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Abstract The main goal of the considered work is to adjust mathe-
matical modeling for mass transfer, to specific conditions resulting from
presence of chemical surface reactions in the flow of the mixture consisting
of helium and methanol. The thermocatalytic devices used for decomposi-
tion of organic compounds incorporate microchannels coupled at the ends
and heated to 500 ◦C at the walls regions. The experiment data were com-
pared with computational fluid dynamics results to calibrate the constants
of the model’s user defined functions. These extensions allow to transform
the calculations mechanisms and algorithms of commercial codes adapting
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them for the microflows cases and increased chemical reactions rate on the
interphase between fluid and solid, specific for catalytic reactions. Results
obtained on the way of numerical calculations have been calibrated and
compared with the experimental data to receive satisfactory compliance.
The model has been verified and the performance of the thermocatalytic
reactor with microchannels under hydrogen production regime has been in-
vestigated.

Keywords: Thermal decomposition; Spiecies transport; Catalyst; CFD

Nomenclature

A – surface area, m2

Dmm′ – coefficient of multicomponents diffusion
DT

m – coefficient of temperature diffusion
e – total specific energy, J

kg

ei – versor in i-direction
H – distance from the centre of microchannel (point O), mm
I – unit tensor (=δijei⊗ej)
Jm – diffusive flux of mixture component, kg

s m2

Jk – diffusive flux of turbulent kinetic energy, m2

s2

1
s m2

Jε – diffusive flux of dissipation of turbulent kinetic energy,
m2

s3

1
s m2

k – kinetic energy of turbulence, m2

s2

k(α) – forward rate constant for volumetric reaction, 1
s

kcat – thermocatalytic decomposition rate constant, m3

m2

cat
s

L – length along reactor, mm
m – components of mixture ( m = He, CH3OH, CO, H2, CH4,

H2O, CO2 )
|OL| – long straight in cross section, m
|OS| – short straight in cross section, m
p – thermodynamic pressure, Pa
qt – total diffusive heat flux, W

m2

q(α) – the progression level of αth chemical reaction
Se, Sk, Sε, Sm – sources of energy; turbulent kinetic energy; dissipation of

turbulent kinetic energy; mixture component, respectively,
W
kg
, m2

s3 ,
m2

s4 ,
1
s

Sv – momentum sources, m
s2

t – time, s
tt – total diffusive momentum flux (laminar and turbulent)

(= tlam + ttur)
u – specific internal energy, J

kg

Vm – diffusion velocity, m
s

V – volume, m3
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v – velocity vector (=viei)
vi – value of velocity vector component, m

s

Xm – mole fraction, kmol
kmol

T – temperature, K
x – placement
[Xm] – molar concentration, mol

m3

Ym – mass fraction of gas component, kg
kg

W – average molecular weight, kg
kmol

WCH3OH – molecular mass of methanol, kg
kmol

Wm – molecular weight of gas component, kg
kmol

Wm′ – molecular mass of component m′ 6= m, kg
kmol

⊗ – symbol of dyadic multiplication

Greek symbols

αcat – factor of influence of ‘third body’
δij – Kronecker’s delta

ε – dissipation of kinetic energy of turbulence, m2

s3

νm(α) – stoichiometric matrix coefficients
νCH3OH (α) – molar stoichiometric coefficient for CH3OH and αth reaction
ρ – mixture density (= ρ(x, t)), kg

m3

Subscripts and superscripts

α – number of chemical reaction, (α) = 1, 2, 3
cat – catalytic
cell – computational cell
ε – dissipation of kinetic energy of turbulence
i, j – i, j = 1, 2, 3 or i, j = x, y, z (Cartesian coordinates)
k – turbulent kinetic energy
m,m′ – components of mixture
mm′ – interaction of components of mixture m 6=m’
lam – laminar
T – temperature
t – total
tur – turbulent

Abbreviation
CFD – computational fluid dynamics
CFM – computational flow mechanics
UDFs – user defined functions

