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Abstract
This paper describes a parametric study of a catalytic flow reversal reactor used for the combustion of lean methane in air mixtures. The effects

of cycle time, velocity, reactor diameter, insulation thickness, thermal mass and thermal conductivity of the inert sections are studied using a

computer model of the system. The effects on the transient behaviour of the reactor are shown. Emphasis is placed on the effects of geometry from a

scale-up perspective. The most stable system is obtained when the thermal mass of the inert sections is highest, while thermal conductivity has only

a minor effect on reactor temperature. For a given operation, the stationary state depends on the combination of velocity and switch time. Provided

that complete conversion is achieved, highest reactor temperature is achieved with the highest switch time. The role of the insulation is not only to

prevent heat loss to the environment, but also to provide additional thermal mass. During operation heat is transfer to and from the insulation. The

insulation effect leads to higher reactor temperature up to a maximum thickness. The insulation effect diminishes as the reactor diameter increases,

and results in higher temperatures at the centreline.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Methane emitted from sources in the oil and gas industry,

agriculture, coal mines, etc. is the second most significant

greenhouse gas (GHG) after carbon dioxide. Methane has a

global warming potential 23 times that of carbon dioxide on a

mass basis, therefore the complete combustion of methane will

reduce equivalent carbon dioxide emissions by a factor of about

20, even though carbon dioxide is produced. Methane is

especially significant in the oil and gas industry; for example, in

Canada, methane accounts for 50% of the GHG emissions from

the oil and gas business [1]. In the natural gas industry, sources

of methane emissions include leaks in gas transmission

facilities and in gas production facilities. These emissions

also represent wasted energy which, if captured, can be used as

a fuel to provide energy for certain applications.
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Catalytic combustion is an effective method of burning

methane, which offers many advantages over conventional

combustion, especially for lean mixtures [2]. The main problem

for combustion of lean methane mixtures is the necessity of a

high reactor temperature. For ambient temperature feed, some

pre-heating would be required to achieve ignition temperature,

and to operate the reactor in an auto-thermal mode. To

eliminate feed pre-heat, reverse flow operation (RFO) can be

used. In a catalytic flow reversal reactor (CFRR) the feed is

periodically switched between the two ends of the reactor using

control valves. RFO was used quite early for packed beds of

solids [3,4] and then extended to catalytic reactors [5]. RFO has

been used in many applications [6]. Examples include the

oxidation of SO2 [7–9], methanol synthesis [10,11] and NOX

reduction [12–15]. Although reverse flow operation offers

benefits by several routes, one major effect with exothermic

reactions is to cause elevated temperatures in the centre of the

reactor from the so-called heat trap effect. The process is thus

ideal for the catalytic combustion of lean mixtures of

hydrocarbons that enter the reactor at standard temperature
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Nomenclature

an surface area per unit volume (m2/m3)

C gas molar density (mol/m3)

CP heat capacity (J/(kg K))

D dispersion or diffusion coefficient (m2/s)

h heat transfer coefficient (W/(m2 K))

DHo
R enthalpy of reaction of methane (J/mol)

k thermal conductivity (W/(m K))

km mass transfer coefficient (m/s)

kR first order rate constant (s�1)

r radial coordinate (m)

�RCH4
rate of disappearance of methane (mol/(m3 s))

T temperature (K)

vs superficial velocity (m/s)

Y gas phase mole fraction

z axial coordinate (m)

Greek letters

e porosity

h effectiveness factor

r density (kg/m3)

Superscripts and subscripts

a axial direction

app apparent or observed value

eff effective value in composite medium

f fluid properties

r radial direction

S solid properties

Fig. 1. Reactor schematic showing location of thermocouples and internal

sections.
and pressure. In such a case, a quasi-steady state operation may

be achieved in which the reactor temperature profile has a

maximum value near the centre of the reactor, which slowly

oscillates as the feed is switched between the two reactor ends.

