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Efficiency of heat recovery versus maximum catalyst temperature in a
reverse-flow combustion of methane
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Abstract

Results of simulations are presented concerning a reverse-flow reactor for the catalytic combustion of methane that occurs in coal-mine
ventilation air. The simulations were performed for two types of catalyst: 12% MnO2/�-Al 2O3 and 0.5% Pd/�-Al 2O3. A special attention is
given to maximum temperature of the catalyst bed in order to minimize occurrence of homogeneous combustion. The simulations revealed
that there is a visible contradiction between efficiency of heat recovery aimed to high-pressure steam production and efforts to constraint
maximum temperature in the bed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Methane has global warming potential (GWP) several
times higher than that of CO2. Furthermore, it is emitted
from a host of sources and thus produces a substantial con-
tribution to overall global warming (the estimated share of
CH4 is around 19%). Large quantities of methane are ex-
hausted to the atmosphere with coal-mine ventilation air with
very low CH4 content (0.1–1 vol.%). The global emission of
methane from this source is estimated at, roughly, 15 Mt/year.
Apart from the environmental impact this leads to consider-
able energy losses, as methane is a fuel in its own right. Un-
fortunately, the concentration of methane in ventilation air
is too low to support homogeneous combustion. Thus, the
only viable option is catalytic oxidation in an autothermal
reverse-flow reactor fitted with an energy withdrawal sys-
tem to recover the heat from the hottest parts of the catalytic
bed.

Reverse-flow reactors have been increasingly used in
practice, especially in catalytic oxidation of the various com-

the efficient recovery of the heat of exothermal reaction
of crucial importance. The relevant literature is abundan
shall mention here the fundamental monograph of Ma
[1] or, e.g. paper[2], which provide both the description, th
oretical background and applications of the concept of fl
reversal reactors. The idea of the reverse-flow combusti
lean methane/air gas mixtures is also not new, since it
reported by Gogin et al.[3]. Extensive studies of reverse-flo
reactor application for the oxidation of lean methane e
sions from the coal-mine vent gas are recently also carrie
in CANMET (Natural Resources Canada) and were repo
by Sapoundijev et al.[4]. Investigations of reverse-flow le
methane catalytic combustion were lately also intensi
carried out in the Boreskov Institute of Catalysis (BIC)
Novosibirsk.

Due to complex catalytic processes under unsteady
conditions, the usual method for analyzing reverse-flow
cesses is based on extensive simulations using an appro
mathematical model. There are a number of simulation t
niques available (well classified by Unger et al.[5]); the mos
pounds that produce too little heat to sustain autothermicity in
a traditional stationary reactor, and also, in processes in which
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natural approach seems to be that based on successive solu-
tion of partial differential equations which describe the mass
and energy balances, starting from a certain initial state up
to a moment when the process in the subsequent cycles of
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Nomenclature

ck heat capacity of the catalyst (J kg−1 K−1)
cp,g heat capacity of the gas (J mol−1 K−1)
CCH4 methane concentration (mol m−3)
dp equivalent diameter of pellet (m)
De effective diffusion coefficient (m2 s−1)
Deff effective mass dispersion coefficient (m2 s−1)
Dr reactor diameter (m)
Ea activation energy (J mol−1)
hsurr overall heat transfer coefficient (W m−2 K−1)
�H heat of reaction (J mol−1)
kCH4 pre-exponential factor in the rate equation

(s−1)
Lact thickness of the active layer of catalyst
ng molar gas flux (mol m−2 s−1)

Peg = udp
Deff

dimensionless Peclet number for mass dis-
persion

rCH4 rate of the catalytic combustion of methane
(mol kg−1 s−1)

rhom rate of the thermal combustion of methane
(mol m−3 s−1)

R gas constant (J mol−1 K−1)
S external specific surface area of catalyst (m−1)
t time (s)
T temperature (K)
T 1st bed

g,in , T 2nd bed
g,in 1st and 2nd bed inlet temperatures (K)

T 1st bed
g,out 1st bed outlet temperature (K)

u superficial gas velocity (m s−1)
y

g
CH4

methane mole fraction in the gas phase
ys

CH4
methane mole fraction on the catalyst surface

z axial coordinate along the bed (m)

Greek letters
α heat transfer coefficient (W m−2 K−1)
β mass transfer coefficient (mol m−2 s−1)
ε void fraction
η effectiveness factor of the pellet
λeff effective thermal conductivity (W m−1 K−1)
ρb bulk density of the bed (kg m−3)
ρg molar gas density (mol m−3)