1 Introduction

Current issues of the environmentally friendly, sustainable energy sources
become increasingly important, and hydrogen is one of the most promis-
ing solutions [1–3]. Hydrogen can be employed in many devices for energy
conversion and produced in many different ways which enables its wide
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application, for example in hybrid cycle solid oxide fuel cell/gas turbine
[4–5]. Furthermore, hydrogen can be considered as an accessible and nat-
ural renewable energy source [6]. Hydrogen can be produced by chemical
reaction at elevated temperature and in the presence of catalysts. Such
applications for thermocatalytic reactors in which the role performed by
the active nickel-based materials have recently been explored by Jóźwik et
al. [7–8].

Among others, Ni-based catalysts exhibit extremely high catalytical ac-
tivity in methanol decomposition and other gasses synthesis and promote
the production of carbon nanostructures (mainly carbon nanotubes) [7,9].
One of the Ni-based, solid-state catalysts is the Ni3Al intermetallic phase
and its alloys [8], which belongs to a sort of multifunctional materials, com-
bining properties of both the structural and functional materials. They are
resistant to oxidation and corrosion at normal condition, have a relatively
low density and a relatively high melting point. Additionally, these mate-
rials retain sufficient strength at elevated temperatures and are relatively
easy to be formed [10]. According to literature, Ni3Al intermetallic thin
foils exhibit extremely high catalytic properties in hydrocarbon decompo-
sition reactions [11]. One example of an alloy foil package based on the
intermetallic phase Ni3Al, constructed as a rolled up honeycomb structure,
is shown in Fig. 1, where the foil thickness is compared to the thickness of
a human hair.

The appropriate selection of the dimensions of the device, in such way
that the contact time of the flow across the catalytically active surface of the
substrate providing the reaction of the target product, is very important.
In addition to experimental studies, some work focused on the modeling
of thermocatalytic processes is becoming increasingly interesting. Besides
these works, that describe in general the processes of chemical reactions
[12] there are articles concerning models of reactors and catalytic micro-
reactors [13]. As has been demonstrated in recent works [13,14] in model-
ing flows with a strong interaction of surface and liquid material, boundary
conditions and appropriate closure in mathematical models are essential.
It should be mentioned that the huge surface-to-volume ratio has turned
researchers attention to the fundamental understanding of the nature of
‘surface-type driving forces’ and the variety of different ‘jump’ phenom-
ena like slipping, rolling, spin-slipping, surface mobility, surface friction,
thermo-porosis, etc. Nonetheless, in the paper by Jóźwik et al. [13] the
concept had emerged that within given operating conditions and the given
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Figure 1: The alloy foil package based on the Ni3Al intermetallic phase rolled into a hon-
eycomb with zoomed foil and geometry of the eight single microchannels begin-
ning at inlet into the package and terminating at the outlet from the package.

geometry of the microreactor, there is no need for the application of slip
boundary conditions. Moreover Knudsen diffusion is not considered in this
paper with respect to the modeling of this thermocatalytic microreactor.
Hence, within the mentioned work [13] it has also been shown that the mi-
croreactor’s length could be practically estimated using standard models.

This paper is a continuation of the analysis within the geometry of
a single package of microchannels (Figs. 1 and 2) [13]. The alloy foil
package based on the Ni3Al intermetallic phase rolled into a honeycomb
with zoomed foil and geometry of the eight single microchannels beginning
at inlet into the package and terminating at the outlet from the package is
presented in Fig. 1. However, different issues have been considered, namely
the catalytic surface reactions of the decomposition of methanol and the
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volume reaction of shifting or methanation inside the microchannel.
The main focus of this paper is to describe the mathematical modeling of

momentum, heat and mass transfer, which is accompanied by the chemical
surface reactions of the flow of helium and methanol mixtures. The thermo-
catalytic devices used for the decomposition of hydrocarbons incorporates
vertical microchannel coupled at the ends which are heated to 500 ◦C at
the walls. The results of this experiment were compared with computa-
tional fluid dynamics (CFD) simulations to calibrate the constants of the
model user defined functions (UDFs). These extensions transformed the
calculations, mechanisms and algorithms of the commercial codes, adapting
them for the microflow cases and increased chemical reaction rates on the
interphase between fluid and solid. Results obtained on the way of numer-
ical calculations have been calibrated and compared with the experimental
data to receive satisfactory accordance. The model has been verified and
the performance of the thermocatalytic reactor with microchannels within
the hydrogen production regime has been investigated.

