
Available online at www.sciencedirect.com
www.elsevier.com/locate/ijhmt

International Journal of Heat and Mass Transfer 51 (2008) 2190–2198
Lean combustibility limit of methane in reciprocal
flow filtration combustion reactor

K.V. Dobrego a,*, N.N. Gnesdilov a, S.H. Lee b, H.K. Choi b

a Luikov Heat and Mass Transfer Institute, Belarus Academy of Sciences, 15 P. Brovka Street, Minsk 220072, Belarus
b Korean Institute of Energy Research (KIER), 71-2 Jang-dong, Yuseong-gu, Daejeon 305-343, South Korea

Received 12 October 2007
Available online 8 January 2008
Abstract

Analytical and numerical investigation of methane–air lean combustibility limit (LCL) in reciprocal flow filtration combustion reactor
was performed. Practically important parameters (heat loss coefficient, reactor length, pressure, particles size, porosity) were varied and
corresponding sets of LCL curves were built. Existence of extremum at LCL – gas flow rate function is found. Numerical study shows
that the porous media particle size is the most important factor for LCL control. Smaller particles provide lower LCL and reduce steep-
ness of the growing branch of the LCL-gas flow rate function. For the particles smaller than 2 mm the corresponding LCL line goes
down monotonously. High pressure in the system provides better LCL, which may be used for stabilization of the reactors operating
at near LCL regimes.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Ventilation gases purification from VOCs remains
important problem for the painting, printing, chemical,
pharmaceutical industries. There are many methods of flue
gases purification: sorption, condensation, combustion
(conventional or catalytic), membrane separation, chemi-
cal/biochemical transformation of pollutants to neutral
or easily utilizable components [1–4]. Most of the methods
are rather specific. The sorption process consumes sor-
bents. Condensation to liquid phase is appropriate for
highly concentrated components characterized by relatively
high temperature of condensation [1]. Membrane separa-
tion, catalytic oxidizing, chemical or biochemical transfor-
mation of the pollutants all remain expensive technologies,
efficient only for specific cases [1,2]. VOCs thermal oxida-
tion is probably the most universal method of pollution
control. Direct combustion of the polluted air in the open
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flames is effective economically if the process is combined
with industrial boiler, furnace or power generator. The last
decade the regenerative thermal oxidation (RTO) technol-
ogy utilizing VOCs oxidation in conditions of heat regener-
ation became widely spread. In spite of effective heat
recirculation, powerful RTO systems consume consider-
able amount of fuel and are not ideal from this point of
view. Combustion of extra-low calorific value VOCs pol-
luted gases in superadiabatic conditions without consump-
tion of fuel may be performed in non-steady filtration
combustion waves.

Main principles of filtration combustion (FC) (or excess
enthalpy combustion) were formulated by Weinberg [5],
Fateev [6], Matros [7] and further developed in [8–12]
and other works. The corner stone of the superadiabatic
FC is interaction (coupling) of propagating thermal and
combustion waves resulting in local superadiabatic temper-
ature in the system. The relationship between maximum
temperature Tmax, FC wave propagation speed uw and
thermal wave speed uth was determined theoretically and
confirmed experimentally

mailto:kdob@itmo.by


Nomenclature

c heat capacity (J/kg/K)
d0 diameter of porous media particle (m)
dp diameter of porous media pore (m)
D gas diffusivity tensor (m2/s)
Dd dispersion diffusivity tensor (m2/s)
Dp, Dt longitudinal and transverse component of dis-

persion diffusivity tensor
Dg gas diffusivity coefficient (m2/s)
E chemical reaction activation energy
G gas mixture specific mass flow rate
hi mass enthalpy of ith chemical component
Dh gas mixture heat of combustion (J/kg)
I unit matrix
k0, k1 filtration permeabilities
L length of system
l0 mean photon free path
M average molecular weight of gas (kg/mol)
m porosity
Nu Nusselt number
p pressure (Pa)
p0 outlet pressure (Pa)
Pr Prandtl number
Q+, Q� heat (enthalpy) source and sink
R universal gas constant
Re Reynolds number
Ssp porous body specific area (m2/m3)
T0 inlet gas or ambient temperature (DT = T � T0)
Tad adiabatic temperature of combustion
Tout average temperature of the flue gas
u gas velocity vector (m/s)
ug superficial gas velocity (m/s)

uth thermal wave velocity
uw combustion front velocity (m/s)
w heat release rate
Yi mass fraction of ith component

