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Exothermic reactor is the main part in a chemical heat pump. It involves complex multi-component exothermal 
chemical reaction in catalyst-filled porous media. The lattice Boltzmann method (LBM) is developed to simulate 
the characteristics of fluid flow, heat and mass transfer coupling chemical reaction in the exothermic reactor of 
the isopropanol/acetone/hydrogen chemical heat pump system. Fractal theory is used to structure a porous me-
dium model in the reactor. The simulation results show that LBM is suitable for the simulation and the conversion 
has an optimal value with different inlet velocities. 
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Introduction 

The hydrogenation exothermic reaction of acetone, 
which occurs at 473K, is an important step in the isopro-
panol/acetone/hydrogen chemical heat pump system [1]. 
The reaction equation is shown as the following:  

3 2 2 3 2( ) ( ) ( ) ( ) ( )

55.0 /

CH CO g H g CH CHOH g

H kJ mol

+ ↔

Δ = −
   (1) 

The catalyst-filled reactor can be treated as a porous 
media, in which the heat and mass transfer as well as the 
exothermal reaction exist. Though the investigations on 
the fluid flow and heat transfer in porous media have 
been a hot topic and made great progress [2], few studies 
have been carried out to investigate the characteristics 
integrated with the chemical reaction. Furthermore, most 
of the investigations for chemical reaction neglected the 
effect of heat transfer. And the chemical reaction and heat 

transfer were studied separately. Therefore, the heat and 
mass transfer in the reactor are still poorly understood 
and intractable. Although the conventional CFD methods 
can be applied to the problems of complex geometry 
boundary conditions, the LBM has been proposed in re-
cent years for simulating the fluid flow and presenting 
the detailed analysis of heat transfer problem in porous 
media field [3-5]. A striking capability of LBM is that it 
can handle very complicated geometry and boundary 
conditions [6].  

Based on the porous media reactive flows, Huber et al. 
developed a Lattice Boltzmann model including the ef-
fect of mass diffusion and advection-diffusion and ap-
plied the advection-diffusion model to the problem of 
fluid flow in a porous media [7]. Kao et al. conducted an 
investigation on the fluid flow and heat transfer in a mi-
croarray structure [8]. A simple mathematical model was 
proposed to evaluate the chemical reactive efficiency just  
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Nomenclature 
Abbreviation X Distribution function 
CHP Chemical Heat Pump Greek symbols 
LBM Lattice Boltzmann Method α Thermal diffusivity coefficient [m2/s] 
Symbols  ε Porosity 
c Lattice speed [m/s] λ Stoichiometric coefficient 
cp  Specific heat capacity [J/(kg⋅K)] ν Kinetic viscosity [m2/s] 
D Mass diffusivity coefficient [m2/s] ρ Density [kg/m3] 
e Lattice particle speed τ Relaxation time 
ke  Reaction equilibrium constant [1/Pa2]  ω Weight coefficient 
Kr Reaction coefficient [mol/(m2⋅s⋅Pa2)] Superscripts 
L0 Characteristic length [m] eq Equilibrium 
M Mole weight * Source term 
Q  Reaction heat [J/mol] σ  Chemical component 
Rreact Reaction rate [mol/(m2⋅s)] Subscripts 
Δt Time step ace Acetone 
T Temperature [K]  hydro Hydrogen 
T0  Characteristic temperature [K]  I Discrete velocity direction 
U Macroscopic velocity[m/s] ip Isopropanol 
U0 Characteristic velocity [m/s] mix Mixture 
x Position in space σ Chemical component 

 
based on the steady-state temperature field. Actually, the 
chemical reaction in the reactor was not computed by 
LBM. Thus, there was lack of detailed observation and 
understanding of basic physical-chemistry processes in 
the reactor. 

In this study, following the method in [9], LBM is ex-
tended to investigate the characteristics of fluid flow and 
heat and mass transfer accompanied by the chemical re-
action. The classical regular Sierpinski carpet fractal 
structure is designed to simulate the porous media, in 
which the 2-D fractal porous structures with porosity of 
0.79 (order 2) and porosity of 0.702 (order 3) are shown 
in Figure 1.  

 

 
 

Fig.1  The fractal structure of Sierpinski carpet (a. porosity of 
0.79; b. porosity of 0.702) 

Numerical method 

The following assumptions are adopted for simulating 

the flow, temperature and concentration fields within the 
reactor using the LBM: 

(1) The body forces are not applied to the flow field 
and the flow is incompressible. 