2 Computational fluid dynamics governing

equations

Classical CFD allows for the modeling of heat transfer, chemical and elec-
trochemical reactions as fluid flow processes in devices of different types.
Looking at the applications, which evolve more complex volumetric and
surface phenomena such as advanced heat transfer [15,16], phase transi-
tion [17,18], nanoflows [19,20], complex chemical reaction [21,22] and the
degradation of elements of power plants [23], many different papers have, in
recent years, been prepared by numerous researchers. However, particular
emphasis should be placed on the generating the additional terms necessary
for the modeling of surface catalytic reactions [24,25]. The model of the cat-
alytic reaction of methanol decomposition on the surface of alloys based on
the intermetallic phase of Ni3Al has been described in the previous studies
by Moussa and El-Shall [11] and Xu et al. [25]. The best example of cat-
alytic reaction is combustion in a honeycombed set of microchannels, which
has been described in a previous study by Jóźwik et al. [13]. A similar
geometrical set, namely the microchannels, has also been employed in the
present consideration. The microreactor generally consists of minichannels
(microchannels) which are separated by a thin solid wall, as is presented
schematically in Fig. 2.
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Figure 2: Cross-section of the microchannels in the honeycomb with highlighted charac-
teristic dimensions of thermocatalytic reactor, where short straight |OS| =
0.184 mm and long straight |OL| = 0.834 mm.

A mathematical model used in solver contains basic governing equations
that include continuity, momentum, energy, evolution of kinetic energy of
turbulence, evolution of dissipation of kinetic energy of turbulence and
species transport. Equations were assumed in a manner showed below.

Firstly, mass balance (continuity) equation is as follows:

∂

∂t
ρ+ div (ρv) = 0 , (1)

where ρ=ρ(x, t) represents the mixture density that depends on gas compo-
nent m, t and x are the time and location, respectively, v=viei is velocity
vector including ei – versor in i-direction and vi – value of vector.

Momentum balance equation can be written as

∂

∂t
(ρv) + div(ρv ⊗ v + pI) = div(tt) + ρSv , (2)

where ρv is the momentum density vector, p represents thermodynamic
pressure, I = δijei⊗ej defines unit tensor, δij is Kronecker’s delta and ⊗
denotes the dyadic multiplication. Additionally, total diffusive momentum
flux defined as tt = tlam+ttur takes into account two components of viscous
stress flux, namely, laminar and turbulent. In Eq. (2) ρSv is the momentum
source.

Energy balance equation reads:

∂

∂t
(ρe) + div(ρev+pv) = div(ttv+qt) + ρSe , (3)

where e represents total specific energy e = u+1
2v2 with specific internal

energy (u = cvT , cv – specific heat capacity at constant volume, T –
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temperature) and specific kinetic energy (1
2v2). The total diffusive heat

flux qt includes molecular heat flux and turbulent heat flux. Se are the
energy sources.

Equation for turbulent kinetic energy evolution can be defined as

∂

∂t
(ρk) + div(ρkv) = div(Jk) + ρSk , (4)

where diffusive flux of turbulent kinetic energy k occurs as Jk and the
source of the kinetic energy of turbulence is represented by Sk.

Equation for turbulent dissipation energy evolution can be expressed as

∂

∂t
(ρε) + div(ρεv) = div(Jε)+ρSε , (5)

where Jε is the diffusive flux of dissipation of turbulent kinetic energy ε
with sources Sε.

