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Coupling the porous conditional moment closure with the
random pore model
Applications to gasification and CO2 capture

D.N. Saulov (B) · C.R. Chodankar · M.J. Cleary · A.Y. Klimenko

Abstract Gasification of coal/biomass with in-situ CO2

capture simultaneously allows production of clean hy-

drogen at relatively low cost and reduced emission of
CO2 into the atmosphere. Clearly, this technology has
a great potential for a future carbon constrained econ-

omy. Therefore, the development of a comprehensive,
physically-based gasifier model is important. The sub-
models that describe reactive transport processes in

coal particles as well as in particles of CO2 sorbent ma-
terial are among the key sub-models, which provide a
necessary input for an overall gasifier model. Both coal

and sorbent are materials that have complicated pore
structures. The Porous Conditional Moment Closure
(PCMC) approach is proven to be adequate for mod-

elling reactive transport through porous media with
fixed pore structure. Consumption of coal in the hetero-
geneous gasification reaction, however, widens the pores
and reduces the surface area available for this reaction.

At the same time, formation of a carbonate layer nar-
rows the pores in the sorbent material and reduces the
reaction rate of CO2 sorption. In both cases the pore

structures are affected. Such changes are not taken into
account in the existing PCMC model. In this study, we
obtain the parameters of the diffusive tracer distribu-

tion based on the pore size distribution given by the
widely applied Random Pore Model (RPM), while cou-
pling PCMC with RPM. Such coupling allows taking

into account changes in pore structure caused by het-
erogeneous reactions and thus improves the accuracy of
these key sub-models.
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1 Introduction

The increasing global energy demand that is expected
to rise by 40% by 2030 [1] will result in higher CO2 emis-
sion into the atmosphere. This emission is believed to be

one the major causes of climate change. The necessity
to address the problem of climate change is the impe-
tus behind the evolution of modern energy technolo-

gies. Substantial efforts have been devoted worldwide
to developing CO2 mitigation technologies in order to
prepare for a carbon constrained economy. In addition

to the improvement of energy efficiency and the usage
of carbon neutral fuels, such as biomass, CO2 capture
and storage appears to be one of the most prominent

options [2].

Various approaches to CO2 mitigation for coal based
power plants, which include pre- and post-combustion

capture as well as fuel conversion, are extensively dis-
cussed by Wall [3], while the removal of CO2 from
the flue gas was specifically reviewed by Aaron and

Tsouris [4]. The post-combustion capture technologies,
such as: absorption with liquid solvents and solid ab-
sorbents [5–8], cryogenic distillation [9], membrane sep-

aration [10–13] and adsorption on various solid adsor-
bents [14–18], have been studied worldwide.

Gasification of coal/biomass with in-situ CO2 cap-
ture is an emerging technology aimed at addressing the
problem of CO2 emission mitigation. This technology

simultaneously allows production of clean hydrogen at
relatively low cost while reducing the release of CO2

into the atmosphere. The process is schematically pre-

sented in Figure 1.
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Fig. 1 Schematic representation of the gasification with in-
situ CO2 capture.

In this process, coal reacts with steam in the first
reactor that is called a Gasifier to produce H2,CO2.

The heat required for this reaction is supplied by the
exothermic reaction CaO(s) + CO2(g) −−⇀↽−− CaCO3(s),
in which CO2 is also consumed. In this way, almost pure

hydrogen is generated. The reacted carbon adsorption
material (CAM) is separated from product gas stream
by a cyclone separator and is transferred into the second

reactor, known as a Calciner, for regeneration. In the
calciner, additional fuel is combusted with O2 obtained
from an air separation unit (ASU) to provide the heat

required for the calcination reaction, which generates
the sequestration-ready stream of CO2. The regener-
ated CAM is transferred back to the gasifier. Although

several metal oxides were assessed for this technology,
CaO currently appears to be the best option [19].

Physical and chemical processes related to this tech-
nology have attracted substantial attention. The re-
versibility of carbonation/calcination reaction, for ex-

ample, was studied by Barker [20]. Abandes and Al-
vares [21, 22] studied capture efficiency and conversion
limits for pure lime and pointed out the decrease in cap-

ture capacity with the number of carbonation/calcination
cycles. To overcome this problem, Feng et al. [23] sug-
gested fabrication of CaO-based sorbents. Significant

work has also been done on the computational fluid dy-
namics (CFD) modelling of fluidised bed gasifiers. Pre-
dominantly, such CFD-models are based on the multi-

phase Eulerian-Eulerian approach [24–31], which utilises
the kinetic theory of granular flow [32].