Subscripts and Superscripts
c catalyst
g gas
in inlet
s catalyst surface
surr surroundings

flow reversals begins to repeat itself. As it was shown by
Gosiewski[6] theoretically more efficient iterative shooting
simulation methods in this case occurred to be numerically
less efficient. Mathematical simulations and results of lean

methane catalytic combustion experiments in a pilot plant
and next industrial installation were reported by Gogin et al
in [7]. Reverse-flow methane combustor model was solved
and also compared with experimental results by Aube and Sa-
poundijev[8]. The present work comprises results of some
detailed mathematical simulation study, carried out in co-
operation with BIC in Novosibirsk within frame of the Eu-
ropean Union project[13], co-ordinated by the University of
Stuttgart. The aim of this paper is to show that high heat re-
covery efficiency is a direct contradiction of low maximum
catalyst temperature.

For CH4 concentrations in the feed air below 1 vol.%, the
efficient heat recovery from the reactor becomes fairly com-
plex. The average flow rate of ventilation air emitted from
a single shaft is in Poland about 700,000 m3(STP)/h; if we
assume that the energy recovery remains a viable alterna-
tive as long as CH4 concentration exceeds 0.4 vol.%, the
heat flux generated due to the oxidation would be almost
28 MW (and even about 70 MW at peak methane concentra-
tion of 1 vol.%). Such quantities of energy cannot be utilized
as low-quality heat, and the sole practical solution is the pro-
duction of high-pressure steam, which can further be used
to generate electricity. Efficient heat recovery problems for
lean methane combustor were studied by Gosiewski and War-
muzinski[9,10]. In order to find the efficient method of heat
r mber
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ecovery from a reverse-flow methane combustor a nu
f simulations based on mathematical model of the pro
ere performed in the quoted study. The simulations w
arried out for two different types of catalyst. Initially, t
atalyst examined was that based on MnO2 but it occurred
hat maximum temperature approaching 1000◦C in the cat
lyst bed could be dangerous for safe catalyst work. T

n order to ensure lower maximum temperatures within
atalytic bed (and thus, additionally to avoid the homo
eous combustion in the gas phase) the other catalys
sed with palladium as an active component. The sim

ions are regarded as a preliminary analysis of the pro
onsequently, the exact values of the parameters char

zing the steam produced are not specified (these param
etermine, in turn, steam temperatures in the various pa

he installation). However, since the boilers usually prod
uperheated steam at a pressure of about 4 MPa or high
an tentatively assume that the system should guarant
eneration of steam of at least such quality. In such a sy

he low-temperature section includes a water heater (e
izer), while the high-temperature part incorporates a s

uperheater. The evaporators operate at intermediate te
tures. The economizer is commonly fed with treated

er at a temperature slightly above 373 K (100◦C), although
resent-day boilers enable the cooling of the gas to a
33 K (60◦C) by utilizing a part of the heat in the water tre
ent plant. The steam produced usually has a temperat
bout 723 K (450◦C). These assumptions result in the

owing conditions: incorporating the various elements of
oiler into the heat withdrawal system and, simultaneo
roviding sufficiently high temperature difference betw
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Fig. 1. Schematic diagram of the reverse-flow reactor with heat recovery by
the hot gas withdrawal from the central section of the reactor.

the heating medium (gas from the reactor) and the medium
that consumes heat (water and steam) requires that the gas
temperature at the inlet to the boiler system should be at least
823 K (550◦C), and that the gas itself should not be cooled
below 333 K (60◦C). These conditions lead to approximate
temperatures characterizing the heat withdrawal system. Ob-
viously, the higher the gas temperature at the boiler inlet the
better. Too high gas temperatures in the reactor lead to yet
another group of problems (among others, too large a con-
tribution of the homogeneous combustion resulting in rapid
catalyst sintering and deactivation).

2. Heat recovery system analyzed in the present study

In general, the heat of reaction can be withdrawn in ei-
ther of the two ways. In a method termed “central cool-
ing” the whole gas stream flows through the heat exchanger.
On the other hand, the technique of “hot gas withdrawal”
(Fig. 1) is based on feeding the boiler with a part of the hot
gas withdrawn from the central part of the reactor, which is
then discharged to the atmosphere. The simulations revealed
(see[9,10]) that hot gas withdrawal would enable higher effi-
ciency of the heat recovery than central cooling. Simulations
as well as experimental study carried out in Novosibirsk’s
B fely
w he
p -
l and
t ature
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p heat