Finally, equation for species transport can be written as follows:

∂

∂t
(ρYm) + div(ρYmv) = div(Jm)+ρSm , (6)

where Ym is mass fraction of gas component m ≡ He, CH3OH, CO, H2,

CH4, H2O, CO2 , Sm is the creation/destruction sources of species m, and
Jm defines the flux of m components of mixture. More detailed description
of Eq. (6) is presented in [12,26].

3 Chemical reactions in thermocatalytic reactor

based on the intermetallic phase of Ni3Al

The main products of the methanol decomposition reaction over the Ni3Al
foils are the hydrogen, carbon monoxide and solid carbon deposits. The
by-products are carbon dioxide, methane and water [15,27]. In the simplest
case, methanol decomposition may be described by the following equation
[27,28]:

CH3OH → CO + 2H2 . (7)

If we consider the thermocatalytic microreactor fed by methanol via the
decomposition reaction, it should be noticed that carbon monoxide and
hydrogen, which are the products, can be consumed in the reacting flow
via the following methanation reaction:

CO+3H2 → CH4+H2O . (8)
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The carbon monoxide component is converted into carbon dioxide via shift
reaction. We decided to employ a simplified single-step non-reversible re-
action

CO+H2O → CO2 + H2 . (9)

Carbon deposition can be considered through the Boudouard reaction

2CO → C+CO2 . (10)

It should be mentioned that some of the by-products, especially water, can
oxidize the Ni3Al catalyst surface. Based on the papers [25,29], H2O is
the by-product of methanol decomposition and can be used to create the
metallic Ni

2Ni3Al+3H2O → 6Ni+Al2O3+3H2 (11)

and also can be converted into aluminium hydroxide

Al2O3+3H2O → 2Al(OH)3 . (12)

It is worth noting that the appearing Ni nanoparticles can be oxidized by
H2O according to the reaction

Ni+H2O → NiO+H2 (13)

and it can then also takes part in the subsequent reaction of a spinel for-
mation:

NiO + Al2O3 → NiAl2O4 . (14)

In spite of the that fact, the Al2O3 creation is energetically privileged and
is thus preferentially produced on the catalyst surface. According to [11]
the oxidization of Ni3Al preferentially occurs through grain boundaries.

4 Surface source of methanol decomposition and

diffusion of components

As has been already mentioned, changes of gas component, m = 1, 2, .., n
(n is the number of components), concentration in the mixture due to chem-
ical reactions can be implemented via a volumetric or surface source term,
Sm, in the species transport Eq. (6). At this point it should be emphasized
that numerous problems of the gas-dynamic boundary layer increase as
a result of combination with the chemical phenomena that are taking place
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in the vicinity of solids. The flow model of chemical reactions, discussed in
many papers [12,30] refers to mechanical, thermal and chemical issues of the
phenomena occurring in volume. Phenomena occurring on the surface of
the combustion chamber are characterized by complete anisotropy. Apart
from the volume production of component, Sm, the reaction of the surface
absorption also describes chemical kinetics, and therefore they should be
treated as some surface source (or discounts) for the gas component [31].

However, the type of by-products suggests that the Boudouard reaction
(10) occurs in the performed experimental catalytic test, it is assumed in
the numerical simulation that there is no coke creation during microreactor
operation and the products of thermocatalytic oxidation are not deposited
on the catalyst surface. Hence, to provide a complete CFD model of the
surface processes, it will be necessary to consider the additional phenom-
ena similar to presented in [32–36]. It could be helpful in the future works
including the growth of carbon nanotubes. In this paper, it is also be as-
sumed that there are no site species involved in the surface reactions (see
Eqs. (11)–(14)) and hence only gas phase species are modeled. For model-
ing purposes only the methanol decomposition reaction is catalytic so it is
assumed that the source term, SCH3OH, for methanol can be formulated in
finite volumes strictly adjacent to the microreactor wall. The source of the
decomposition of methanol. SCH3OH, depends on the catalytic properties of
the intermetallic phase of the Ni3Al, and can be expressed via the following
equation:

SCH3OH = WCH3OHνCH3OH(α)q(α) , (15)

where νCH3OH (α) is the molar stoichiometric coefficient for CH3OH and
αth non-reversible reaction and q(α) is the progression level of αth chemical
reaction (reaction rate). It should be added that the reaction rate of the
methanol decomposition q(α) = qCH3OH is then usually given as a function of
the methanol molar concentration [XCH3OH] and the forward rate constant
k(α). Following [30], a general equation can be written in the form

q(α) = k(α)

∏

m

[Xm]νm(α) , (16)

where the total stoichiometric coefficient equals νm(α) = ν ′′
m(α) + ν ′

m(α);

[Xm] is the molar concentration of mth component, k(α) is the constant
of progress of the chemical reaction. The stoichiometric matrix coefficients
νm(α) are integers: ν ′

m(α) is the coefficient of the mth component for the

progressive αth reaction, of the non-positive value; while ν ′′
m(α) is the
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stoichiometric coefficient for the reverse reaction of the non-negative value.
In processes of methanol decomposition taking place with the presence

of ‘third body’, specifically the Ni3Al intermetallic phase the rate of reaction
q(α) = qCH3OH determined in formula (16), should be explicitly dependent
on the mass participation of the ‘third body’ by factor αcat [30]:

q(α) = αcat[Y cat]k(α)

∏

m

[Xm]νm(α) , (17)

where [Ycat] is the mass concentration of the catalytic material. If, as is
often the case, some of the components operate as the ‘third body’ more
effectively than the others, the factors αcat must be taken into account.
Contrary, another ‘third body’ which does not influence the reaction rate
should be negligible with the factor αcat = 0.

To obtain the volumetric reaction rate, q(α) = qCH3OH, consistent with
the volumetric source term, SCH3OH, the surface reaction rate should be
divided by the height of the computational cell adjacent to the microreactor
wall (Acat/Vcell). Therefore, in the case of thermocatalytic surface reaction
the source of decomposition (15) can be finally rewritten in the following
way [13]:

Sm = Wmνm

(

kcat[Xm]
Acat

Vcell

)

, (18)

where the forward catalytic rate constant kcat = αcatk(α). Furthermore, for
methanol decomposition it is necessary to consider the effect of interaction
with Ni3Al, namely:

SCH3OH = WCH3OHνCH3OH

(

kNi3Al[XCH3OH]
ANi3Al

Vcell

)

, (19)

where νCH3OH (α)is the molar stoichiometric coefficient for CH3OH and αth
non-reversible reaction and WCH3OH molecular mass of methanol. To ob-
tain the volumetric source term, SCH3OH, the surface reaction rate should
be divided by the height of the computational cell adjacent to the microre-
actor wall (Acat/Vcell). It should be added that the source of methanol
decomposition SCH3OH is then usually given as a function of methanol mo-
lar concentration [XCH3OH] and the forward catalytic rate constant kcat.

However, for methanol and others component concentrations, it is nec-
essary to consider the effect of diffusive fluxes, such as ordinary molecular
diffusion, in gas channels as well as Knudsen diffusion. As was presented
in [13], for the considered geometry of the thermocatalytic microreactor,
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Knudsen diffusion is neglected. In general, diffusion flux, Jm, depends on
the diffusion velocity, Vm, in the following way:

Jm=ρYmVm . (20)

The best proven closure on Vm is the Dixon-Lewis’ formula [12]

Vm=
1

W

NS
∑

m′ 6=m

Wm′ Dmm′

gradXm′

Xm
−
DT

m

ρYm

grad T

T
. (21)

where Dmm′ and DT
m, are coefficients of respectively multicomponents and

temperature diffusion, Xm is the mole fraction, Wm′ is the molecular mass
of component m

′

6= m, W is the average molecular mass of components,
gradXm represents diffusion vector, while T is the temperature in the re-
actor.