Greek symbols

avol volumetric heat exchange coefficient (W/m3/K)
b volumetric heat loss coefficient
d = schug characteristic length of chemical reaction
e emissivity of the porous carcass
u fuel/air equivalence ratio
q density (kg/m3)
_qi mass generation rate of ith component due

chemical reactions (kg/s)
K heat conductivity tensor (W/m/K)
k heat conductivity (W/m/K)
l gas viscosity coefficient (Pa s)
r Stefan–Boltzmann constant (W/m2/K4)
s unit vector with components sz (sr)
sctrl flow direction switch time
sch chemical reaction time

Subscripts

g gas
i ith component of gas
s solid
ins insulation, refractory layer
max maximum value
min minimum of function
LCL low combustibility limit
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DT ad=DT max ¼ 1� ðuw=uthÞ: ð1Þ

Equation shows that maximum temperature in co-flow
propagating FC wave may considerably (many times) ex-
ceed adiabatic combustion temperature Tad [9,12].

The critical issue for FC technology application for
VOCs oxidation is the lean combustibility limit (LCL).
The lower LCL is attainable at FC reactor – the wider
range of applications is possible, less polluted gases can
be treated and more effective economically the technology
is. The typical content and calorific value of the industrial
ventilation gases is presented in the Table 1.

Different schemes of reactors may be utilized for the
steady-state (quasi-steady-state) superadiabatic combus-
Table 1
The typical content and calorific value of the industrial ventilation gases

Technology VOC components

Painting shop Xylol, toluene, acetone, butyl ace
Polymer (plastics) extruder shop Formaldehyde, phenol, acetic acid
tion [16]. The reciprocal flow reactor (RFR) is one of the
most effective. RFR reproduces superadiabatic FC wave
periodically by switching flow direction, Fig. 1.

Hanamura with colleagues [13] investigated numerically
a model RFR (L = 1 m, adiabatic) with sponge-type por-
ous media. Constant heat and mass transfer coefficients
and single step overall oxidation reaction were accepted
for simulation. The LCL equivalent to mixture with calo-
rific content 65 kJ/m3 was obtained. It corresponds to adi-
abatic combustion temperature DTad � 50 K. Several
important parametric dependencies were investigated, par-
ticularly the influence of the flow direction switch time sctrl

on the maximum temperature and combustion effi-
ciency; the flame extinguishing limits were recognized and
Concentration dTad/K

tate, white-spirit, etc. 0.5 (g/m3) 15
, styrene, acetaldehyde, etc. 500–1000 ppm 30–60



Fig. 1. Scheme of reciprocal flow filtration combustion reactor.
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Fig. 2. Model quasi-steady temperature profile in reciprocal flow reactor.
I – inert area, R – reacting area.
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described by respect of thermal conductivity of the porous
media, PM heat capacity, inter phase heat transfer coeffi-
cient and other parameters. To a pity investigations were
not related to practical setup, undertook considerable
model simplifications and did not reveal several principal
dependencies such as the system heat loss and the system
length influence on the performance.

In the commercial report [14] it was declared that stable
combustion of paint box ventilation gas was achieved for
the gas heat content equivalent to DTad � 30 K. No up to
date information from this company is currently available.

Hoffmann and colleagues [10] have performed an exper-
imental investigation of ultra lean methane–air mixture
combustion in a lab scale RFR. Sponge-type ceramics with
different pores size and characteristic dimensions
10 � 10 � 20 cm3 was used in experiments. The concentra-
tion lean limits corresponding to periodic quasi-steady
operation were obtained for ceramics with 6, 13 and 30
pores per inch. Best LCL value obtained was u = 0.028
(DTad � 81 K) and for slightly increased reactor
14 � 14 � 35 cm3 � u = 0.026, (DTad � 73 K). Authors
suppose that lower LCL can be obtained at a bigger scale
devices.

