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A B S T R A C T

With the global energy system moving towards renewable energies, there is an increasing demand for flexible
conversion processes which can cope with the temporally and locally fluctuating nature of energy supply
and energy demand. Promising candidate processes are based on coupled chemical/energy conversion. In
this work, the pyrolytic conversion of methane to valuable high-energy content substances like hydrogen
and unsaturated hydrocarbons by the compression/expansion process of a piston engine is investigated. In
particular, the potential of running this conversion in a multi-compression–expansion (MCE) mode where a gas
sample is subject to multiple compression–expansion strokes, is assessed. The methane conversion and target
species yields of this multi-compression mode relative to a single compression–expansion mode are assessed.
Experimental studies with a rapid compression–expansion machine are used for this. The experiments are
complemented by numerical simulations, which help to interpret the experimental findings. We found that
both conversion and target species yields can be increased significantly by the multi-compression–expansion
processes relative to a single compression–expansion. For instance, at typical engine operation conditions, ten
compression–expansion cycles increase the methane conversion by a factor of three to four (from approx. 15
% to 68 %), the hydrogen yield by a factor of five, and the unsaturated hydrocarbon yields by a factor of
three, compared to a single compression–expansion process. The results encourage considering a new role for
piston-engines as work-to-chemical energy converters, in addition to their conventional heat-engine (chemical
energy to work) operation.
1. Introduction

Surplus energy, for example from wind and solar energy devices,
can be employed to run chemical processes that produce some desired
valuable chemical species [1,2]. One example is the conversion of
methane (CH4) into hydrogen (H2) and/or unsaturated hydrocarbons
(UHC, e.g., C2H2 and C2H4) via high-temperature paths [3,4]. For these
systems, a reaction path analysis is performed by [3]. The products are
superior to the reactant (CH4) both in their economic value and in their
content of free energy. In addition, CH4 as a main component of natural
gas has been intensively studied and is already well investigated [5,6].
This endothermal conversion cannot run spontaneously at standard
conditions for reasons of both equilibrium chemistry and chemical
kinetics. It can be stimulated, however, by input of mechanical work in
reciprocating piston engines, as has been demonstrated, e.g., in [7–9].

Using piston engines as chemical energy converters offers several
benefits. First, after more than a century of development, piston engines
are now reliable, robust and mechanically highly efficient machines,
capable of operation under adverse conditions like extremely high
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temperatures and pressures. Their operation also covers a large range
of converted power and mass flow rates. Importantly, a piston engine
can also meet temporally varying power demands within timescales of
seconds. Process chains for producing and maintaining piston engines
are well established and efficient. Much of the know-how and infras-
tructure developed for piston-compressor based heat engines can be
exploited also for piston-compressor based energy converters.

Also, the total number of piston engines worldwide is huge, ex-
ceeding one billion. With the phase-out of their conventional use as
combustion-based heat engines, a flood of retired piston engines will
become available for alternative uses. A new employment as chemical
reactors helps to make economic use of the huge amount of existing
engines. In addition, piston engines offer excellent size scalability,
which is a critical factor in the practical use of energy conversion
systems. Piston engine sizes, expressed in displaced volume, range from
below one liter to thousands of liters, easily spanning three orders
of magnitude. Together with the wide range of accessible revolution
speeds (typically spanning a factor of 10 for one engine), the pool of
vailable online 27 March 2023
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existing piston engines offers several orders of magnitude in realizable
mass flows, and thus, a similarly huge range of realizable conversion
power and mass flows.

The question for piston engine operation parameters that maximize
the desired outputs of the conversion naturally appears. Common pa-
rameters that influence the chemical reactions (e.g. conversion and
yields) during a compression process are the initial pressure, initial
temperature, compression ratio and the initial mixture composition
[10–12]. Many elementary reaction steps underlying the desired con-
version have high activation energies, and thus, high temperatures are
required to initiate reactions. Also, the conversion from methane to
a hydrogen/UHC mixture is strongly endothermal; reaction equilibria
can therefore be shifted to the desired products by providing high tem-
peratures. Overly high temperatures, however, may cause the desired
unsaturated hydrocarbons to react further to soot or soot precursors.
The yields of substances like acetylene and ethylene are therefore
limited both by too low and too high temperature [13–15].