A comprehensive, physically-based model of the pro-
cess, which permits optimisation of the operational pa-
rameters and can also be used to assist the design of

the reactors, is clearly required. Such a model, in its
turn, requires an input from two key sub-models, which
describe reactive transport in coal and sorbent par-

ticles. Both coal and the sorbent are porous materi-

als that have complicated pore structures and coupling

the transport through the porous medium with hetero-
geneous gas-to-solid and homogeneous gas phase reac-
tions is essential for development of such sub-models.

Indeed, the flux of CO2 inside a particle of the sorbent
material, for example, is driven by diffusion and pres-
sure gradients, which, in their turn, are caused by the

consumption of CO2 at the pore surfaces inside the par-
ticle. Thus, the complexities of transport modelling are
coupled with those of modelling the heterogeneous and

homogeneous reactions together with the necessity of
modelling complex pore structures.

As previously demonstrated [33], models based on
the conventional technique of volume averaging [34] ne-
glect inter-pore transport and variations in concentra-

tions of transported gas species within the pores. As a
result, such conventional models provide poor predic-
tions for conditions where reactions are fast relative to

diffusive transport, which is the case for the problem in
question. Recent advances in modelling of the reactive
transport through porous media [33, 35] that employ

the Conditional Moment Closure (CMC) methodology
offer a way to attack the problem in question, provided
that the pore structure remains unchanged. Consump-

tion of coal in the heterogeneous gasification reaction,
however, widens the pores and reduces the surface area
available for this reaction. At the same time, forma-

tion of a calcium carbonate layer narrows the pores in
sorbent material and reduces the reaction rate of CO2

sorption. In both cases the pore structures are affected

by the reactions and varies with time. Such changes are
not taken into account in the existing PCMC model.

The changes in pore structure can be modelled by
the Random Pore Model (RPM) suggested by Bhatia

and Perlmutter [36, 37] and commonly used in Chemi-
cal Engineering [38–43]. RPM predicts the reaction sur-
face area as a function of conversion and an initial pore

size distribution, which explains the influence of the ini-
tial pore structure observed experimentally in a number
of studies [38–44]. In the case of a kinetics controlled

regime, RPM is capable of predicting the apparent re-
action rate for a porous particle, provided that the reac-
tion rate per unit area is known. In the case of diffusion

controlled or intermediate regimes, which are of impor-
tance for gasification technologies, the diffusion through
a porous structure to the reaction surface plays a key

role in determining the apparent reaction rate. This dif-
fusion, however, is not taken into account by RPM. As
a result, RPM alone is not sufficient for accurate pre-

dictions for the regimes, where diffusion is important.
Additional complexity is added by the presence of ho-
mogeneous gas phase reactions, which are not treated

in RPM either.
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In this study, we suggest a model that combines

PCMC with RPM, while utilising advantages of both
these approaches. The model allows for predicting the
apparent reaction rate for particles of porous material

in kinetics controlled, intermediate and diffusion con-
trolled regimes and for any given conversion. The model
treats homogeneous and heterogeneous reactions as well

as diffusion in a unified and consistent way. The soft-
ware implementing the model is now under develop-
ment and the results of numerical calculations will be

presented elsewhere.

2 Limitations of the conventional treatment of
reactive flows in porous media

Conventionally, a porous medium is characterised by
two phases: the fluid β-phase and the solid σ-phase.

Heterogeneous reactions occur on the surface separat-
ing these two phases, which is called β/σ-interface. In
the conventional approach [34], intrinsic averages are

used to characterise the gaseous reactants. For any ar-
bitrary function F , the intrinsic average ⟨F ⟩β is given
by

⟨F ⟩β =

∫
∞ F (y)β(y)Φ(y − x) dy∫

∞ β(y)Φ(y − x) dy
. (1)

Here, the function β(x) is the indicator of the β-phase.