The question of minimal possible LCL for this kind of
reactors is still open. To answer this question LCL investi-
gation as function of the reactors major parameters such as
length, diameter, porous media properties, etc. should be
performed. The absence of reliable investigations in this
area hinders practical design and application of the tech-
nology. It is worth mention that LCL determination in
the field of multiple parameters demands large computa-
tional resources and was an impossible task for desktop
computers 5–10 years ago. A question of LCL is also
linked to the problems of the FC stability and 2D effects,
although this complicated questions are out of sight of this
paper.

In this paper we estimate numerically the LCL in the
field of main parameters of the system (intensity of heat
losses, reactor’s length, pressure, packed bed particle size,
porosity). Qualitative theoretical analysis of the problem
is performed. Important qualitative characteristics of the
system are revealed. Non-monotonous dependence of
LCL on flow rate is demonstrated, so that specific flow rate
providing minimum LCL may be determined for the sys-
tem. The results may be utilized for practical RFR design
and optimization.
1.1. Analysis of factors defining LCL

Experimental and numerical investigations of reciprocal
flow reactors (RFR) show that time averaged temperature
profile in the system acquire symmetrical triangular shape
when approaching LCL [10]. It is typical that small differ-
ence between the FC wave and thermal wave velocities
uth � uw takes place which is equivalent to DTad/
DTmax� 1 according to (1). These facts give ground to
consider extra-low calorific FC wave as isolated (single),
quasi-stationary, symmetrical thermal wave with a heat
source located at its top, Fig. 2.

In 1D, one-temperature approximation [9] FC system is
described by heat conductivity equation

½ðcqÞg þ ðcqÞs�
oT
ot
þ ðcqÞgugrT

¼ kDT � bðT � T 0Þ þ w; ð2Þ

here indexes ‘‘g” and ‘‘s” relates to the gas and solid phases,
k = kg + ks – effective heat conductivity, b – heat loss coef-
ficient, w – chemical heat release term. In the moving with
uth speed coordinates equation reads
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Fig. 3. Typical gas and solid phase temperature profiles. Numerical
simulation for standard case (Table 2).
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oT
ox
¼ KDT � BðT � T 0Þ þ W :

Here uth ¼
ðcqÞgug

ðcqÞgþðcqÞs
, K ¼ k

ðcqÞgþðcqÞs
, B ¼ b

ðcqÞgþðcqÞs
, W ¼

w
ðcqÞgþðcqÞs

.

Corresponding solution in the inert area (w = 0) is
described by exponents

T ¼ T 0 þ T max expf�ðx� dÞ
ffiffiffiffiffiffiffiffi
b=k

p
g; x > 0

T ¼ T 0 þ T max expfðx� dÞ
ffiffiffiffiffiffiffiffi
b=k

p
g; x < 0

ð3Þ

The reacting area may be considered as small ‘‘cap”, Fig. 2.
Experiment show that ‘‘cap” shrinks to its minimal width
when the system approaches to LCL [10]. Minimum cap
width d is limited by combustion time sch and gas-to-solid
heat transfer distance lg�s � cqug/(aDTad) (the length
should be enough for complete combustion and gas-to-so-
lid heat transfer) �d � schug + lg�s. The temperature corre-
sponding to LCL may be estimated via non-liner analysis
similar to the normal laminar flame flammability analysis
[23], and roughly – from equation schug = L/2. The Tmax

is weak function of the system parameters (as far as reac-
tion time sch is exponential function of temperature) and
may be considered as constant here. Assuming d� L

and Tmax = const one can estimate LCL by using energy
balance, without resolution of the chemically reacting zone.

