemical kinetics mechanism for filtration
ombustion POX modeling. The reasonable alternative is to uti-
ize simplified thermodynamically agreed overall reaction model
djusted to experimental data.

The model suitable for the POX reactors scale up and opti-
ization in the certain range of parameters {G, p, ˚, . . .} should

uarantee the following:

1. correspondence of calculated correlation Ts,max = f(G) to experi-
mental data;

. correspondence of calculated correlation Ts,max = f(p) to experi-
mental data;

. correspondence of calculated Xexit
H2

and Xexit
CO (Xexit

H2
/Xexit

CO ) to
experimental data.

Lets us consider the simple three-step six-component kinetic
odel including one irreversible and two reversible stages:

H4 +O2
k1−→CO+H2O+H2, (11)

CO+O2
k2,k−2←→ 2CO2, (12)

H4 +H2O
k3,k−3←→ CO+ 3H2. (13)

Our choice is determined, in the first place, by the fact that
he scheme generally corresponds to main overall fluxes of the
omponents transformation in the system. (Note that the reac-
ion (11) corresponds to a concept that methane oxidation goes
hrough a combination of partial and complete oxidation reactions
ee for example [37], although details of the reaction routes are
till unclear.) Second, reactions are not strongly coupled (cross-
ependent), which let one effectively adjust the parameters of
he system. The first reaction dominates at the beginning of the
rocess when oxygen is an abundant component, the last one
water reforming) prevails after main oxygen is consumed and actu-
lly determines methane conversion degree. The influence of the
econd reaction is limited due to a very small equilibrium concen-
ration of oxygen in the system, nevertheless it allows one to control
he concentration ratio Xexit

H2
/Xexit

CO .
Mass generation of the kth component due to jth reaction is

alculated according to the kinetic equation:

˙ k ≡ �
dYk

dt
= −skjzj exp

(
Ej

T

)
Mk

(
�

Mi

)∑
i
pi∏

i

Ypi
i , (14)

here skj is the stoichiometric coefficients for the kth component,
th equation; zj is the pre-exponent factor of the rate constant; Ej
s the activation energy (here in K units); pi is the applied orders
f reaction by ith chemical component (default pij = skj); Mi is the
olar mass of the ith component. The above-expanded form of the

inetic equation is used in the 2DBurner software package [42] and
et one apply arbitrary orders to each component and to the total

rder of the reaction by pressure by assigning a specified value to
he sum

∑
ipi = ORDER.

The three-step six-component model is the minimum sys-
em capable of approximating experimental dependencies named
bove in the section. Assuming that the reverse reactions rates

l
fl
a

ring Journal 144 (2008) 79–87 83

re evaluated by equilibrium constants, we have seven parame-
ers to be fitted according to experimental data: z1, E1, z2, E2, z3, E3,
RDER—the total order by pressure for reactions (11)–(13). These
arameters are constant in all range of p, G.

The procedure of the kinetic model parameters adjusting con-
ists of the following. The experimental FC POX reactor is simulated
y using the model (1)–(10) and arbitrary parameters of the
inetic model (11)–(13). Here the parameters of one-stage, second-
rder methane oxidation reaction, used for FC simulation [46]
= 2.17×108 exp(15,640/T) were applied to reactions (11)–(13) at

he beginning. Based on the experimental data and dependency
s,max = f(G), the kinetic parameters for reaction (11) are fitted. After-
ards the constants of the reaction (13) are adjusted based on

xperimental data for Xexit
H2

and correlation Xexit
H2

(G). Taking as a

asis the experimental data for Xexit
CO (G) and characteristic trend of

exit
H2

(G)/Xexit
CO (G) correlation, parameters of the second reaction—z2

nd E2 are adjusted. Finally, comparing simulated and experimen-
al (or other “reference”) dependency of Ts,max = f(p), a general order
y pressure is applied to all the reactions. Taking into account
ome minimal influence of each of the reactions on to others,
ll the parameters should be iterated, thus the total procedure is
epeated.

The described procedure in fact provides optimization of a
et of the kinetic parameters, although it does not suppose
athematically strict minimization of mean square errors in the

even-dimensional space of parameters. The procedure is per-
ormed and discussed below in the article.

Note that the kinetic constants could not be considered uni-
ersal and applicable for any type of porous media. The procedure
f the constants generation is more universal in the sense that
t allows to adjust the constants to the appropriate “reference”
ata.

.4. Method of numerical simulation

The problems (1)–(13) were solved in one-dimensional approx-
mation by using 2DBurner software [42]. This software was
esigned in Heat and Mass Transfer Institute, Minsk and was used
or modeling different FC systems in the past years [35,46].