Because the temperature in the centre of the reactor can greatly

exceed the adiabatic temperature rise, energy can be extracted

from the centre both as a means of control and as a source of

useful energy. For example, in Ref. [16] CFRR was used for

catalytic decontamination of waste gases. A heat exchanger

was added in the centre of the reactor to remove heat. This

ensured that the reactor did not overheat and deactivate the

catalyst or damage the reactor. The heat removed from the

reactor may be used for tasks such as heating a building or

driving a small turbine. The use of RFO for catalytic

combustion has been reported [17–22].

Computer modelling can be a valuable tool as an aid in

understanding the processes and assisting with design. Models

specific to RFO have been reported for a variety of applications,

and used to investigate a variety of operating parameters, either

from a theoretical view or coupled with experiments. Many

models are one-dimensional (1D), and either pseudo-homo-

geneous or heterogeneous [18,22–31]. Two-dimensional

models have also been developed [32,33].

The CFRR shows promise for combustion of lean ambient

temperature feed. The technology has been successfully tested
in underground coal mine applications, and its use in the oil and

gas sector shows promise. However, outstanding issues to

resolve include optimization of reactor design and development

of robust control strategies. Also, a major concern is the scale-

up or scale-down of these units. In particular, the performance

change that can occur as the reactor diameter increases, leading

to a diminution of the wall effect, has not been thoroughly

explored. Many of the modelling studies performed on CFRR

used 1D models, which ignore the wall effects, including the

effects of insulation. For large diameter reactors, such as those

envisaged for coal mine vent gas operation, this may be a

reasonable approximation. However, we are currently inter-

ested in the installation of smaller units in natural gas

compressor stations, and it is expected that wall effects will be

much more important in units of this size (diameter less than

1 m). Therefore, we have expanded our earlier work to examine

the effects of various operating parameters on these relatively

small reactors.

2. Experimental reactor

A CFRR concept appropriate for relatively large flow rates

has been reported [32–36]. This design is illustrated in Fig. 1.

The reactor has two parallel sections with an internal diameter

of 0.2 m mounted side by side and connected by a U-bend at the

bottom. Two three-way valves and associated transfer piping

allow for either forward or reverse flow operating modes. The

reactor system is made from Hastelloy. The reactor walls are

3.2 mm thick with a density of 7800 kg/m3, a heat capacity of

460 J/(kg K) and a thermal conductivity of 14.3 W/(m K). The
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reactor is surrounded by an insulation blanket 0.28 m thick with

a density of 128 kg/m3, a heat capacity of 1340 J/(kg K) and a

thermal conductivity of 0.144 W/(m K).

In [35,36] the reactor internals consisted of a combination of

open spaces, inert and catalyst sections. The inert sections were

ceramic or metal monoliths, or ceramic balls and the catalyst

sections were packed beds of Raschig rings with a character-

istic length of 7.5 mm and containing a non-noble metal

catalyst. Comparison of performance of this reactor for the

various inert types is discussed in [35,36]. Hot gas can be

extracted at the centre of the U-bend and used as a source of

energy. The rate of extraction can be used as a means of

controlling the reactor.

3. Computer model

As an aid in design, and to speed up parametric studies, use

can be made of computer modelling. Salomons et al. [33]

described a two-dimensional heterogeneous continuum model

for the CFRR described in Section 2, and validated it using

ceramic inert sections under a variety of operating conditions.

The model was extended to different insert types and validated

by Kushwaha et al. [35,36]. The same model was used in the

present investigation, mutatis mutandis. For complete details of

the algorithm, etc. refer to [33]. The model described in [33]

was solved using the finite element method in a Fortran code.

For this work, the model was re-written and implemented using

COMSOL Multiphysics, and executed using a MATLAB

framework. COMSOL uses the Finite Element Method to solve

the equations. The COMSOL model was validated using the

earlier code [33,34] prior to use. The main equations are

presented here for completeness.

Pseudo-steady state mole balance equations were used for

both phases. In the packed bed and open sections, mass transfer

occurs by dispersion in both axial and radial directions, and by

convection in the axial direction. In the monolith sections the

structured packing prevents radial dispersion of mass. The

generic mole balance for the reactor with a first-order reaction

is:
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The rate constant kR is evaluated at the surface temperature. For

the inert monolith sections, the terms for the radial dispersion

and the reaction rate are dropped.