(2) The radioactive heat transfer is ignored. 
(3) The flow, temperature and concentration fields are 

independent and can be solved separately. 
(4) The thermophysical properties of the reactants and 

product are constant.  
The D2Q9 lattice BGK models are used for the flow, 

temperature and concentration simulation. The common 
expression of the model is shown in Eq.(2). x denotes the 
position in space. Δt is the time step. X represents the 
distribution functions of flow f, temperature T and con-
centration Yσ. σ is the species of components. τX is the 
single relaxation time. Xeq is the corresponding equilib-
rium distribution function. ei denotes the discrete velocity, 
which is expressed as Eq.(3). 
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(3) 
The source term is SX=0 for the flow, *

X i TS Qω=  for 
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the temperature and *
X i YS Q σω=  for the concentration, 

which are available only on the reaction surface. ωi is the 
weight coefficient with ω0=4/9, ω1−4=1/9, ω5−8=1/36. The 

*
TQ  and *

YQ σ  in the source term including the effects of 

the chemical reaction and can be expressed as: 
*

0 0/( )react mix p oTQ QL R c T Uρ=          (4) 
*

0 0/( )react mixYQ M L R Uσ
σ σλ ρ=         (5) 

where Q is the reaction heat. cp is the specific heat capac-
ity of the mixture. ρmix is the density of mixture. Mσ is the 
molecular weight of components species σ. λσ are the 
stoichiometric coefficients, λace=−1, λhydro=−1, λip=1. U0 
is the characteristic velocity. L0 is the characteristic 
length. T0 is the characteristic temperature. 

The equilibrium distribution function eq
iX  is of the 

form as : 
2 2 4

2 2

[1 1.5( ) / 4.5( ) /
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eq
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ω= + ⋅ + ⋅ −e u e u

u
   (6) 

where P is the macroscopic value corresponding to ρ  
for fluid, T for temperature and Yσ for concentration. c is 
the lattice speed and take 1 here. u is the macroscopic 
velocity.  

The macroscopic quantities can be obtained from the 
distribution function:  

i
i

fρ = ∑
  

/i i
i

f ρ= ∑u e
  

i
i

T T= ∑
  

i
i

Y Yσ σ= ∑
 

The relaxation time τX can be obtained from the kine-
matic viscosity of ν of the mixture fluid for the flow 
simulation, from the thermal diffusion coefficient of α 
for the temperature calculation, and from the mass diffu-
sion coefficients of Dσ of every component for the con-
centration solving.  

2 2

2

( 1/ 2) / 3, ( 1/ 2) / 3
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c t c t
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ν τ α τ
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The value of ν is 5×10−4 m2/s, α is 5×10−5 m2/s, Dip is  
4.11×10−5 m2/s, Dace is 5.34×10−5 m2/s, Dhydro is  6.3× 
10−5 m2/s. 

The reaction rate Rreact in formulas (4) and (5) is de-
termined referring as the following:  

[1 /( )]react r ace ip e acehydro hydroR K p p p k p p= −    (7) 

where Kr is the reaction coefficient, 1.5×10−12 
mol/(m2⋅s⋅Pa2). Ke is the reaction equilibrium constant, 
175.754 Pa−1. pace, phydro and pip 

are the partial pressure of 
acetone, hydrogen and isopropanol, respectively.  

The half way scheme bounce-back boundary is applied 
for all no-slip solid boundaries for the flow simulation 
[10]. The velocity boundary is applied at the inlet, which 
can be deduced from the expression of the macroscopic 

quantities. The developed boundary condition is imposed 
at the outlet. 

The Dirichlet boundary for the temperature boundary 
(inlet) and the Neumann boundary for the heat flux 
boundaries (top and bottom wall) are applied for the 
thermal simulation [11]. The zero diffusive flux bounda-
ries for the channel walls and the constant concentration 
boundary for the inlet are used to calculate the compo-
nents concentration referring to the thermal boundary. 
The half way scheme bounce-back boundary is also set 
for the interior fluid-solid interfaces for the temperature 
and concentration simulation. The developed boundary 
condition is used at the outlet for both of them [12]. 

The uniform grid is used for the numerical simulations. 
The convergence criterion is set as follows: 

,
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 Before applying the present lattice Boltzmann method 
to solve the complex configuration, a few benchmarks 
are carried out for validation of the LBM. With regard to 
hydrodynamics, the similar flow past a square with the 
same boundaries is simulated. Figure 2a describes the  

 

 
 
Fig. 2  (a) Velocity vector of flow past a square with Re=10; 

(b) Comparison of simulation results by LBM and 
analytical solution for the Poiseuille flow 
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numerical profile for this scenario. This phenomenon is 
in line with the flow pattern of small Re Number flow 
around the bottom of column. 

Besides, the well-known Poiseuille flow is also carried 
out for the model validation. Figure 2b describes the pre-
dicted results by the LBM compared with the analytical 
results. The calculated result fits well with the exact solu-
tion. That shows that the LBM for the fluid flow is reli-
able. Yet, the experimental data or the analytical results 
of the hydrogenation reaction of acetone cannot be got at 
present. So the validations of the LBM for the tempera-
ture and concentration are not carried out. But the ex-
pression and the solution of those models are the same as 
the model for the fluid flow. 