The homogeneous mesh was used for the problem approxima-
ion and solution. The algorithm of solution was optimized for the
ystem of rigid differential equations. After obtaining all the data
t the ith time layer, the equation of diffusion together with kinetic
quations is discretized by implicit scheme and integrated by New-
on’s method. On the next step Eqs. (4) and (5) are jointly integrated
y the same scheme. For the evaluation of the velocity field Eqs. (1)
nd (2) are used to generate the Poisson type equation for the pres-
ure at the i + 1 time layer (modified analog of the MAK method
43]). This equation is solved by the conjugated gradients method
r fast Fourier transform [44,45]. The 	x = 1 mm mesh was used
n our simulations. Further decrease of mesh size did not influence
imulation results. The time integration step was 10−3 s at startup
nd then gradually grew to 1 s.

Verification of the model was performed in [46] based on
he comparison of simulated temperature fields with experimen-
ally measured temperature in the reactor of VOCs oxidation on
nsteady startup stage.

. Results and discussion
The main peculiarity of the experimentally measured corre-
ation Ts,max(G) – the very low growth rate at moderate to high
ow rates – is not explained adequately in the literature. In the
nalytical work [18] an explicit formula for porous bed maximum
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Fig. 4. Porous media maximum temperature. Experimental data [23,24] (marks)
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nd simulation (lines). 1: GRI 3.0 kinetics model; 2: (11)–(13) E1 = 5000; 3:
11)–(13) E1 = 15,000; 4: (11)–(13) E1 = 40,000; 5: (11)–(13) E1 = 59,000; 6: (11)–(13)

1 = 79,000; 7: (11)–(13) E1 = 79,000, �s = 0.1. E2 = E3 = 15,640. Parameters are from
able 2.

emperature Ts,max was obtained:

s,max ≈ Ts,i =
	Tad

1+ (˛vol�/G2c2
g )

+ E

ln(Qz/˛vol	Tad(1+ (˛vol�/G2c2
g )))

. (15)

his equation elucidates that after the first term comes to satura-
ion (high G, low ˛vol and �) further temperature growth Ts,max(G)
cquires logarithmic character. The higher the values of E and z the
lower the logarithmic growth is. The direct simulation (see Fig. 4)
f the standard case POX reactor demonstrates that the increase of
he activation energy E1 up to 79,000 K (and corresponding increase
f pre-exponent z1) results in Ts,max(G) function slowdown which
ecomes similar enough to the measured correlation. The further

ncrease of activation energy of the main exothermic reaction (11)
oes not lead to sensitive results. This fact may be explained by the
revailing of the first term in the overall correlation Ts,max(G), (15).

t is easy to see that contribution of the first term to the total growth
ate would be less if values of heat exchange coefficient and ther-
al conductivity were smaller. (There are certain physical reasons

o consider that ˛vol and �, as used in conventional FC models, are
verestimated: non-steadiness of heat exchange is not considered
25], dispersion includes relaxation component [35]. The discus-
ion of heat and mass transfer sub-models is out of scope of this
aper.) In accordance with the above discussion, simulation per-
ormed at E1 = 79,000 K and reduced thermal conductivity (�s = 0.1,
= 0.3) demonstrate smaller steepness of the curve Ts,max(G)

Fig. 4). Taking into account limited accuracy of experimental data
∼1%) and the fact that very high activation energy slow down
alculations E1 = 59,000 K may be recommended. Note that from
hemical kinetics viewpoint the high value of the pre-exponent

may correspond to the chain branching mechanism of the
eaction.

The next step is adjusting the parameters of reactions (12)
nd (13), which determine H2 and CO concentration at the exit

f the reactor. The experimental data demonstrates that H2 and
O concentration grow with flow rate and maximum tempera-
ure (Figs. 2 and 3). Let us calculate correlation Xexit

H2
(G) for the

tandard POX reactor while increasing E3 (Fig. 5). (The z3 was
djusted simultaneously in order to sustain proper Xexit

H2
concen-

a
b
t
p
T

ig. 5. Hydrogen concentration at the exit of reactor. Experimental data [23,24]
marks) and simulation (lines). 1: E3 = 25,000 K; 2: E3 = 40,000 K; 3: E3 = 59,000 K;
: E3 = 79,000 K; 5: E3 = 99,000 K. E1 = E2 = 59,000 K. Parameters are from Table 2.

ration.) The parameters of reactions (11) and (12) are conserved
onstant, E1 = E2 = 59,000 K.