The CH4 conversion depends on the chemical kinetics and the resi-
ence time in the high-temperature phase of a compression/expansion
rocess. This residence time dependence suggests that the conversion
an be enhanced by rendering the shape of the volume history such
hat a long high temperature phase is provided. Additionally, dilution
f the reactants with noble gases can be used to obtain the required
igh temperatures. However, the endothermic reaction leads to a fast
emperature decrease [16]. Heat losses of the compressed hot gases
o the cylinder walls tend to lower the gas temperatures. With the
educed temperature, the endothermic reaction of the CH4 conversion

also practically stops. A longer hold time of the piston at TDC therefore
has no further advantage with regard to CH4 conversion. The conditions
of too low temperature can be overcome by additional compressions of
the reacted gas to increase the gas temperature again. By repeated com-
pressions, higher CH4 conversions can be achieved by an incrementally
progressing reaction in comparison to a single compression.

In this work, we study the potential of multi-compression–expansion
(MCE) operation modes for improving CH4 conversion and product
species yields, in comparison to a single compression. The study is
based on Rapid Compression–Expansion Machine (RCEM) experiments
in which conversion and yields during repeated compression–expansion
cycles are measured. The experimental results are accompanied by nu-
merical simulations, which serve as an aid to interpret the experimental
findings. This is followed by a feasibility study to show the potential
of the process for realistic reciprocating engines. Results indicate that
the multi compression–expansion process can significantly increase the
conversion and yields compared to a single compression process. For
the studied conditions, conversion enhancement of up to a factor of 5
compared to was found. Furthermore, the multi compression–expansion
process can reach yields that would be hard to reach in single stroke
operation because of the forbiddingly high required temperature levels.

2. Methodology

2.1. Experimental methods

2.1.1. Rapid Compression–Expansion Machine (RCEM)
The Rapid Compression–Expansion Machine (RCEM), a piston-

cylinder device similar to a piston engine, is described in [17–20].
Therefore, only the most important key points are mentioned here.

The RCEM is operated in a configuration where after the compres-
sion stroke, the piston is first held at top dead center (TDC) position for
a certain, pre-determined hold time 𝜏𝐻 . 𝜏𝐻 is adjustable and typically
set to values above 5 s. After the hold time, expansion can be per-
formed by moving the piston back to bottom dead center (BDC). During
the whole compression-hold-expansion-process, no mass exchange take
place. At BDC, the piston again is held at fixed position, for a period
that is long enough to allow the gas in the cylinder to attain a stationary
2

and homogeneous thermodynamical state.
Fig. 1. Sketch of volume (top) and pressure (bottom) curves with three compression–
expansion cycles in the RCEM configuration without gas exchange between the
cycles.

Contrary to the common use of a creviced piston, a flat-head piston
is used; the adiabatic/isentropic core assumption is valid only a few
ms after compression [21]. This allows to achieve higher compression
ratios, and thus, higher compression temperatures, compared to a
creviced piston. As a representative temperature associated with a com-
pression event, the isentropic core temperature, was determined from
the experimental pressure trace and the pre-compression temperature,
assuming an isentropic relation between 𝑝 and 𝑇 . This temperature is
a basis for comparing results between different experiments, and also
between experiment and simulation.

The investigated gas mixture consists of 5/90/5 CH4/Ar/He (molar)
with the purities 99.995% (CH4), 99.996% (Ar), and 99.996% (He).