5 Main assumption of calculation

The cross-section of the microchannels in the honeycomb set is presented
in Fig. 3, where the discretized space flow with visible refinement of the
boundary layer is shown. In the channels with the inlet and outlet coupling
the flow under consideration has been divided into some blocks that have
been discretized by means of a structured numerical grid, steeply refined
in the normal wall direction. Initial tests allowed the use of a numerical
grid to ensure that further refinement did not influence the computational
results.

The recalculation of the experimental reaction rate and diffusion flux
were performed under the following assumptions: 1) constant temperature
of the process, 2) monolithic structure of the reactor, 3) conversion param-
eters as in Tab. 1, 4) geometric dimensions as were presented in Fig. 2.
So temperature diffusion part is neglected and only Dmm′ is considered in
numerical way.

However, aspects of the boundary conditions can be also considered by
simulation, prepared via computational flow mechanics (CFM) calculations
[37,38]. Various organic feeds such as methanol, ethanol, and methane may
be decomposed as the primary fuel. The methanol and helium mixture
composition employed in the present analysis (Tab. 2) have been based on
actual experimental data from one of the considered cases.
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Figure 3: Discretisation by finite volume method of the reacting area.

Table 1: Experimental results of thermocatalytic decomposition over Ni3Al foil estimated
under atmospheric pressure, at velocity 1 cm/s and temperature of the catalysis
process 500 ◦C.

Parameter Unit Value

Total mass of catalytic specimens g 0.777

Density of Ni3Al foil g/cm3 7.51

W/F (weight / flow) gcats/cm3 1.48

Conversion of methanol % 100

Time on stream h 2

Experimental reaction rate of methanol g/gcats 1.39

Table 2: Mixture of the methanol and helium composition.

Component Symbol Mass fraction [–]

Helium He 0.158

Carbon C 0.316

Hydrogen H 0.105

Oxygen O 0.421
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The velocity was assumed at the level of 1 cm/s (see Tab. 1). It is also
known that the lowest possible temperature of the catalysis process which
is sufficient to obtain a complete conversion occurred at T = 500 ◦C. For
the steady state flow analysis a commercial solver was employed. Finite vol-
ume based codes permit one to solve the three-dimensional fluid and heat
flow problems concerned with turbulent structures and chemical reactions
[39–42]. However, it also allows for the addition of user defined subroutines
written in C++ for problems that fall outside the capability of the stan-
dard version of code. The grid used in the numerical calculations presented
here consists of 1 600 000 finite volumes. This enables the model to main-
tain a high accuracy of results, without consuming unnecessary computing
power. In the microreactor, a k-ε turbulent approach was applied due to
necessity of utilizing the eddy-dissipation model which was considered as
the simplest one to work through using UDF. It has been assumed that the
microreactor is adequately isolated, thus assuring an adiabatic condition.
It was also assumed that the surface structure of the micro-reactor can be
treated as homogeneous.

In this place it should be also added that the structure of microreac-
tor can be treated as an ordered porous structure [43,44], which is quite
homogeneous. However, there have been many attempts to analyse hetero-
geneous porous materials especially when it correlates with a petrophysical
parameters [45–48]. Possibilities of modeling this systems using basic law
for porous materials can be considered in few approaches: 1) slip flow in
porous media [49,50], 2) extension of the Darcy equation for example the
Brinkmann-Darcy-Forchheimer equation [51], 3) a model from which one
can describe the Klinkenberg effect [52]. For many cases analytical solution
is supported by numerical simulation [53], and pore space structure needs
new description which is also developed in [54,55].