The simulation results presented in Fig. 5 show that Xexit
H2

(G)
rowth tendency appears at relatively high E3. The higher E3 the
tronger Xexit

H2
(G) growth rate is. Actually, not an absolute value

f E3 plays important role, but its relativeness to E1 value. This
act is explained by the concurrence between reactions (11) and
13) at certain kinetic stage. In general the activation energy of the
ndothermic reaction (13) should be of the same order or higher
han activation energy of exothermic reaction (11) to reproduce
exit
H2

(G) growth trend. According to the numerical experiments a
easonable value obtained is E3 = 59,000 K (Fig. 5).

The next step of the procedure is the kinetic model adjusting by
he experimental data of Xexit

CO (G) or Xexit
H2

(G)/Xexit
CO (G). These manip-

lations are reduced to tuning of the reaction (12) rate constants.
he growth rate of Xexit

CO (G) (in some definite limits) is controlled by
ctivation energy value E2, and absolute concentration of CO mainly
efined by pre-exponential factor z2. It is important that thermody-
amics of the system guarantee simultaneous growth (or decrease)
f H2 and CO concentrations. In this context the tendency of Xexit

CO (G)
rowth will be reproduced independently of E2 value. To approxi-
ate the tendency of prevailing growth of CO over H2 (Fig. 3) rather

mall value should be attributed to E2. To demonstrate this pecu-
iarity of the kinetic system the standard POX reactor was simulated
t different values of E2 and fixed parameters of reactions (11) and
13) E1 = E3 = 59,000 K. Together with E2 we modified pre-exponent
actor z2 in a way to conserve adequate value of CO concentration
exit
CO (G = 1.3) ≈ 12%. Results of the numerical simulation together
ith the basic experimental data [23,24] are presented in Fig. 6.

t is easy to see that the tendency of CO prevailing growth can be
eproduced at low activation energy E2 = 5000 K.

Approximation of the experimental correlation Ts,max(p) is
chieved by assigning the corresponding total pressure order
parameter ORDER) to reactions (11)–(13). As far as no reliable
xperimental data are available for the pressure-dependent char-
cteristics of POX, we estimated the basic correlation numerically

y using detailed GRI 3.0 kinetic mechanism. Taking into account
hat calculations with the detailed kinetics overestimate the tem-
erature in the system we calculated dimensionless function
s,max(p)/Ts,max(1) (where Ts,max(1) is the maximum temperature
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Fig. 6. Experimental data for Xexit
H2

(Gm)/Xexit
CO (Gm) [23,24] (marks and

approximation—dashed line) and correspondent simulation by model (1)–(13). 1:
E2 = 5000 K; 2: E2 = 15,000 K; 3: E2 = 40,000 K; 4: E2 = 99,000 K. Parameters are from
Table 2.
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(11)–(13).

Because of certain interdependence of the parameters in the
set, iteration should be done. By repeating the manipulation one
comes soon to a unique set of the model parameters providing good

Fig. 8. Comparison of equilibrium H2 concentration, obtained kinetically by adopted
model (11)–(13) and thermodynamically at p = 1 and 10 atm. Methane–air mixture
˚ = 2–5. Initial mixture temperature 273 K. Adiabatic process.

Fig. 9. Comparison of mixture component equilibrium concentrations, obtained
kinetically by adopted model (11)–(13) model and thermodynamically at different
temperatures. Methane–air mixture ˚ = 4, p = 1 atm. Isothermal process.
ig. 7. Dimensionless temperature parameter Tmax/Tmax(1) dependence on pres-
ure. 1: numerical evaluation by using GRI 3.0 detailed kinetics; 2: kinetic model
11)–(13), ORDER = 2, 3—kinetic model (11)–(13), ORDER = 1. Reactor parameters of
able 2. Specific mass flow rates are indicated in legend.
n Celsius at p = 1 atm) and used it for ORDER parameter adjusting.
his function was calculated with the first and the second order
y pressure in (11)–(13) model, while activation energy was fixed:
1 = E3 = 59,000 K and E2 = 5000 K. Analyzing the data presented in
ig. 7 one can conclude that the total pressure order of 1.5 may

able 3
arameters of the (11)–(13) model elaborated for standard reactor and data of [23,24]

Reaction Parameters

CH4 +O2
k1−→CO+H2O+H2 z1 = 16.0e18 m3/(mol s); E1 = 59,000 K

2CO+O2
k2,k−2←→ 2CO2 z2 = 5e4 m3/(mol s); E2 = 5000 K; z−2,

E−2 by equilibrium

CH4 +H2O
k3,k−3←→ CO+ 3H2 z3 = 2.5e20 m3/(mol s); E3 = 59,000 K;

z−3, E−3 by equilibrium

RDER = 2.