That is, β = 1 in the β-phase and β = 0 elsewhere. The
convolution integral

∫
∞ F (y)Φ(y − x) dy with a bell-

shaped weighting function Φ satisfying
∫
∞ Φ(y) dy = 1

is called the superficial average and denoted as ⟨F ⟩.
The characteristic length scale of Φ is conventionally
assumed [33, 34] to be much larger than the character-

istic pore size and much smaller than the characteristic
length scale of flow parameter variations. In terms of
superficial averages, Equation (1) reads

⟨F ⟩β =
⟨Fβ⟩
⟨β⟩

. (2)

Note that in the studies on porous media the word
“intrinsic” is used to identify averaging over the β-
phase. In the chemical engineering literature, however,

the intrinsic reaction rate refers to the reaction rate per
unit surface area. We will use both these meanings in
the present paper.

Let’s now consider, for example, a heterogeneous
reaction A(g) + B(s) −−⇀↽−− C(g) which occurs on β/σ-
interface in a porous medium. The regime of this reac-

tion is determined by the balance between the reaction
kinetics and the rate of transport of the gaseous reac-
tant to the surface. This balance is described in terms

of the Damköhler number Da, which is defined as the

ratio of the chemical reaction rate to the mass transfer

rate. Three different regimes: kinetics controlled, inter-
mediate and diffusion controlled are schematically pre-
sented in Figure 2. In this figure, the concentration of

the gaseous reactant CA is depicted as a function of the
distance to the reactive surface x in each of these three
regimes with the same value of the intrinsic average

⟨CA⟩β .
In the case of small Damköhler numbers (Da ≪

1), the gaseous reactant is transported to the reactive
surface much faster than it is consumed on the β/σ-
interface. Changes in its concentration caused by the

reaction will be compensated by the diffusive or convec-
tive transport almost instantaneously. Then, the con-
centration C(x) will vary insignificantly around ⟨CA⟩β
with x (see Figure 2(a)). In this kinetics controlled
regime, the intrinsic average ⟨CA⟩β is a good approxi-
mation for C(x) and the conventional approach, which
is based on intrinsic averages [34], will provide reason-

ably accurate results.

When the reaction rate is large compared to the

transport rate (Da ≫ 1), all the gaseous reactant ar-
rived at the β/σ-interface will almost instantaneously
react with the reactive surface. In this diffusion con-

trolled regime, the rate of the reactant consumption
is almost entirely determined by the transport of the
gaseous reactant to the reactive surface. In the vicinity

of the surface, the reactant concentration is approxi-
mately zero (see Figure 2(c)), while its intrinsic average
remains large. Clearly, the intrinsic average is an unrea-

sonable approximation for the reactant concentration in
this case. As a result, the conventional approach, which
does not take into account any dependence on Da, will

give unacceptable predictions for diffusion controlled
regime.

As demonstrated by Klimenko and Abdel-Jawad [33],
the conventional approach also gives poor predictions
for the intermediate regime, where the reaction and the

transport rates are balanced (Da ∼ 1). As depicted in
Figure 2(b), the concentration of the gaseous reactant
varies significantly and the intrinsic average can only

be considered as a rough approximation for the actual
concentration in this case.

It is not known a priori, which of these regimes will
be realised. Note, however, that diffusion controlled and
intermediate regimes are generally more likely than ki-

netics controlled regime in high temperature processes.
Therefore, the conventional approach is not suitable
for modelling gasification and CO2-adsorption, which

are carried out at high temperatures. To overcome this
difficulty, Klimenko and Abdel-Jawad [33] suggested a
novel PCMC model. The model involves conditioning

on a specially introduced diffusive tracer, which emu-
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(a) Kinetics controlled regime (Da ≪ 1)

(b) Intermediate regime (Da ∼ 1)

(c) Diffusion controlled regime (Da ≫ 1)

Fig. 2 Variation in the gaseous reactant concentration in
three regimes for the same value of the intrinsic average
(schematic view).

lates diffusion in the gaseous phase and allows for tak-

ing into account variations in concentrations of reactive
species. The PCMC model is outlined below.

3 Porous conditional moment closure

In this section, we present the underlying concepts and
major equations of the PCMC model, while referring

a reader to the previous works [33, 35, 45] for more
details. A comprehensive review of CMC methodology
has been done by Klimenko and Bilger [45]. The PCMC

model was suggested by Klimenko and Abdel-Jawad [33],
while Vladimirov and Klimenko incorporated the treat-
ment of porous media with fractal properties into the

model.
The reactive flow within the β-phase is governed by

the continuity

∂ρ

∂t
+∇ · (ρu) = 0 (3)

and the species transport

∂ρYi

∂t
+∇ · (ρuYi)−∇ · (ρD∇Yi) = ρWi (4)

equations. Here, Yi are the mass fractions of the gaseous
species, ρ an u are the gas density and velocity, re-

spectively, while Wi are the species production rates in
homogeneous gas-phase reactions. For simplicity of for-
mulae, we assume the same diffusion coefficientD for all

gaseous species. Note that, in addition to homogeneous
reactions, the reactive species concentrations are also
affected by heterogeneous reactions. As described be-

low, these reactions are taken into account by specially
formulated boundary conditions for PCMC equations.