withdrawn by central cooling of gas (by more than 120 K for
the Pd catalyst or by more than 150 K for the MnO2 cata-
lyst) produces a well-marked half-cycle asymmetry, as the
temperatures in one half of the reactor bed are clearly higher
than those in the other half. When heat extraction further
increases strongly asymmetrical cycle appears, then the re-
action extinguishes. Thus in the present study only the “hot
gas withdrawal” method is analyzed as this system can give
higher heat recovery coefficients. A drawback of the hot gas
withdrawal is that a part of the gas stream passes only through
a half of the catalyst bed only, whereupon it leaves the system
without participating in the reaction occurring in the second
half. Effective conversion of the reactor about 90% can be
obtained, however. On the other hand, the temperature of the
gas withdrawn from central part is high enough that some
additional fixed catalyst bed located on this side (withdrawn)
stream allows obtainment of nearly full methane conversion
in this stream too. So incomplete conversion is not a real
problem when this solution is applied.

The amount of heat to be withdrawn from the reaction
system increases with an increase in the inlet methane con-
centration. It is assumed that the maximum value of this con-
centration can reach 1 vol.%.
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IC [13] revealed that up to about 30% of gas can be sa
ithdrawn without loss of autothermicity or stability of t
rocess. Moreover the simulations have shown[9] that a re

ation exists between the method for heat withdrawal
he asymmetry in the profiles of the packed bed temper
ver half-cycles of flow reversal. It was shown that cen
ooling promotes asymmetry of temperature profiles in
acked bed of the reactor. An increase in the amount of
. Mathematical model of a reverse-flow reactor

Mathematical model applied in the present study is
rally the same as presented in[9,10].

.1. Balance equations

The reactor is divided into two parts: Bed No. 1 (bef
he hot gas withdrawal) and Bed No. 2 (after the exchan

To facilitate the presentation of the results, the lengz
s measured continuously for the two beds fromz= 0 (inlet
o Bed 1) up toz= Z (outlet from Bed 2). Each bed consi
f an inert section and an active section packed with c

yst. In the model, the two parts are treated as a single
ith the exception that for the inert parts the rate of the
lytic combustion is zero in Eqs.(2) and (4), whereas for th
atalytic parts the value of is calculated from an approp
inetic rCH4 equation. The rate of the homogeneous c
ustion,rhom, can have a non-zero value for both inert
atalytic section. In the simulations for the MnO2 catalyst, be
ause of numerical stability considerations, the contribu
f the homogeneous combustion was neglected altoget

The model comprises the following molar and energy
nce equations, supplemented with the relevant initial
oundary conditions.

nergy balance for the gas :

0 = −ngcp,g
∂Tg

∂z
+ ε

ngcp,gdp

Peg

∂2Tg

∂z2

+αS(Tc − Tg) − �Hrhom (1)
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Energy balance for the catalyst :

ρbck
∂Tc

∂t
= λeff

∂2Tc

∂z2
+ αS(Tg − Tc)

+ρbηrCH4(−�H) − 4

Dr
hsurr(Tc − Tsurr) (2)

Molar balance of CH4 in the gas phase :

ερg
∂y

g
CH4

∂t
= ερgDeff

∂2y
g
CH4

∂z2
− ng

∂y
g
CH4

∂z

+βS(ys
CH4

− y
g
CH4

) − εrhom (3)

Algebraic equation describing mass transport from the bulk

gastothecatalystsurface :ys
CH4

= ρbηrCH4

βS
+ y

g
CH4

(4)

Initial conditions (t = 0) :

Tc(z,0) = Tg(z,0) = f1(z), y
g
CH4

(z,0) = f2(z) (5)

Boundary conditions (z = Zin) :

ε

w

z

w

3

d us-
i s
c tion
b rate
f flow,
a ndi-
t

B

B

T ions
f or-
r ycle.

The values of the effectiveness factorη that appears in Eqs.
(2) and (4)were evaluated for the current point within the bed
using a method described elsewhere[12]. These values were,
however, modified to take into account non-isothermal con-
ditions prevailing within the catalyst pellet. The effectiveness
factor for the pellet is calculated using the linearized value of
the first-order reaction rate constant:

η = tanhψ

ψ
, ψ = Lact

√
klin

De
(10)

The value ofklin is evaluated using the following relation:

klin =
(
∂rCH4

∂CCH4

)
− (−�H)

De,CH4

λeff

(
∂rCH4

∂T

)
(11)

The simulations were performed for two types of catalyst:
12% MnO2/�-Al2O3 and 0.5% Pd/�-Al2O3. The kinetic data
were provided by the Boreskov Institute of Catalysis in
Novosibirsk[13]. For the manganese catalyst the necessary
data were obtained based on an earlier publication of Tsyrul-
nikov et al.[14].