The standard SIMPLE (semi-implicit method for pressure-linked equa-
tions) method has been used for pressure-velocity coupling. The second or-
der upwind schemes have been employed for the solution of the convection
term in the governing equations. The diffusion terms have been central-
differenced with second order accuracy as well. The detailed methodology
of numerical integration regarding the set of governing equations can be
found in [12].
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6 Results and discussion

Thermocatalytic decomposition of methanol in a single microreactor pack-
age is considered as a complicated phenomenon where the main products
of the reaction are H2 and CO (see Eq. (7)). In Fig. 4 is visible that

a)

b)

c)

Figure 4: Mole fraction field at eight single microchannels beginning at inlet into the
package and terminating at the outlet from the package for: a) methanol, b)
hydrogen, and c) carbon monoxide. Thermocatalytic reaction area is located
between L = 0 mm and L = 25 mm.

the two characteristic areas can be distinguished for the whole package:
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Firstly, the diffusion flux area before microchannels (between L = −10 mm
and L = 0 mm); secondly, the thermocatalytic reaction area (between
L = 0 mm and L = 25 mm). The maximum of the methanol mole fraction
is located at the beginning of the inlet package (see Fig. 4a) and decreases
between the centre of the diffusive flux area and the thermocatalytic area
in the microchannels, while further diminishing due to the surface catalytic
reaction on the Ni3Al thin foil (conversion of methanol equals 100%).

It should be understood that a decrease of methanol concentration in
the diffusion flux area is connected with the diffusion fluxes of the other
components, mainly hydrogen and carbon monoxide and mathematically
expressed in relations (6) and (20). Mole fraction field at eight single mi-
crochannels beginning at inlet into the package and terminating at the
outlet from the package for methanol a), hydrogen b), and carbon monox-
ide c) is presented in Fig.4. A change in the average mole fraction of H2,
CH3OH, CO, H2O, CH4, and CO2 as a function of the reactor length L is
shown in Fig. 5.

Figure 5: An averaged cross-sectional mole fraction of H2, CH3OH, CO, H2O, CH4, and
CO2 as a function of the reactor length L. Thermocatalytic reaction area is
located between L = 0 mm and L = 25 mm.

As is highlighted in Figs. 4 and 5, the decrease of CH3OH and increase
H2, CO concentration from L = 0 mm in the direction of the outlet from
the package is related directly to the decomposition effects connected with
the properties of the intermetallic phase of Ni3Al. The view of the H2 mole



Mathematical modeling of hydrogen production performance. . . 19

fraction change in the axial-sectional which is illustrated in Fig. 5 between
L = −10 mm and L = 0 mm, shows the effects of diffusion.

The estimated average values in the cross section of the CH3OH mole
concentrations have visible tendency towards a changing rate of decrease
in mole concentrations as a function of the reactor length L. Similar trends
for H2 and CO increase is correlated with the surface reaction and a strong
influence of the diffusion migration of the products of this reaction. Full
thermocatalytic decomposition of methanol occurs at L = 10 mm into the
microchannel from the inlet (Fig. 5), and from this point the volumetric
reactions of shifting and methanation reveal a tendency to outweigh the
decomposition reactions, however, the mole fractions of H2O, CH4 and
CO2 are about ten times lower than the mole fractions of H2 or CO.

6.1 Influence of the size of honeycomb

Different scales of geometry, namely: small, medium and large have been
presented in Fig. 6. The grid used in the numerical calculations presented
here consist of 1 600 000 finite volumes for basic geometry case ‘small’. For
geometry ‘medium’ and ‘large’ number of finite elements were accordingly
increased, respectively to 2 000 000 and 3 400 000 finite elements (see
Tab. 3). This enables the model to maintain a high accuracy of the results,
without consuming unnecessary computing power. To compare changes in
reaction effectiveness and flow behavior the geometry was scaled firstly by
1.67, and secondly by 2.24. Therefore, once dimensions in every direction
were multiplied by 1.67 and after that once again multiplied by 2.24. This
way we obtained 3 geometries of the same shape of microchannel but in
different sizes. The results of scaling and its effect on reactor volume and
mass flow can be seen in Tab. 3.

Figure 6: Different scale factor for assumed geometry: small, medium, large, respectively.

The estimated average values in the cross-section of the CH3OH mole con-
centrations for different scale factor have been presented in Fig. 7. There
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Table 3: Change in parameters (reactor volume and mass flow) for different scale factor
for assumed geometry (basic dimensions shown in Fig. 2).