As discussed in the previous section, the species con-

centrations and, therefore, their mass fractions can vary
significantly near the reactive surface due to heteroge-
neous reactions. Since conventionally used intrinsic and

superficial averages do not allow for taking these varia-
tions into consideration, an additional variable has to be
introduced to parameterise these variations. This vari-

able should be related to the distance from the reactive
surface. At the same time, it is desirable that the vari-
able emulates transport of the gaseous species.

Such a variable Z, which is called a diffusive tracer,
is introduced in the PCMC model [33]. In the β-phase,
the tracer Z is produced with the constant rate WZ and

is transported in the same way as gaseous species. That
is, Z satisfy the conventional species transport equation

∂ρZ

∂t
+∇ · (ρuZ)−∇ · (ρD∇Z) = ρWZ . (5)

Similarity of Equations (4) and (5) ensures that the

tracer Z resembles transport of gaseous species. The
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same diffusion coefficient D in Equations (4) and (5)

provides similarity with diffusion of gaseous species,
while the source term ensure uniformity of character-
istics of the tracer within the β-phase. Note that the

value of WZ can be set to one without loss of general-
ity.

On the reactive surface, the tracer Z is instanta-
neously consumed, so that Z = 0 at the β/σ-interface.

The tracer has positive values in the β-phase, which
monotonically decrease towards the reactive surface.
Thus, the value of Z characterises the distance from the

surface. Furthermore, the infinite (or sufficiently large)
rate of consumption of Z on the reactive surface allows
for emulating the regimes with large Damköhler num-

bers (the intermediate and diffusion controlled regimes).

In addition to the intrinsic and superficial averaging,
the PCMC model utilises conditional Favre (density-

weighted) averaging of variables and functions speci-
fying conditions in the reactive flow. For an arbitrary
function F , the conditional Favre average (F )z is de-

fined as

(F )z =
⟨Fρβ|Z = z⟩
⟨ρβ|Z = z⟩

. (6)

Here ⟨F |Z = z⟩ is the superficial average of F condi-
tioned on the tracer Z being equal to z. The uncondi-
tional superficial average ⟨F ⟩ is then given by

⟨F ⟩ =
∞∫
0

⟨F |Z = z⟩PZ(z) dz , (7)

where PZ(z) is the probability density function (PDF)

of Z satisfying

∞∫
0

PZ(z) dz = 1 . (8)

The governing equations can now be expressed in
terms of conditional averages. The averaging technique,
which utilises the machinery of generalised functions,

is described by Klimenko and Bigler [45] in great de-
tail. Using the notation Qi ≡ (Yi)z and omitting the
terms, which are conventionally neglected in CMC ap-

proach [33], we arrive at the following equations of the
PCMC model.

∂Qi

∂t
+(u)z ·∇Qi+WZ

∂Qi

∂z
= (Wi)z +(N)z

∂2Qi

∂z2
, (9)

∂ ⟨βρ⟩PZ

∂t
+∇ · ((u)z ⟨βρ⟩PZ) +

∂WZ ⟨βρ⟩PZ

∂z

+
∂2(N)z ⟨βρ⟩PZ

∂z2
= 0 , (10)

where N = D(∇Z)2 is the tracer dissipation.

The boundary conditions for the Z-dimension are
obtained with the help of the spatial averaging theo-
rem [34, 46]. Assuming that the β/σ-interface is quasi-

stationary and the field of the tracer Z is developed (see
Ref. [33] for more details), the boundary conditions for
z = 0 read

−ε(N)zPZ

S
· ∂Qi

∂z
= Ψi(Q1, Q2, ...) , (11)

(N)zPZ = WZ . (12)

Equation (11) takes into account the heterogeneous re-

actions at the β/σ-interface. In these equations, S is the
surface area per unit volume and ε = ⟨β⟩ is the poros-
ity of porous material, while Ψi are the mass rates of

the heterogeneous gas-to-solid reactions per unit sur-
face area. Note also that left parts in Equation (11)
represent mass fluxes of the reactive species to the β/σ-

interface.
It is important to note that this treatment of gas-

to-solid reactions provides one of the major advances

of the PCMC model over the conventional approach.
In the PCMC model, the surface reaction rates are
functions of the conditional concentrations of reactive

species. In contrast to intrinsic and superficial concen-
trations, which are only available in conventional mod-
els, the conditional concentrations are linked to the dis-

tance from the reactive surface via conditioning on Z.