Stationary heat losses of the FC wave in the case of long
(endless) system

Q� ¼
Z

bðT � T 0Þdx

ffi 2DT max

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkg þ ksÞ

q ffiffiffi
b

p
þ 2dDT maxb: ð4Þ

Equating incoming enthalpy Q+ = (cq)gugDTad and heat
loss, one can obtain

DT ad

2DT max

ffi
ffiffiffi
k
p ffiffiffi

b
p

ðcqÞgug

þ db
ðcqÞgug

: ð5Þ

Eq. (5) defines ‘‘permitted” quasi-steady regimes of RFR
operation. LCL corresponds to minimum possible DTmax.

In the case of a short system, reactor’s length L becomes
important parameter. Integration of heat losses with
respect to a boundary condition Tjx=L = Tout and d� L

reads

T ¼ T out þ
T max � T out

1� expf�L=2
ffiffiffiffiffiffiffiffi
b=k

p
g

�
exp �x

ffiffiffiffiffiffiffiffi
b=k

p� �

� exp � L
2

ffiffiffiffiffiffiffiffi
b=k

p� ��
: ð6Þ

The enthalpy delivered to the system is Q+ = (cq)gug(DTad–
DTout). As far as DTout – is the third unknown parameter –
it is impossible to express DTad/DTmax explicitly by using
only energy balance equation. If DTout ffi 0 similar manip-
ulations lead to expression
DT ad

DT max

ffi 2

ffiffiffi
k
p ffiffiffi

b
p

ðcquÞg
� bL
ðcquÞg

exp �L=2
ffiffiffiffiffiffiffiffi
b=k

p� �
1� exp �L=2

ffiffiffiffiffiffiffiffi
b=k

p� �� � : ð7Þ

One – temperature approximation (a ?1) appears to be
too rough for further LCL analysis. In reality gas and solid
temperature profiles are separated which results in addi-
tional heat losses (not complete heat transfer to solid
body), Fig. 3.

The difference between gas and solid temperature may
be estimated by

ðcquÞgoT=oxjx¼L=2 ¼ avolðT g;out � T s;outÞ
ffi avolðT g;out � T 0Þ; ð8Þ

avol-volumetric heat exchange coefficient. Estimating oT/
oxjx=L/2 from (6) one can obtain

DT g;out ¼ DT max

ðcquÞg
avol

ffiffiffiffiffiffiffiffi
b=k

p
expð�L=2

ffiffiffiffiffiffiffiffi
b=k

p
Þ

1� expð�L=2
ffiffiffiffiffiffiffiffi
b=k

p
Þ
; ð9Þ

and

DT ad

DT max

ffi 2

ffiffiffi
k
p ffiffiffi

b
p

ðcquÞg
� bL expð�L=2

ffiffiffiffiffiffiffiffi
b=k

p
Þ

ðcquÞg 1� expð�L=2
ffiffiffiffiffiffiffiffi
b=k

p
Þ

� �

þ
ðcquÞg
avol

ffiffiffiffiffiffiffiffi
b=k

p
expð�L=2

ffiffiffiffiffiffiffiffi
b=k

p
Þ

1� expð�L=2
ffiffiffiffiffiffiffiffi
b=k

p
Þ

ð10Þ

Gas flow rate dependence comes into (10) directly and via
expression for gas dispersion heat conductivity
k 	 ks + kg ffi ks + 0.5 d0(cq)gug. Characteristic dependen-
cies built by (10) for typical values: ks = 1 W/(m K),
ug = 1 m/s, (cq)g = 1290 J/(m3 K), d0 = 6 mm, b = 56 W/
(m3 K), L = 0.5, 1,2,4 m, DTmax = 1000 K, avol = 105 W/
(m3 K) are plotted on the Fig. 4.

Analysis shows that PM heat conductivity reduction as
well as reactor length growth has strong potential for
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LCL improvement. Important result is non-monotonous
behavior of the LCL curve as function of gas flow rate
(Fig. 4b) and existence of optimum flow rate.

