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Abstract: The present paper focuses on the problem of fuel gas
reforming. Fuel reforming is considered as one of the methods of
homogeneous charge compression ignition (HCCI) control. The
article is divided into two parts. The first part is a review of cur-
rent reforming methods, their applications for gaseous fuels and
problems connected with implementing reforming in real con-
version systems. The second part presents a complex reforming
reactor construction which was designed to support HCCI con-
trol in a new barrel engine prototype. The description of design
includes computational fluid dynamics analysis (CFD) and finite
element method (FEM) analysis of the reactor.

1. Introduction

Reforming is a scientifically proven process of cracking complex chemical compounds.
Research confirms that fuel reforming may be used to control the HCCI combustion
process (Peucheret et al., 2005), particularly for methane based fuels (natural gas,
biogas). Decomposition of complex hydrocarbons to syngas is one of the possible
ways to control the combustion process. Additionally, a lot of studies regarding tar
conversion presented beneficial impact of fuel reforming as a tar removal process. The
conducted analysis of reforming for low caloric value fuel gases proved its profitability.

The most popular method, which is currently used in the industry, is catalytic re-
forming. The main reason for selecting this method is the possibility of decreasing the
reforming temperature. The use of catalysts imposes certain restraints on the process
parameters due to the risk of catalyst deactivation (e.g. sintering, coke deposition).

The conducted analysis confirmed that achieving suitable reaction parameters may
be realized by selecting catalyst porosity. Additionally, structural analysis revealed
that high temperatures and relatively low pressures in the reactor result in low stresses
and large deformations of the reactor. Those deformations should be taken into
consideration while designing the whole system.
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2. Aims of the research

The research consisted of two main parts. The first part was focused on reviewing
methods of fuel reforming with regard to syngas production and tar cracking. Those
processes were considered as crucial factors for proper control of the engine combus-
tion process, especially for power generation based on the gaseous fuels e.g. biogas,
coalgas or producer gas. Syngas, according to Neiva and Peucheret nomenclature, is
understood as a mixture of hydrogen (H2) and carbon monoxide (CO) (Neiva et al.,
2009). The second part of the work was devoted to the reforming reactor design and
the selection of the best setup for the future application. The reactor application is
a power generator container supplied with an opposed piston engine, which was de-
signed to work on biogas or gas produced from pyrolysis. Pure gases usually include
significant amount of tar particles. Tars are not allowed to be used in typical power
piston engines. These fuel impurities may lead to operational problems and abnormal
engine wear. This forces the producers to implement gas purification systems using
various cleaning methods. Typical methods of gas purification are: oil scrubbing,
cyclones, separators, filters. Tar removal reduces fuel caloric value and requires addi-
tional energy consumption to maintain work and temperature of the cleaning systems.
These reasons imply reforming as a way of essential increase in efficiency of power
producing systems.

3. Reforming - applications and results

In the chemical and petrochemical industries reforming has found a great number
of applications. The number of reforming methods is increasing year by year and
scientists are still looking for improvements of all these processes.

3.1. Types of reforming

Reforming may be divided into two main categories: non-catalytic and catalytic re-
forming. Usually, non-catalytic reforming is represented by thermal cracking. This
process is conducted in relatively high temperatures, above 1000 ◦C, which lead to
huge heat losses. Another interesting non-catalytic process is plasma reforming. This
process is under investigation and gives very promising perspectives, especially for
hydrogen production. Catalytic processes are widely implemented in the energy in-
dustry. The biggest advantage of these processes is lowering the temperature even
below 700 ◦C. Depending on the requirements of the reforming: type of gas, residency
time, and temperature there are various applicable types of catalysts:

• noble metals (Ru, Rh, Ir, Pt, Pd),
• metal oxides (NiO, CaO, MgO, ZnO, Al2O3, Fe2O3, CeO2, SiO2),
• minerals (dolomite, bentonite, zeolite, olivine, cordierite),
• activated carbon.

The best results in application of catalytic reforming were obtained for catalysts
doping. The combination of different catalyst compounds depends on the gas com-
position and the reaction parameters.
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Fig. 1. Nickel monolith catalyst at temperature 900 ◦C ensuring low pressure drop
and high efficiency on tars and ammonia conversion (Simell, 2003).

3.2. Problems with application

The most important reason for applying reforming is reducing energy consumption.
It concerns non-catalytic (including plasma reforming) as well as catalytic reforming.
Catalysts are usually used to lower the process temperature and thus, reduce heat
losses. Additionally, they make it possible to use a wider range of materials for
the reactor design. The biggest problem connected with the catalysts is stability of
their parameters (high activity, thermal stability, coke deposition resistance, proper
selectivity). Catalysts are prone to sintering in high temperatures and their activity
decreases with time. Additional issue, which also affects the activity of catalysts, is
coke deposition which occurs in all reactors working with tars.

3.3. Results

In order to reflect on the variety of researches conducted on the reforming process
and different applications of reforming, the following results of different researches
were presented. Fig. 2 (Wang et al., 2010) shows methane and CO2 conversion over
cordierite catalyst. It was noted that the activation of catalyst was sharply rising at
temperatures of around 550 – 650 ◦C.

Addition of steam in a wide range promoted conversion for both gases, carbon
dioxide and methane. More CH4 conversion (CH4 → C*→ CO*) was caused by the
OH* provided by H2O. OH* can convert CH4 by pyrolysis and carbon oxidation.