F
k
M

ring Journal 144 (2008) 79–87 85

e the optimal for the pressure range from 1 to 4 and given set
f other parameters of the model. Obviously better adjusting may
e achieved by applying different pressure orders to the reactions
ig. 10. Comparison of mixture component equilibrium concentrations, obtained
inetically by (11)–(13) model and thermodynamically at different temperatures.
ethane–air mixture ˚ = 2, p = 10 atm. Isothermal process.
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ig. 11. Maximum temperature of porous medium (a), output concentration of H2
23] as depicted in the legend. ˚ = 4. Parameters of experiments [23].

within the general accuracy of the data) reproduction of experi-
ental correlations in a range of operation parameters.
The parameters obtained after iteration are presented in Table 3.

t is important to note that obtained chemical model totally corre-
ates with the physical and mathematical model of POX reactor and,
o a large extent, compensates the model’s mistakes.

The described algorithm of kinetic parameters estimation is not
he only possible one. Alternatively to z3, E3 estimation by Xexit

H2
(G)

hese parameters may be generated via approximation of tem-
erature profile in the endothermic zone of reactor or by other
haracteristic data. To add, some different experimental data sets
ay be used for the model tuning. For example, the experimen-

ally measured correlations Ts,max(˚) and Ts,max(XO2 ) [27,28] may
e utilized. Criterion for choosing one or another data set is its cor-
espondence to the practical process, in need of reactor design or
ptimization.

As far as reverse reaction rates are evaluated via equilibrium
onstants, the kinetic model guaranties thermodynamic adequacy
f the model and reasonable extrapolation capability. The ther-

odynamic equilibrium calculations made kinetically with the

se of the elaborated model are compared with corresponding
xact thermodynamic calculations (by EQUILL, CHEMKIN library)
Figs. 8–10). Not perfect correlation in equilibrium concentrations
s explained by insufficient freedom degree of the system (11)–(13).

5

i
t

d CO (c). Calculation by overall model, combined model and experimental data of

dding equation CH4 + CO2↔2CO + 2H2 to the system makes equi-
ibrium concentrations and temperatures practically exact. On the
ther hand, the addition of the new equation demands more
omplicated adjusting algorithm and bigger experimental data
ool.

If the detailed chemical composition of the syngas or influence
f the specific additives on the process is of the particular inter-
st the combined model composed of the six-component overall
hemical model and detailed gas-phase model (for example GRI
.0) may be considered. Due to the fact that gas-phase reactions
re activated at some higher temperature (compared to the over-
ll model) the basic results obtained for POX system by using both
verall and combined models are quite close. The corresponding
umerical estimation of the maximum temperature Tmax and of the
utput H2 and CO concentrations are presented in Fig. 11. The tem-
erature and CO concentration estimated by two models coincide
ith an accuracy of about 1%. The difference between the estimated

ydrogen concentrations is somewhat higher (about 4%).
. Conclusion

The overall three-stage six-component chemical kinetics model
s elaborated for extensive numerical study of partial oxida-
ion of methane in inert porous media reactors. The procedure
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f the kinetic constants adjustment to experimental data (the
emperature–flow rate and the concentration–flow rate correla-
ions) is described. The kinetic constants found for alumina balls
acked bed cannot be considered universal and applicable for any
ype of porous media. The procedure of the constants generation is

ore universal as far as it let one quickly adjust the constants by
he appropriate “reference” data.

It is found that extremely slow temperature growth with flow
ate Ts,max(G), reported for methane (and other hydrocarbons) par-
ial oxidation in inert porous media corresponds to high activation
nergy of the overall oxidation reactions and may be effectively
eproduced by the proposed model. From the viewpoint of the gas-
hase chemical kinetics the high values of the pre-exponent factor
nd activation energy correspond to the chain branching mecha-
ism of the overall reaction.

The mathematical and physical model applied to the system is
idely used and proved to be adequate for most filtration combus-

ion problems. Nevertheless transition to the area of parameters
here the model is inadequate (for example, inconsistency of

adiation diffusion approximation) will automatically question the
pplicability of the estimated kinetic constants.

If the computation cost is not a critical factor and detailed chem-
stry of POX process is of a particular interest utilization of the direct
um of the above overall model and detailed chemical kinetics
odel may be recommended.
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