The above analysis was based on a numerous simplifica-
tions main of which are: small length of reacting zone, neg-
ligence of transient nature of the FC wave, assumption of
thermal wave velocity uw ffi uth, Tmax independence of flow
rate and system parameters. Adequacy of the analysis
should be verified by numerical simulations and experi-
ments. Thus simulation show that non-monotonous behav-
ior of the DTad = f(b) (Fig. 4a) is an artifact connected with
mistakes in temperature profile solution (6). Simplest ‘‘tri-
angular” temperature profile model applied to (8) gives
DT g;out ¼ DT max

ðcquÞg
avolðL=2Þ and corresponding expression for

DTad/DTmax becomes free of the mentioned artifact.

1.2. Effect of pressure increase

The pressure may vary in the system due to variation of
flow rate, ambient pressure or other technological reasons.
Experimental and numerical investigations show that
methane–air co-flow propagating FC waves slow down
and the maximum temperature decreases with the pressure
increase. The nature of this effect is elucidated by analytical
formula for the temperature in filtration combustion wave
[15]

T max � E= ln
QqY CH4

z
aDT ad

1þ ak

G2c2
g

 ! !
: ð11Þ

Density is proportional to pressure and other parameters
do not depend on pressure in (11). Let’s analyze the influ-
ence of pressure growth and corresponding temperature
decrease on the chemical reaction length schug and heat
transfer distance lg�s � cqug/(aDTad). Taking into account
that Tmax � E/ln(c1p) (Eq. (11)), sch � exp(E/T) and
ug � 1/p, chemical reaction length as well as gas-to-solid
heat transfer distance remain constants. Taking into
account (9), (10), some LCL improvement will take place
in the case of pressure increase.
2. Reciprocal flow reactor simulation

2.1. Basic equations

Conventional volume averaged two-temperature appro-
ximation was used for simulation of the system [15–18].
The set of equations included continuity and filtration
equations for gas, mass conservation equation for chemical
components, thermal conductivity equations for gas and
solid phase and ideal gas state equation.

oqg

ot
þrðqguÞ ¼ 0: ð12Þ

� rp ¼ l
k0

uþ
qg

k1

juju: ð13Þ

qg

oY i

ot
þ qgurY i �rqgDrY i ¼ _qi: ð14Þ

qgcp

oT g

ot
þ cpqgurT g �rKrT g

¼ avol

m
ðT s � T gÞ �

X
i

hi _qi: ð15Þ

ð1� mÞqscs

oT s

ot
�rðkrT sÞ

¼ avolðT g � T sÞ � bðT s � T 0Þ ð16Þ

qg ¼
pM
RT g

: ð17Þ

Gas diffusivity and conductivity terms in Eqs. (14) and (15)
is a sum of gas molecular transport and dispersion terms
D = Dg + DD. The dispersion terms has the form [19]
DD = 0.1 d0ug and KD 	 kD

ðcqÞs
¼ DD. Thermal conductivity

of porous media includes solid matrix conductivity ks and
radiation conductivity components

k ¼ ks þ ð16=3ÞerT 3l0; ð18Þ

where r = 5.67 � 10�8 W/m2/K4 – Stefan–Boltzmann con-
stant, e – porous media surface emissivity, l0 – mean pho-
ton free path. The volumetric convective heat transfer
coefficient avol is used in the form suggested by [20]:
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avol ¼ Ssph;

Ssp ¼ 6ð1�mÞ=d0; h ¼ Nukg=d0; Nu ¼ 2þ 1:1Pr1:3Re0:6:

ð19Þ
Molar heat capacity of k-th substance cpk
, average molar

heat capacity cp, kth component molar enthalpy hk and
average enthalpy per one mole of mixture H are calculated
by polynomial formulas in accordance with CHEMKIN
procedures and database [21]. Other temperature depen-
dent gas properties (l, Dg, kg) were calculated by explicit
approximate formulas, having characteristic accuracy 5%
in all the temperature range. (Note that dispersion prevails
over molecular transport in FC system which makes accu-
racy issues for Dg, kg calculation unimportant). Values of
parameters of the system in the standard case are presented
in the Table 2.