The energy balance for the fluid includes the effects of axial

flow, convection, and conduction. The energy accumulation in

the fluid is very small compared to the solid and the

accumulation term in the fluid phase was dropped. The
equation for the fluid phase in the presence of a solid (with or

without reaction) is:
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For a monolith the radial conduction term is dropped. The

energy balance in the solid phase was modelled considering the

effects of accumulation, axial conduction, radial conduction,

convection, and energy generation by the reaction, as necessary.

The form of the equation is the same for both monolith and

packed bed sections:
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In the inert monolith sections, the reaction rate term is dropped.

Here, kas,eff and krs,eff are the effective axial and radial thermal

conductivity of the solid phase, respectively.

For the solid reactor walls and insulation it is necessary to

solve the conduction equation in radial geometry. For these two

domains the energy balance is:
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The solid thermal conductivity takes on the value for the wall or

insulation as appropriate.

4. Results and discussion

A key advantage of a computer model is that it may be used

to explore the effects of changing parameters individually.

Further, long time experiments can be performed which would

be too time consuming or expensive to perform in the pilot or

full scale experimental system. This model may also be used to

develop control strategies.

In this work the computer model is used to explore the

influence of operating parameters, as a precursor step in the

development of optimization and control strategies. From our

previous experimental and limited modelling work, as well as

the literature, a number of variables will be important to the

operation. These include the thermal mass and thermal

conductivity of the system, the insulation, the fluid velocity,

switch time, and reactor geometry. We now present some

results and trends based on changing these parameters.

We first define a base case scenario, which is based on the

reactor described in [6–9] with the ceramic monolith in the inert

sections. The base case superficial velocity at STP was 0.3 m/s

and the cycle time was 700 s (switch time 350 s). The methane

concentration was 0.6% on a volume basis. Starting from an

arbitrary temperature profile, the progression of the centreline

axial temperature profile is shown in Fig. 2.
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Fig. 2. Development of the centreline axial temperature profile for the base

case. The temperature continues to increase with each cycle, and a stationary

state is not obtained.

Fig. 4. Centreline axial temperature profile for different thermal conductivities

at the end of cycle 20. The effect is relatively minor.
4.1. Effects of thermal properties

In the earlier experimental investigations [35,36] it was seen

that the higher thermal mass (product of density and heat

capacity) inert sections gave less movement in the axial

temperature profiles for a given cycle time. This observation is

consistent with intuition; however, in the experimental runs it

was not possible to change only a single variable. In the first set

of simulations we compare the axial temperature profiles

obtained after 20 full cycles with different thermal mass only.

We should point out that we have not achieved a stationary state

at 20 cycles. Indeed, for these conditions, the stationary state

occurs at a temperature higher than the safe operating region for

the system. For a series of experiments, the thermal mass was

set to a given percentage of the base case. Fig. 3 shows the

centreline axial temperature profiles obtained in the middle and

at the end of cycle 20. It is clear that the highest temperatures

are achieved with the highest thermal mass. This result is in line

with expectations. It is evident that for low thermal mass, the

outlet temperature of the gas increases, resulting in energy loss

from the system, and hence a lower temperature. Further, the

movement of the temperature wave during a cycle is the lowest
Fig. 3. The centreline axial temperature profile in the middle and at the end of cycle

are seen with the highest thermal mass.
with the highest thermal mass. It is clear that this variable is one

of the most important, from a standpoint of reactor stability.

The other principal thermal property is the thermal

conductivity of the solid. The key effect of an increase in

thermal conductivity is to increase the rate of heat transport

through the solid phase. This effect could theoretically be

beneficial in smoothing temperature gradients. We had

previously noted that metal monoliths gave quite different

behaviour to ceramic ones, although as stated out above, this

difference could be caused by a number of property changes. It

has been pointed out that in the flow direction in a monolith the

solid thermal conductivity plays a minor role in axial transport.

Fig. 4 shows the result after 20 cycles of changing only the

thermal conductivity over a wide range. It appears that the

lower thermal conductivity gives a slightly higher centreline

temperature, although overall the effect is not that large. The

main effect is to promote increased radial conduction, which is

the result of heat transfer into the insulation section. These

results indicate that the role of the thermal conductivity, within

physically attainable bounds, should not be that significant.