Fig. 3 (Wang et al., 2011) presents the results for tar removal rate for the temper-
ature range from 650 ◦C to 850 ◦C. In the research the reactor was directly connected
with an updraft biomass gasifier system supplied with sawdust. The investigation
was conducted on Ni/coal char, Ni/wood char, wood char, and coal char catalysts.
The highest tar removal rate was reached for the Ni/coal char catalyst (ranging from
91 % to 99 % conversion), the lowest results from catalytic reforming were obtained
for the wood char catalyst. The conversion for wood char ranged from 75 % to 90 %.
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Fig. 2. Comparison of gas conversion for different reforming reactions and tempera-
tures (Wang et al., 2010).

Performance of ethanol blended gasoline was a subject of research whose results
were presented in Fig. 4 (Deutschmann, 2012). Ethanol concentration varied from 5
%vol to 85 %vol. The catalyst which was used in the research was Rh/alumina coated
monolith.

Fig. 3. Tar removal rate factor for various catalysts and lack of catalysts with regard
to process temperature (Wang et al., 2011).

Ethanol was easier to convert than isooctane. However, the more ethanol was
blended with isooctane the more difficult the conversion became. Isooctane con-
version decreased at relatively low C/O ratios. General conclusions drawn from the
findings were: ethanol content has a severe impact on the conversion and selectivity of
reforming logistic fuels (E5, E10, E85), and the impact of the reforming performance
cannot be simply, linearly interpolated regarding the comparison of pure substances
and mixtures.
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4. Reforming reactor structure

In order to fulfill all the requirements connected with catalysts application (high activ-
ity, thermal stability, coke deposition resistance, proper selectivity) it was necessary
to create a reactor with a multilayer catalyst core. The catalysts chosen for the reac-
tor core were: olivine/dolomite, Al2O3/ZnO, Al2O3/Ni. The activity of all catalysts
increases towards the centre of the reactor. The coke deposition resistance increases
towards the inlet and outlet.

The symmetric setup of the catalyst layers in the reactor was chosen for the
flow direction changes. According to researches, coke deposition may be limited by
changing the flow direction, thus the system was designed to allow systematic flow
direction changes. Fig. 6 presents the scheme of the engine and the reforming reactor
installation. The installation includes a heat recovery system. The hot reformed
fuel gas heats the fuel coming to the reactor and cools before the engine inlet ducts.
Additionally, the engine exhaust gases exchange the energy with the reactor inlet fuel
and the water which is injected into the reactor.

5. Conducted analysis and results

The proposed reactor model was analyzed using the 2D axial symmetric CFD (com-
puter fluid dynamics) model. The most important factor which was verified was the
porosity of the catalyst. The model was created with the following assumptions and
setup:

• axis symmetry of the model,
• ideal gas model,
• porosity of catalyst varying from 20 % to 95 %,
• mass flow inlet boundary condition,
• outlet pressure 0 bar boundary condition,

Fig. 4. Conversion of ethanol (a) and isooctane (b) in function of carbon to oxide ratio
for the partial oxidation reaction with Rh/Al2O3 catalysts (Deutschmann,
2012).
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Fig. 5. Model of the reactor. 1 – Nickel super alloy containment, 2– thermal
insulation, 3–wire insulation, 4– anti radiation foil, 5–olivine/dolomite, 6-
Al2O3/ZnO, 7–Al2O3/Ni, 8-heating wire.

• viscous flow with turbulence model SST (k-ω).

Proper porosity of the catalyst bed has impact on the pressure drop caused by
catalyst throttling. This is directly connected with the flow velocity and the heat
exchange between the heating wires. Additionally, this influences the residual time of
gas in the reactor.

Fig. 9 presents the temperature increase of the gas with respect to the porosity of
the catalyst bed. It was noticed that with the increase of catalyst porosity the gas
temperature rise was decreasing. This was a direct result of the decrease of gas time
residency in the reactor, which was caused by higher porosity. The pressure inlet
diagram shows predictable pressure decrease for increasing porosity.

For high temperature gradients additional structural analysis was considered in-
dispensable. From CFD results temperature and pressure data was gathered and
applied to the finite element model (FEM). Fig. 10 presents the mesh of the FEM

Fig. 6. Scheme of the engine and the reforming reactor installation including the heat
recovery system.
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Fig. 7. Mesh of the CFD reactor model created in Ansys Workbench.

Fig. 8. Contour plots of (a) static pressure (Pa) and (b) temperatures (K) for the
reactor filled with Al2O3 material with porosity at the level of 80 %.

model and the boundary conditions applied. The model was not restrained axially at
the second end of the reactor to calculate free axial displacement.

Fig. 11 shows large total deformations of the reactor reaching over 37 mm. Radial
displacements were slightly above 3 mm. Deformations have to be included in the

Fig. 9. Temperature increase: (a) of the gas in the reactor and inlet gas overpressure;
(b) with regard to the porosity of the catalyst.
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Fig. 10. FEM model of the reactor with cyclic symmetry and 1 degree of freedom
restrained.

whole system design (for instance by implementing bellows) to limit the stresses which
were considered, at current low restrained model, negligible. Radial deformations may
lead to clearances between the catalyst bed and the structural part of the reactor.
This may cause an undesirable bypass flow and a decrease in the reactor activity.

Fig. 11. Total (a) and radial (b) displacements of the reactor for the CFD temperature
and pressure loading.

6. Conclusions

The proposed and analyzed reactor configuration is an introduction to the research
which will be conducted on the laboratory bench. Configuration of the catalyst setup
will be optimized in the laboratory environment in order to obtain optimal configu-
ration of the catalyst layers depths, grain sizes and outlet gas composition. A map of
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different catalysts setups, temperatures, pressures, amount of water injection will be
the final result for the application of the reactor in the power container. Additional
research will be necessary to create maps and dependencies presenting the HCCI
combustion boundaries and requirements with respect to the reforming process.
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