One step overall reaction CH4 + 2O2 ? CO2 + 2H2O
was considered for methane–air mixture FC. The first
order by both CH4 and O2 and the reaction rate constant
k ¼ 2:6� 108 expð�15640=T gÞ m3

s mol
was accepted.
2.2. Boundary conditions

The system (12)–(17) is added with boundary conditions
for temperature, concentration and filtration velocity. Con-
ditions of zero diffusion flows through chamber boundaries
and internal walls (n 
 $)Yi = 0, as well as wall impermeabil-
ity (n 
 $)p = 0, are applied for the equation of mass conser-
vation (14) and filtration (13), where n – normal to boundary
unity vector. Gas temperature and concentrations are
fixed at the entrance to the system and pressure – at the
exit:

T gðz ¼ 0Þ ¼ T 0; Y iðz ¼ 0Þ ¼ Y entrance
i

� �
; pðz ¼ LÞ ¼ p0:

ð20Þ
Table 2
Parameters of the RFR system for the standard case

Parameter Dimension Value Description

L m 2 Reactor (porous media) length
D0 m 0.2 Reactor (porous media) diameter
d0 m 6 � 10�3 Packed bed particle diameter
b W/m3/K 50 Volumetric heat loss coefficient
p0 Pa 1.013 � 105 Pressure at exit of reactor
e – 0.6 Emissivity of the PM particle

surface
m – 0.4 Porosity
qs kg/m3 2810 PM particle material density
cs J/kg/K 794 PM particle material thermal

capacity
ks W/m/K 0.2 Thermal conduction coefficient of

the porous media
Dp, Ds m�1 0.5, 0.1 Dispersion coefficients
r – Variable Fuel – oxidizer equivalent ratio
G kg/m2/s 1 Gas mixture mass specific flow

rate

Packed bed – Al2O3 balls.
The side losses of the system in 1D case are simulated by
applying the proper value for the heat loss coefficient b in
energy Eq. (15). This procedure is proved to be adequate
for the case [8,16] when predominant part of the total tem-
perature drop in the system (Tmax � T0) comes to insula-
tion layer and heat flux is in the steady-state (time
averaged value of b). Then heat loss coefficient is expressed
via insulation thermal conductivity kisl, radius of the reac-
tor chamber R0 and radius of the system including thermal
insulation layer – R2.

b ¼ 2kisl

R2
0 lnðR2=R0Þ

: ð21Þ
2.3. Numerical simulation method

Lean combustibility limit can be determined experimen-
tally by gradual reduction of the equivalence ratio until
steady-state becomes impossible.

The analogous procedure is realized numerically. Fil-
tration combustion is initialized in reactor by heating up
of its central part. The value of the system parameters
in the standard case are presented in the Table 2. FC
regime stabilization takes considerably much time. The
criterion for the regime stabilization is 0.001% coinci-
dence of the maximum temperature Tmax and combus-
tion (maximum heat release) coordinate from cycle to
cycle. After the fact of regime stabilization methane
concentration in the fuel mixture reduced by 5% and
calculations continue. At certain moment the system
cannot stabilize and temperature gradually reduces until
chemical reaction stops. The system parameters encoun-
tered at the step prior to a system cool down corre-
spond to LCL within �5% accuracy by methane
concentration (or equivalence ratio). The same proce-
dure being repeated for different mixture flow rates
defines LCL curve on the ‘‘methane–air equivalence
ratio – Gas flow rate” (u � G) plane. The array of
the named curves obtained for different system parame-
ters describes the system in view of lean combustion
capabilities.