The kinetic equation used has the form

rCH4 = kCH4 × 1

ρb
× exp

(
− Ea

RT

)
× CCH4 (12)
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F ration
–

Tg(0, t) = Tg,in + (1 − ε)α

ngcp,g
[Tc(0, t) − Tg,in] + εdp

Peg

∂Tg

∂z
,

∂Tc

∂z
= (1 − ε)

λeff
α[Tc(0, t) − Tg,in],

Deff
1

u

∂y
g
CH4

∂z
= y

g
CH4

(0, t) − y
g
CH4,in

(6)

hereZin = 0 for Bed 1 andZin = Z/2 for Bed 2, and

= Zout,
∂Tc

∂z
= 0,

∂y
g
CH4

∂z
= 0 (7)

hereZout = Z/2 for Bed 1 andZout = Z for Bed 2.

.2. Calculational procedure

The equations describing the process were integrate
ng the PDEX1M software package[11]. The integration wa
arried out in two stages. First, Bed 1 (i.e. the whole sec
efore the gas withdrawal) was integrated. Next, the flow

or next bed was altered by the value of the hot gas out
nd finally Bed 2 was integrated. Thus, in boundary co

ions(6) the inlet temperature for the two sections is

ed 1 : T 1st bed
g,in = const (8)

ed 2 : T 2nd bed
g,in = T 1st bed

g,out (9)

he reversal of flow is modelled by restarting the calculat
or the initial conditions that are a mirror copy of those c
esponding to the latest moment of the preceding half-c
. Results of simulations

The main point of interest of simulations was the h
ecovery coefficient defined as ratio of the heat recover
he total heat produced by the methane combustion.

In Table 1the basic input parameters are listed toge
ith their values used in the computations. The data g

n the table corresponds to a larger scale pilot plant rea
hich is planned as a next step of the research study
uantitatively the simulated results can be extended on f

ndustrial applications.
Simulations were carried out for manganese (1

nO2/�-Al2O3) and palladium (0.5% Pd/�-Al2O3) catalyst
Obtained by simulations heat recovery coefficient

unction of inlet methane concentration is shown inFig. 2,

ig. 2. Heat recovery coefficient as a function of inlet methane concent
comparison of simulation results for MnO2 and Pd catalysts.
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Table 1
Basic parameter values used in the calculations

Quantity Value

Gas flow rate 30000 m3(STP)/h
Inlet temperature 293.15 K (20◦C)
Mole fraction of methane in ventilation air 0.01

Height of the catalyst bed
(a) Rings 10 mm× 10 mm× 5 mm (12% MnO2/�-Al2O3) 2 m× 0.2 m
(b) Rings 15 mm× 15 mm× 9 mm (0.5% Pd/�-Al2O3)

Height of the inert bed
(a) Ceramic rings 15 mm× 15 mm× 9 mm 2 m× 0.2 m
(b) Ceramic rings 25 mm× 25 mm× 19 mm

Superficial velocity in the reactor (at standard temperature and pressure) (m/s) (a) 0.6 and (b) 0.4
Reactor diameter (m) (a) 4.2 and (b) 5.144
Duration of the half-cycle of flow reversal (s) (a) 120 and (b) 300 s

(a) Reactor with MnO2 catalyst, (b) Reactor with Pd catalyst.

Fig. 3. Maximum temperature in the bed as a function of inlet methane
concentration – comparison of simulation results for MnO2 and Pd catalysts.

while in Fig. 3 the similar plot of maximum temperature in
the bed. Flux of recovered heat as a function of concentration
is presented inFig. 4. Moreover,Fig. 5presents similar com-
parison of the effective conversion which is feasible in the re-
actor. “Effective” means that the conversion was calculated
regarding both gas streams, i.e. either that fully converted
flowing through both reactor beds or the stream withdrawn
from central part (which can be only partially converted).

For MnO2 catalyst one gets either higher efficiency of heat
recovery or higher maximum temperature in the reactor. Thus

Fig. 4. Flux of recovered heat as a function of inlet methane concentration
– comparison of simulation results for MnO2 and Pd catalysts.

the simulations revealed that there is a visible contradiction
between efficiency of heat recovery aimed to high-pressure
steam production and efforts to constrain maximum temper-
ature in the bed.