4 Distribution and conditional dissipation of
the diffusive tracer

In order to close the PCMC equations (9) and (10), con-
sistent modelling of both the distribution PZ and the
conditional dissipation (N)z of the tracer Z is required.

The distribution of Z depends on the characteristics of
the porous medium. Generally, this distribution is not
known and needs to be reasonably approximated. In the

simplified test case considered by Klimenko and Abdel-
Jawad [33], the approximation for PZ was obtained by
matching the results of direct numerical simulations.

Such a way of obtaining the PZ approximation, how-
ever, is computationally expensive and requires addi-
tional modelling of the pore structure of the material

in question, which can be an extremely difficult problem
by itself. A more practical method is suggested below.

It is known that the pore structure of coal exhibits

fractal properties [47–49]. The geometrical similarity of
pore structures at different scales (micro-, meso- and
macro-pores) and the large area of fluid/solid inter-

face, which is predominantly located in the smallest
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pores, are among those properties. As demonstrated by

Vladimirov and Klimenko [35], the distribution of the
diffusive tracer asymptotically follows the power law for
such media. Using this result, we presume in the present

study that PZ has the following form.

PZ(z) =


c

(z + a)α
; z ∈ [0, b]

0; z > b
(13)

In this equation, α ∈ (0, 1), which is linked to the excess

fractal dimension, a > 0 and b > 0 are adjustable pa-
rameters of the model, while the normalisation constant
c is obtained from the normalisation condition (8). One

verifies that

c =
1− α

(b+ a)1−α − a1−α
. (14)

The parameters α, a and b are selected by linking PCMC
and RPM as discussed in Section 6

The conditional dissipation (N)z of the diffusive
tracer needs to be selected consistently with the pre-
selected PZ . Rigorously, this involves the numerical in-

tegration of Equation (10). Such a procedure, which is
described by Devaud et al [50] in application to a tur-
bulent combustion, is a very reasonable option, when

stochastic characteristics of the Z-field are stationary.
In the case of a coal particle gasification or CO2-sorption
by a CAM particle the pore structures (and, there-

fore, stochastic characteristics of Z-field) change as the
reactions proceed. As a result, the integration of the
PDF transport equation is required for each time step.

This requirement can be computationally prohibitive
for small time steps. Under additional assumptions, how-
ever, Equation (10) can be integrated analytically and

we opt for using this approach in the present study.

Firstly, we assume a quasi-stationary regime. That
is, the Z-field is assumed to be fully developed at each

time step. To justify this assumption, we note that
a solid matrix is, generally, much denser than a gas
phase and the movement of the β/σ-interface is much

slower than the gas-phase transport. Then, the partial
derivative in time (∂(⟨βρ⟩PZ)/∂t) can be neglected.
Secondly, we note that the reactive surface is predom-

inantly located in the smallest pores, where the con-
vective transport is negligibly small. Since the distri-
bution of Z in proximity to the reactive surface is of

particular interest, we can neglect the convective term
(∇· ((u)z ⟨βρ⟩PZ)) in the PDF transport equation. In-
tegrating once the major balance between the two re-

maining terms in Equation (10), we obtain

WZPZ = −∂(N)zPZ

∂z
. (15)

Integrating Equation(15) from z to ∞ and taking into

account that (N)zPZ → 0 as z → ∞ gives

(N)z =

WZ

∞∫
z

PZ(ξ) dξ

PZ(z)
. (16)

Using Equations (13) and (14), the expression for
(N)z takes the form

(N)z =


WZ((z + a)α(b+ a)1−α − z − a)

1− α
, z ∈ [0, b]

0, z > b .

(17)

Noting the approximate nature of the above expression

for (N)z, which has been obtained while neglecting the
derivative in time and the convection term, special pre-
cautions should be taken in a computational procedure

to ensure that the conservation integrals are preserved.