3. Model verification

Experiments by Hoffmann and colleagues [10] were sim-
ulated for the model verification. As far as foamed ceram-
ics porous media was utilized in experiments, the
correlations for PM heat conductivity, heat transfer and
gaseous dispersion were corrected appropriately. Main
parameters of the porous media were taken from the paper:
porosity m = 0.875, pores size dpor = 2.56 mm (corre-
sponds to 13 pores per inch); PM surface emissivity
e = 0.8; volumetric heat loss coefficient b = 80 W/(m3 K)
(estimated by (17)); solid density q = 3200 kg/m3, solid
body conductivity ks = 1 W/(m K), solid heat capacity
was approximated by empirical equation [22] cs ¼
197:79507 
 e 197:79507

T s�49:25687J=kg K.
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Volumetric heat transfer coefficient a was calculated
according to (19) where solid particle diameter was esti-
mated as d0 ¼ 2

3
1�m

m dpor and specific area Ssp ¼ 4m
dpor

. Then

avol ¼
6m2kg

d2
porð1� mÞ

ð2þ 1:1Re0:6Pr1=3Þ ð22Þ

The radiation conductivity coefficient is calculated accord-
ing to (18) where photon free path was taken equal to pore
size l0 = dpor.

The gas fuel mixture utilized in experiments (methane,
ethane and propane in the volumetric ratio 88: 5.8: 4.5:
1.7) was replaced with methane for the numerical experi-
ments. Simulated and experimental LCL curves are pre-
sented in the Fig. 5.

One can observe reasonable quantitative and qualitative
correspondence between the curves. Discrepancy is
explained by multiple factors main of which is chemical
kinetics model mistakes.

4. Results and discussion

Lean combustibility limit was evaluated at different val-
ues of the system parameters (heat loss coefficient b, reac-
tor length L, packed bed particle diameter d0, porosity m,
pressure at the exit of reactor p0). The standard reactor’s
LCL was defined first and then parameters were varied to
obtain sets of LCL curves on the equivalence ratio – mass
flow rate (uLCL � G) plane.

LCL curves obtained for different volumetric heat loss
coefficients including adiabatic case (b = 0) are presented
on the Fig. 6. Note that coefficients b = 28,56,100,
200 W/(m3 K) correspond to insulation layer width
Lins = 19,7,3.5 and 1.6 cm (kins = 0.15 W/(m K) and stan-
dard reactor dimensions). Simulation results indicate exis-
tence of minimum on the curves in accordance with the
analytical results (Fig. 4). Adiabatic reactor LCL curve
grows monotonously. Location of the minimums of the
function uLCL,min shifts to higher flow rate with b growth
as indicated on the figure by dashed line. The fact of extre-
mum existence at LCL curve has important practical impli-
cation defining the range of flow rates suitable for
maximum performance of VOC oxidizers. The physical
reason of extremum as follows from (10) is concurrence
of two tendencies – improvement of energy balance
(decrease of relative side heat loss) and relative decrease
of heat exchange between gas and solid. To verify this con-
clusion additional LCL curve was determined for the stan-
dard system and in the case of radically increased heat
exchange coefficient avol = 108 W/(m3 K), Fig. 7.

The question of the reactor length influence on the LCL
is considered as rather simple one usually: the bigger length
of the reactor the lower LCL is foreseen. Numerical inves-
tigation shows peculiarity of the system behavior. The LCL
curves were determined for various lengths of reactors
Fig. 8. Generally, as expected, longer reactors provide
lower uLCL. At the same time the flow rate corresponding
to a minimum uLCL grows. Simultaneous increase of the
reactor’s length and gas flow rate will result in rapid



0.015

0.020

0.025

L=2m

L=1m

L=4m

0.5 1.0 1.5

G/(kg/m2)

ϕ LC
L

Fig. 8. Reciprocal flow reactor lean combustibility limit curves on the
u � G plain. L values are on the graph.

0.020

0.025

p=4 atm

p=2 atm

p=1 atmϕ LC
L

0.5 1.0 1.5

G/(kg/m2)

Fig. 10. Reciprocal flow reactor lean combustibility limit curves on the
u � G plain. p0 values are on the graph.

0.5 1.0 1.5
0.020

0.024

0.028

0.032

m=0.35

m=0.4

ϕ LC
L

G /(kg/m2)

Fig. 11. Reciprocal flow reactor lean combustibility limit curves on the
u � G plain. m values are on the graph.