There is different methane concentration range in venti-
lation gas of various coal mines, dependent on region, ex-
ploitation technology, as well as on some other factors. But
assuming that average vent air methane concentration is about
0.5 vol.%, it could be estimated that when applying Pd cata-
lyst we get the 0.5 MW lower heat flux recovered, than for the
case when MnO2 catalyst was used. On the other hand, for
the manganese catalyst, maximum temperature can exceed
900◦C when concentration approaches to 1 vol.%. Such tem-
perature can either promote homogeneous combustion which
is difficult to control or damage the catalyst. Thus in spite of
much lower efficiency of heat recovery using palladium cat-
alyst seems to be right solution.

Some more detailed simulation results obtained for Pd
catalyst are presented inFigs. 6–8. The results concern sta-
bilized cyclic steady states of the reactor for which averaged
difference between temperature profiles of consecutive full
reversal cycles varied from case to case within the range 0.5 to
less than 0.001 K. This state has usually been achieved after

F inlet
m
c

ig. 5. Effective conversion of catalytic combustion as a function of
ethane concentration – comparison of simulation results for MnO2 and Pd

atalysts.
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Fig. 6. Reactor bed temperature profiles (a) and corresponding CH4 concentration plot (b) in a stable cyclic steady state for 1 vol.% inlet methane concentration
and Pd catalyst.

simulation of 100–200 half-cycles of reversal.Fig. 6presents
fairly symmetric cyclic steady-state temperature profiles in
the reactor (a) and corresponding concentration plot (b). It
is visible from the graph of concentration profiles that close
to the end of the reversal half-cycle part of combustion takes
place in the second half of the bed, i.e. after the part of gas is
withdrawn to the heat recovery boiler.

In Fig. 7cyclic steady-state temperature profiles along the
reactor length, for various inlet concentrations and various
hot gas withdrawal flow rates, at the end of the half-cycle are
shown, whileFig. 8presents corresponding methane concen-
tration profiles.

5. Summary and conclusions

The results obtained for heat extraction by the hot gas
withdrawal (schematic diagram shown inFig. 1) and man-

F nd of
t t gas
w

ganese catalyst reveal higher temperature within the reactor
bed than for palladium catalyst. Consequently, MnO2 cata-
lyst practically should not be used due to too high maximum
catalyst temperature expected, which could sinter and dam-
age the catalyst. So the higher heat recoveries (above 95%)
indicated by the simulations for this type of catalyst may are
impossible to attain in practice.

The simulations reveal apparent contradiction between
maximum temperature in the reactor and efficiency of the
heat recovery. High efficiency of heat recovery can be ob-
tained only on expense of high catalyst temperature. There
is a lot of degrees of freedom when designing the process
parameters, since one can assume various combinations of
inert and catalyst section length, apparent gas velocity in the
reactor, size and shape of the catalyst and inert filling, vari-
ous reversal times and many others. In the case presented the
parameters were selected that way to obtain lowest possible

F the
e t gas
w

ig. 7. Cyclic steady-state temperature profiles in the reactor at the e
he reversal half-cycle, for various inlet concentrations and various ho
ithdrawal flow rates.
ig. 8. Cyclic steady-state CH4 concentration profiles in the reactor at
nd of the half-cycle, for various inlet concentrations and various ho
ithdrawal flow rates.
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temperature in the catalyst bed, in order to avoid the catalyst
destruction mainly due to appearance of homogeneous com-
bustion in the gas phase. One should be aware, however, that
this aim is inconsistent with very high efficiency of the heat
recovery.

When heat exchanger is located on the side stream of the
hot gas that is then cooled to a preset temperature, which
in case of study is assumed 333 K (60◦C), the efficiency of
heat recovery will decline with a decrease in the temper-
ature at the inlet to the exchanger. On the one hand, this
conclusion seems to be obvious, while hot gas withdrawn is
always cooled down to the same target temperature. On the
other hand, however, effect of lower inlet temperature to the
boiler in the “hot gas withdrawal” system could have been
compensated by higher flow rate of the hot gas withdrawn.
Unfortunately it occurs that such compensation is not suffi-
cient enough to counterbalance an effect of lower temperature
as for higher side stream flow rate the reaction could extin-
guish. Therefore, for the MnO2 catalyst which operates at
higher temperatures the efficiencies are higher than those for
the low-temperature Pd catalyst. Thus, on the one hand, the
temperature has to be low enough to protect the catalyst but,
on the other, sufficiently high to yield satisfactory efficiencies
of the recovery.

For the palladium catalyst the withdrawal up to 30% of
t 70%,
i g
1 at is
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