5 Linking PCMC with RPM

It is known from the PCMC model (see Refs. [33, 35]
for more details) that the ratio of the reactive surface
area per unit volume S to the porosity ε is expressed

as follows.

S

ε
=

(
PZ

(
(N)z
D

)1/2
)

+0

, (18)

where the subscript “+0” indicates that the right part
is evaluated as the limit for z approaching zero while re-
maining positive. Using Equations (13) and (17), Equa-

tion (18) takes the form

S

ε
=

√
WZ(1− α)

D ((b+ a)1−αaα − a)
. (19)

The same ratio S/ε can also be expressed using
the equations of RPM. Following Bhatia and Perlmut-

ter [36], we consider a unit volume of porous material.
The inner volume of the overlapped cylindrical pores,
which is denoted as V in Ref. [36], is equal to the poros-
ity ε. Then, using the Equations (17), (20), (23), (26)

from Ref. [36] and rearranging, we obtain

S

ε
=

√(
S◦(1− ε)

ε(1− ε◦)

)2

+
4πL◦(1− ε)2

ε2(1− ε◦)
ln

(
1− ε◦
1− ε

)
.

(20)

Here the subscript “◦” denotes the initial values (t = 0),
while L is the total length of the overlapped cylindrical

pores.
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Equation (19) from the PCMC model and Equa-

tion (20) from the RPM provide a link between these
two models. The porosity ε(t) as a function of time is
calculated by numerically integrating the rate of con-

sumption of the solid matrix over time. That is,

ε(t) = ε◦ +

t∫
0

S(τ)
∑
i

viΨi(Q1(τ), Q2(τ), ..) dτ , (21)

where vi is the consumed volume of the solid matrix
per unit mass of the reacted gaseous specie “i”.

At each time step, Qi are calculated by integrating
Equation (9). The value of ε for the next time step is
calculated using Equation (21), while the next value of

S is calculated by Equation (20). Then, the parameters
of PZ for the next time step are obtained as described
in the next section. After that, the time-cycle continues.

6 Parameters of PZ

Vladimirov and Klimenko [35] pointed out that the
power α in Equation (13) is related to the excess frac-
tal dimension of the β/σ-interface. As the surface re-

actions proceed, the excess dimension can gradually
change over time. Modelling of such changes is an ex-
tremely difficult problem by itself. Note also that even

the initial value of the excess dimension is not known
and needs to be estimated. Given that and the approx-
imate nature of the expression for PZ (Equation (13)),

we opt for a more practical approach and keep α un-
changed over time. The value of this adjustable param-
eter has to be selected by fitting available experimental

data.

The parameter b represents the maximum possible

value of the tracer Z, which is attained in the centre
of the largest pore. For spherical pores, for example,
b = WZR

2
max/6D, where Rmax is the radius of the

largest pore. For an arbitrary pore structure, we as-
sume that b is proportional to the squared size of the
largest pore. That is b ∝ R2

max. Following Bhatia and

Perlmutter [36], we also assume that all pores change
uniformly and ε ∝ R3

max. Then, b is given by

b

b◦
=

(
ε

ε◦

)2/3

, (22)

where the initial value b◦ is an adjustable parameter of
the model selected by fitting experimental data.

Finally, the parameter a is calculated on each time
step from Equation (19) with S/ε given by Equation (20).
PZ is now completely defined and is used to obtain the

superficial averages by Equation (7).

7 Treatment of a product layer

The presented model is now completely formulated for
the case in which the solid matrix is consumed and

gaseous species are formed in the course of heteroge-
neous reactions. There are, however, alternative cases,
which are characterised by a formation of a solid layer of

the reaction products over the surface of a solid reactant
as schematically presented in Figure 3. The adsorption
of CO2 on a CAM particle is an illustrative example of

such cases. In this example, a layer of CaCO3 is formed
over the surface of CaO. As pointed out by Bhatia and
Perlmutter [37], such a layer imposes additional resis-

tance to the transport of gaseous species towards the
reaction surface. Furthermore, as shown in Figure 3,
the β/σ-interface (z = 0) is separated from the reactive
surface by the product layer of the average thickness

δ. This requires additional treatment of the boundary
conditions for Equation (9).

Fig. 3 Schematic representation of the product layer over the
reactive surface.
.