This is especially important as a contribution to controlling heat

transfer effects to and from the insulation.
20 for different thermal mass. The highest temperature and the least movement
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Fig. 5. Centreline temperature profile after 20 cycles for different combinations of velocity and switch time. The product of the two values is a constant.
4.2. Effect of velocity and switch time

The switch time is one of the key variables that can be used

to control reactor operation. The best switch time should

depend to an extent on the superficial gas velocity, which in turn

may be related to the feed concentration. Velocity affects the

residence time in the reactor, and hence affects the conversion.

The combination of velocity and switch time also determines

the movement of the axial temperature profile. The next set of

results shows the effects of changing both the velocity and

switch time such that the product of velocity and switch time is

a constant. Fig. 5 shows the centreline axial temperature

profiles after 20 cycles for a wide range of velocity and switch

time combinations. When the product of the velocity and switch

time is low, the reactor does not achieve the maximum

temperature. Indeed, it was observed that for the lowest velocity

of 0.1 m/s, the reactor reached a stationary state after five

cycles. Increasing the velocity leads to a higher reactor

temperature, provided that full conversion of the feed methane

is obtained. It was observed that after 0.7 m/s, further velocity

increases resulted in incomplete conversion, and as a result the

temperature begins to fall.

Changing the switch time alone at a constant velocity will

result in more movement of the temperature front in the reactor.
Fig. 6. Centreline temperature profile at the mid-point and end of cycle 20 for d
The effect is shown in Fig. 6 for a range of cycle times. Longer

cycle times lead to higher outlet temperatures, and thus energy

loss from the system. Ultimately, longer switch times will lead

to extinction of the reaction.

4.3. Geometry effects

Possibly the most important variable from a scale-up

standpoint is the effect of geometry. We consider here two

geometry effects; insulation thickness and reactor diameter. It

has previously been noted [33–36] that the insulation plays a

significant role in the reactor operation. The insulation adds

thermal mass to the system, and during operation energy is

transferred to and from the insulation. Fig. 7 shows the effect of

changing reactor diameter using a constant insulation thick-

ness. The axial centreline temperatures after 20 cycles are

higher with larger reactor diameter by a significant amount.

This result points to a significant wall effect, which is not

surprising. With increasing reactor diameter, the radial

temperature profiles become flatter, and the insulation effect

diminishes, leading to higher centreline temperatures. These

results must be included when scale-up is considered. We

should point out that based on estimates of gas flowrate from

applications in the oil and gas sector, reactor diameters less than
ifferent cycle time. The larger cycle time shows more motion of the profile.
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Fig. 7. Axial temperature profiles after 20 cycles at various reactor diameter.

The wall effect is evident.

Fig. 8. Axial temperature profiles after 20 cycles at various insulation thickness

and constant reactor diameter. Above 20 cm thickness the effect is insignificant.
1 m can be expected, hence attention must be paid to the

insulation thermal properties and thickness.

The effect of the insulation can be shown independently by

adjusting its thickness from the base case (0.28 m thick). Fig. 8

illustrates the result of increasing the insulation from 5 to 20 cm

in thickness with reactor diameter of 200 mm. For a thickness

large than 20 cm, no significant difference in the temperature

profile was observed using the base case operating conditions.

The thickness beyond which no change is observed is related

ultimately to the heat transfer rate and the thermal properties of

the insulation, which, in terms of a transient heat transfer

analysis, are determined by the values of the Biot number and

Fourier modulus.

5. Conclusions

It has been observed that systems such as the CFRR

demonstrate very dynamic behaviour, with a complex inter-

relationship among the operating variables. Development of

optimization and control strategies must take such relation-
ships into account, and a certain amount of customization

towards a particular application is expected. This work is the

subject of an on-going investigation. The primary scaling

parameter being the reactor diameter, special care must be

paid to this variable. For large units, such as those used in

coal mine applications, it is expected that the wall effects

will be minimal; however, for smaller units in other

applications, the two-dimensional behaviour of the reactor

cannot be ignored.
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