The gas mixture was produced according to the partial pressure
approach in a mixing chamber with a volume of approx. 20 l. The
static pressure during the preparation of the mixture as well as the
total pre-compression pressure was measured with a MKS Baratron
121A [22]. The accuracy of reading is 𝑈𝑝0 ≤ ±0.5%. The dynamic
pressure was measured in the combustion chamber using a Kistler 6061
B sensor [23]. The full scale output was adjusted to 40 bar with a
linearity of 𝑈𝑝(𝜏) ≤ 0.5%. The stroke was measured with a potentio-

etric displacement transducer (Burster Typ 8712 [24]). The full scale
utput was adjusted to 100mm with a non-linearity of 𝑈𝑆 ≤ 0.1%. The

static temperature before compression was measured with a type K
thermocouple with an accuracy of 2.2K. Gas analysis was performed
with a gas chromatograph (GC), model Agilent 490 Micro GC [25,26].

2.1.2. Experimental procedure
A multi-compression experiment is performed in the RCEM by

compressing and expanding the cylinder load several times, without
gas exchange between the compression/expansion cycles. Besides the
initial values of pressure, temperature and gas composition, as well as
the compression ratio, other parameters influencing the CH4 pyrolysis
are the volume curve and the times at which valves are opened and
gas exchange takes place. The volume curve itself is characterized
by the compression ratio and the duration of the compression- and
expansion-stroke, as well as the hold-time at TDC and BDC.

In the experiment, the 5/90/5 CH4/Ar/He (molar) gas mixture is
filled into the evacuated RCM’s combustion chamber (with the piston
resting in BDC position) until the desired initial pressure is reached. The
valves on the combustion chamber are then closed; the gas mixture is
compressed within approx. 30ms, as shown in Fig. 1. The upper and
lower part of Fig. 1 depict the volume and pressure history, respec-

tively, during a typical compression process in the RCM. After reaching
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TDC (maximum pressure in Fig. 1), the piston is fixed in this position
and held for approx. 10 s (Fig. 1, hold time). As long as the temperatures
remain high during this hold time, CH4 conversion proceeds. At the
same time, heat losses occur, causing a temperature drop until finally
the gas temperature reaches the cylinder wall temperature. Followed
by the hold time at TDC, the piston is driven back to BDC (expan-
sion). No valves are opened and the gas in the combustion chamber
is not exchanged. After allowing the gas to homogenize for approx.
60 s at BDC position, the experimental procedure repeats, adding a
new compression - hold at TDC - expansion - hold at BDC - cycle,
all still without any mass exchange. After a pre-defined number of 𝐾
repetitions, the valve between the combustion chamber and the GC is
opened and a sample of the reacted gas is analyzed in the GC. For the
subsequent experiment with 𝐾 + 1 compression–expansion cycles, the
initial gas mixture 5/90/5 CH4/Ar/He (molar) is filled in the evacuated
combustion chamber and is compressed/expanded 𝐾 + 1 times before
the gas is analyzed in the GC.

2.2. Modeling

In the following subsections, first the RCEM/piston engine model
will be presented.

2.2.1. RCEM/piston engine model
To account for temperature inhomogeneities in the combustion

chamber, a multi-zone model (MZM) is employed. The MZM consists
of several spatially distinct zones which are arranged in an onion-
skin like fashion. Each zone is spatially homogeneous with respect
to temperature, pressure and composition. There is no mass transfer
between zones, and the pressure is the same in all zones 𝑝𝑧 = 𝑝𝑧+1.

zone can transfer heat to its adjacent zones, and can deliver or
ccept expansion or compression work, respectively, to the gas outside
f that zone. The inner zones in the model are assigned equal masses
𝑚𝑧−1 = 𝑚𝑧 with 𝑧 = 3,… , 𝑛𝑍 ) and equal heat transfer coefficients
etween the zones (𝛼𝑧−1 = 𝛼𝑧 with 𝑧 = 3,… , 𝑛𝑍 ), where 𝑛𝑍 is the total
umber of zones.