Results and discussions 

In this study, the flow and heat transfer coupling che-
mical reaction with different inlet velocities and poros-
ities are simulated. The simulation domain is performed 
using a lattice with 163×163 nodes. Figure 3 depicts the 
representative simulation results for the x-direction ve-
locity, temperature and components concentration in the 
domain with the porosity of 0.79 and the inlet velocity of 
0.03. It is found that the maximum of the concentration 

gradient is near the solid matrix because of the surface 
reaction. The concentration of the hydrogen decreases 
and the concentration of the isopropanol increases gradu-
ally along the flow direction. The temperature also in-
creases because of the exothermic reaction. The concen-
tration of the isopropanol centralizes after the central 
matrix, which shows that the diffusion of components is 
slow in that region. The temperature also centralizes in 
the same location. 

The distributions of the temperature and velocity 
along the x-direction at Y/L=1/2 with porosity of 0.79 are 
shown in Fig.4. The change of temperature is larger be-
fore the central matrix than after that location. The in-
crease of the inlet velocity has little effect on the 
x-direction velocity before or after the central matrix, but 
causes the maximum temperature to move from the front 
of the central matrix to the back. Those prove that the 
natural diffusion is predominant at the lower velocity 
region. So the temperature or the concentration of iso-
propanol is higher in that location. 

The effects of the process variables including the mole 
ratio(R), inlet velocity (U), and porosity (ε) on the tem-
perature field and conversion are studied. The distribu-
tions of the conversion with the inlet velocity at different 
porosities are shown in Figure 5. The ratios of the hy- 

 

 
 

Fig.3  Contour plots for (a) velocity, (b)hydrogen concentration, (c) isopropanol concentration, (d) temperature 
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drogen and acetone are 1 and 2, respectively. The inlet 
velocity varies from 0.01 to 0.1. It is seen evidently from 
the profile that the maximum value of the conversion is 
obtained when the mole ratio of hydrogen/acetone is 
higher at the same porosity in the research range. The 
excess of the hydrogen causes the conversion increasing. 

 

 
 

Fig.4  Distributions of (a) temperature and (b) velocity at 
Y/L=1/2 

 

 
 

Fig.5  Variations of conversion rate at the outlet with inlet 
velocity under different porosities 

 
Besides, the conversion has a peak with the rise of the 

inlet velocity. When the velocity is lower, the diffusion 
induced by the concentration difference is predominant 
before the peak point of the conversion, which causes the 
product concentrating on the reaction surface and re-
strains the reversible chemical reaction. The increase of 

the inlet velocity enhances the transport of the product. 
Thus, the conversion rises as the increase of the inlet 
velocity. However, the time of the reactants staying on 
the surface decreases when the inlet velocity becomes 
higher, which induces the conversion falling when the 
inlet velocity is higher.   

The inlet velocity corresponding to the peak conver-
sion becomes different when the porosity is different at 
the same mole ratio. The conversion rises as the decrease 
of the porosity at higher velocity because of the larger 
reaction surface. Nevertheless, the conversion decreases 
as the decrease of the porosity at lower velocity. Though 
the reaction area is larger at lower porosity, the distance 
of the reaction surface becomes shorter. That counter-
works the natural diffuse of the product of isopropanol, 
which is predominant at lower velocity. So the conver-
sion decreases at the lower velocity and porosity. 

 

 
 

Fig.6  Variations of temperature rate at the outlet with inlet 
velocity under different porosities 

 
Figure 6 describes the variation of Tout/Tin at different 

mole ratios, velocities and porosities. The changes of the 
temperature are similar to the conversion with the inlet 
velocity. The heat produced by the reaction is corre-
sponding to the conversion of the reaction.  

Conclusions 

The lattice Boltzmann method is introduced to study 
the exothermic reaction of acetone hydrogenation over 
the catalyst, which is an important process in a chemical 
heat pump. The fractal theory is used to construct the 
porous media catalyst. Some well-known cases are con-
ducted to verify the lattice Boltzmann code. The simula-
tion results show that the LBM can be developed to 
simulate the multi-component flow, heat and mass trans-
fer coupling with the chemical reaction. 

In summary, the inlet velocity has a great effect on the 
temperature and concentration fields. The location of the 
highest temperature and concentration of isopropanol 
changes from the front to the back of the central matrix 
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as the velocity rising. The temperature and conversion 
have a peak as the rise of the velocity. Furthermore, the 
excess of the hydrogen can improve the conversion. 
However, the conversion is lower with lower porosity at 
lower velocity, and is higher with lower porosity at 
higher velocity. The LBM is suitable for studying the 
flow, heat and mass transfer coupling the chemical reac-
tion in the porous media reactor; and it revealed the 
complex mechanism of the multi-field coupling in exo-
thermal reactor. 
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