Parameter
Reactor volume Volume multiple Mass flow rate Mass multiple

[m3] [–] [kg/s] [–]

Small 7.04×10−08 1.00 6.29×10−08 1.00

Medium 1.17×10−07 1.67 1.05×10−07 1.67

Large 2.62×10−07 3.73 2.35×10−07 3.73

we have visible tendency towards a changing rate of decrease in mole con-
centrations as a function of scale factors, mainly large, medium, and small.
Full decomposition of methanol is obtained only for the first type of geom-
etry, namely for ‘small’ size.

Figure 7: Mole fraction of CH3OH for different scale factor for assumed geometry. Ther-
mocatalytic reaction area is located between L = 0 mm and L = 25 mm.

Mole fraction field of CH3OH for different scale factor for assumed geom-
etry and at the eight single microchannels in the cross sections have been
presented in Fig. 8. As can be seen in Figs. 7 and 8 despite significant scale
increase the decomposition of methanol still is very effective. Results are as
expected, with smaller channels and higher wall influence on the gas flow
the decomposition is faster and more complete at the end of the reaction
area. Although it is worth to mention that despite significant increase of
size (as seen in Tab. 3 almost quadruple in volume) the effectiveness of
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a)

b)

c)

Figure 8: Mole fraction field of CH3OH for different scale mainly: a) small, b) medium,
and c) large; at the eight single microchannels in the cross-sections L = 2 mm
and 10 mm.

decomposition reaction is still very impressive.

6.2 Velocity field

Velocity field have been presented in Fig. 9. The differences between the
selected cross sections, specifically L = 0, 2, 10, and 25 mm occur due
to thermocatalytic surface decomposition which starts at the inlet to the
honeycomb and also because of diffusion effects and volumetric reactions.
Hence, with the further increase of the decomposition process, the mix-
ture accelerates due to the increasing number of the mixture moles. The
progress of velocity field is rapid through L = 0 mm; and consecutive cross-
sections L = 2, 4, 6, and 8 mm, to the distance about L = 10 mm where
decomposition is complete. Another process, predominantly mixing due to
eddy turbulence, can be observed at the outlet from the microchannels in
the honeycomb, L = 25 mm.
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Figure 9: Velocity field at the eight single microchannels in the cross-sections L = 0, 2,
10, and 25 mm. Thermocatalytic reaction area is located between L = 0 mm
and L = 25 mm.

7 Conclusions

This paper is concerned with the modeling of hydrogen production by
methanol decomposition in the thermocatalytic reactor based on the in-
termetallic phase of Ni3Al. Therefore, this article describes the results of
interaction between Ni-based foils and the flow which exhibits extremely
high catalytic activity in methanol decomposition.

The original methodology of the 3D numerical analysis for thermocat-
alytic microreactor used in the decomposition of methanol has been pre-
sented in this paper. The numerical simulation has been performed via
cpomputational fluid dynamics (CFD) procedure with extensions includ-
ing the increased chemical reactions rate at the interphase between fluid
and solid. Presented analysis should be considered as one that demon-
strated a promising concept in chemical processing possibilities. The data
extrapolated via the implemented numerical model have made it possible
to assess the minimum length of the microreactor channels, which provides
an optimal dimension at the system outlet. Results obtained through nu-
merical calculations were calibrated and compared with experimental data
to receive satisfactory agreement, however a more sophisticated approach
should be considered which includes the effects of deposit growth on the
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reaction conditions and temperature field at the wall.
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Comprehensive approach for porous materials analysis using a dedicated preprocess-
ing tool for mass and heat transfer modeling. J. Therm. Sci. 27(2018), 5, 479-486.

[46] Vafai K., Tien C.L.: Boundary and inertial effects on flow and heat transfer in
porous media. Int. J.Heat Mass Tran. 24(1981), 195–203.

[47] Krakowska P., Puskarczyk E., Jȩdrychowski M., Habrat M., Madejski
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