K.V. Dobrego et al. / International Journal of Heat and Mass Transfer 51 (2008) 2190–2198 2197
growth of the pressure drop and pumping cost. From the
other hand longer reactors are usually characterized with
bigger diameter and small b value.

The particle size has complex influence on the reactor
performance, associated with dispersion conductivity, pho-
ton free path, specific area of porous media and other sec-
ond order effects. The numerical simulation gives overall
picture in this sense, Fig. 9. It is of particular importance
the fact of decrease of the steepness of the LCL curves
growth with flow rate and disappearance of extremum
for the packed beds comprised of very small particles,
Fig. 9. Note that monotonous behavior of the curves is
preferable from the viewpoint of operation control.

The pressure in the system plays some noticeable role in
the LCL control, Fig. 10. Numerical experiments show (in
concord with analysis) that the LCL concentrations
decrease at higher pressure, while corresponding curves
remain quite similar, Fig. 10. The physical reason for that
is the decrease of maximum temperature. Pressure varia-
tion may be utilized for the reactor operation control.
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Fig. 9. Reciprocal flow reactor lean combustibility limit curves on the
u � G plain. d0 values are on the graph.
Automatic valves may effectively increase the pressure
and serve for combustion stabilization in appropriate
cases. From the other hand pumping expenses considerably
grow in the case of big pressure drop and big flow rate.

Numerical simulation demonstrates that small variation
of porosity adequate to a packed bed of solid particles does
not have considerable influence on LCL, Fig. 11. Transi-
tion to foamed ceramics can be effective solution for LCL
reduction. From the other hand, the packed beds are more
adequate to practical technological applications because of
better thermo-mechanical stability and tolerance to
thermo-cycling. Utilization of packed beds with increased
porosity may be effective for pressure drop reduction.

5. Conclusions

Analytical and numerical investigation of methane–air
lean combustibility limit in reciprocal flow filtration com-
bustion reactor was performed. Investigation is particu-
larly oriented on solution of the problem of reciprocal



2198 K.V. Dobrego et al. / International Journal of Heat and Mass Transfer 51 (2008) 2190–2198
flow reactors scale up, their adaptation for industrial utili-
zation, determination of practically attainable lean com-
bustibility limits and lean limit operation control.

Analytical expression for LCL is obtained. It is demon-
strated that analytical correlation correspond qualitatively
to detailed simulations and may be utilized for qualitative
analysis of LCL for filtration combustion reciprocal flow
reactors.

The method of numerical estimation of LCL reproduces
conventional experimental procedure for LCL estimation.
Numerical model and method was verified by using exper-
imental data by Hofmann and Echigo [10]. Satisfactory
accuracy of numerical procedure was proved.

The methane–air equivalence ratio corresponding to LCL
was evaluated as a function of gas mass flow rate. Practically
important parameters (heat loss coefficient, reactor length,
pressure, particles size, porosity) were varied and corre-
sponding sets of LCL curves were analyzed. The principal
finding of the numerical investigation is existence of extre-
mum – minimal possible LCL of function uLCL = f(G).
The flow rate corresponding to the minimal LCL GLCL,min

grows together with heat loss coefficient (Fig. 6). It is shown
that interphase heat exchange is responsible for the specific
non-monotonous behavior of the function.

It is found that higher flow rate correspond to GLCL,min

for longer reactors. Thus to reach the minimal LCL for
long reactor comparatively high flow rate is necessary,
which will result in higher pressure drop and pumping
energy losses. The advantage of long reactors becomes less
at small flow rates.

Simulation shows that the porous media particle size is
the most important factor influencing LCL, Fig. 8. Particle
size decreasing not only shifts the LCL down, but changes
the character of the function reducing steepness of the
growing branch of the LCL line. For the particles smaller
than 2 mm the LCL line goes down monotonously, as
shown on Fig. 9.

The pressure in the system play considerably small role in
the LCL control, Fig. 10. LCL curves remain similar at dif-
ferent pressures operation. The pressure variation may be
utilized for the reactor operation control in appropriate
cases.
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