In the presence of the product layer, the boundary

conditions for Qi given by Equation (11) are reformu-
lated for each gaseous specie “i” as:

a) the equality of mass fluxes to the β/σ-interface within
the gas phase and from the interface within the

product layer;
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b) the equality of the mass flux to the reactive surface

and the mass reaction rate at the surface.

Note that the boundary condition for the tracer dissi-
pation (Equation (12) remains unchanged.

Following Bhatia and Perlmutter [37], we assume
that the thickness δ is small compared to the charac-
teristic size of the reactive surface. That is, δ ≪

√
S.

In this case, the mass flux mp
i of the specie “i”in the

product layer is approximated as

mp
i =

Dp (Qi −Q∗
i )

δ
, (23)

where Q∗
i the average mass fraction of the specie “i” at

the reactive surface as depicted in Figure 3, while Dp

is the diffusion coefficient in the product layer. Then,
Equation (11 is replaced by the following two equations:

−ε(N)zPZ

S
· ∂Qi

∂z
=

Dp (Qi −Q∗
i )

δ
(24a)

Dp (Qi −Q∗
i )

δ
= Ψi(Q

∗
1, Q

∗
2, ...) . (24b)

Note that Q∗
i are not conditioned on z, since the

diffusive tracer is not defined in the solid phase. For

each specie “i”, Q∗
i is an additional variable, which is

determined from Equations (24).

The formation of the product layer also alters Equa-
tion (21). Recalling that vi represent the consumed vol-
ume of the solid reactant per unit mass of the reacted

gaseous specie “i”, we let v′i be the volume of solid prod-
ucts formed per per unit mass of the specie “i”. Then,
Equation (21) takes the form

ε(t) = ε◦ +

t∫
0

S(τ)
∑
i

(vi − v′i)Ψi(Q1(τ), Q2(τ), ..) dτ ,

(25)

while the average thickness δ of the product layer is
given by

δ(t) =

t∫
0

S(τ)
∑
i

v′iΨi(Q1(τ), Q2(τ), ..) dτ

S(t)
. (26)

If the reaction is of first order (the reaction rate
is given by Ψi = kQi, where k is the rate constant),

the additional variable Q∗
i can be excluded from Equa-

tions (24). In this case, the boundary conditions take
the form

−ε(N)zPZ

S
· ∂Qi

∂z
= keff Qi , (27)

where the effective rate coefficient keff is given by

keff = k

(
1− kδ

kδ +Dp

)
. (28)

Now consider the case, which is initially (in the ab-
sence of the product layer) characterised by a large
Damköhler number. As the reaction proceeds and the

layer thickness increases, it is seen for Equation (28)
that the effective reaction coefficient and, therefore, the
Damköhler number decrease. As a result, the reaction

switches from the diffusion controlled regime to the in-
termediate one and further to the kinetics controlled
regime. As pointed out by Bhatia and Perlmutter [51],

the reaction of carbon dioxide with lime is an example
of such cases.

As discussed above, the model suggested in the pre-

sent study takes into account the variations of the re-
active species near the surface and provides advantages
over conventional models for intermediate and diffusion

controlled regimes. It is important to note that these
regimes are of primary concern in modelling of circu-
lating fluidised bed gasifiers with in-situ CO2 capture,

which are characterised by short resident times of bed
material particles.

8 Conclusions

A novel approach aimed at modelling reactive flows
through porous media is suggested. In contrast to con-
ventional models, which are based on the volume aver-

aging technique and, therefore, neglect inter-pore trans-
port and variations in concentrations of transported gas
species in proximity to reactive surface, the suggested

approach utilises conditional averaging and takes these
variations into account. The new model permits the si-
multaneous and consistent treatment of both homoge-

neous and heterogeneous reactions in all regimes, while
having substantially better potential than conventional
models in intermediate and diffusion controlled regimes,

which are characterised by moderate or large Damköhler
numbers. Variations in the pore structure caused by
gas-to-solid reactions, which have not been considered

in the existing conditional models, are handled in the
new model by linking it with the widely used random
pore model, which allows for predicting the area of the

reactive surface as a function of the material porosity.
Special attention is paid to the treatment of the product
layer formed over the reactive surface in the framework
of the model.

This PCMC-RPM model is now being implemented
in a numerical code and will initially be used to predict

the CO2 sorption of a single CAM particle. The model
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will subsequently be implemented in a gasifier code to

model simultaneous coal gasification and CO2 capture.
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