To make the sure the MZM provides a realistic description of the
hermal condition in the RCEM combustion chamber, experimental
ressure histories during the compression of an inert gas (Ar) were used
o calibrate/adjust the following model parameters:

(a) the heat transfer coefficient 𝛼1 between the boundary layer
(outermost zone, 𝑧 = 1) to the cylinder wall,

(b) the volume of the boundary layer 𝑉1 (initial state),
(c) the heat transfer coefficients of the inner zones 𝛼𝑧 with 𝑧 > 1,

and
(d) the number of zones 𝑛𝑍 .

he experimental data show that the RCEM is nearly perfectly gas tight
𝑝0𝑉0 ≈ 𝑝𝐹𝑉𝐹 , with index ‘‘0’’ denoting the pre-compression state and
ndex ‘‘F’’ denoting the compressed state after complete heat transfer,
ith temperature 𝑇𝐹 = 𝑇0).

The following points are selected as supporting points for the cali-
ration; the model parameters were adjusted such that these reference
oints were matched by the simulation. In the following, index ‘‘C’’
enotes the state at the end of the compression:

(a) maximum pressure near end of compression 𝑝𝐶 ,
(b) steady state pressure after compression and cooling (𝑝𝐹 )
(c) pressures at additional points between 𝑝𝐶 and 𝑝𝐹 ,
(d) compression temperature 𝑇𝐶 (determined by the adiabatic core

assumption).

he matching of parameters is done numerically by minimizing the
elative errors between the experimental and numerical supporting
oints. MATLAB’s genetic algorithm (GA, [27–30]) was used for this.
3

or the calculations, the experimental volume history of the RCEM was t
Fig. 2. Comparison of experiment and calibrated multi-zone model (17 zones) of
pressure and temperature for a single compression. The relative deviation for the
pressure (black squares) and for the temperature (gray squares) is less than 10%.
Pressure curves (black) belong to the left 𝑦-axis, temperature curves (gray) belong to
the right 𝑦-axis.

Fig. 3. Pressure and volume curve of a multi compression–expansion process simula-
tion with an engine-type volume curve (no hold times) for four compression–expansion
cycles.

used as input. Adjustments as done in other models, for example in
an adiabatic/isentropic core model, were not applied. Fig. 2 shows
an example of a fitted pressure curve and four temperature curves
outermost zone (𝑧 = 1), two middle zone (𝑧 = 7 and 𝑧 = 10) and the
innermost zone (𝑧 = 17). The choice of 17 zones is also confirmed by

ilson et al. [31]. They performed a MZM grid study for RCMs and
ound that more than 15 zones did not significantly change the yields.

iston engine model. The RCEM is a useful research device for tests
nder well-defined conditions. However, for the RCEM process, the
old phase at TDC causes higher heat losses near TDC and longer cycle
imes compared to a piston engine process. To, the model simulation is
dditionally run with an engine volume curve, with a speed of 960/min
nd a compression ratio of 29. An example of the pressure- and volume
urve is shown in Fig. 3.

For a given volume curve 𝑉 (𝑡), the compression work 𝑊 (𝑡F) is
alculated as

(𝑡F) = −∫

𝑡F

0
𝑝(𝜏)�̇� (𝜏)d𝜏, (1)

ith the temporal derivative of the volume curve �̇� (𝜏) and the pressure
(𝜏). The integration starts at the initial point 𝑡0 with the initial gas
ixture and ends at time 𝑡F; several compression–expansion cycles can

ccur within this time.
As a quantity describing the energetic benefit of the conversion

rocess, the Gibbs free energy 𝐺 is chosen. The difference 𝛥𝐺 between
he reacted mixture (with species mole fractions 𝑋𝑖(𝑡), 𝑖 = 1,… , 𝑛𝑠 with
he number of chemical species 𝑛 ) after some time 𝑡 and the initial
𝑠
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(pre-compression) mixture (mole fractions 𝑋𝑖,0) is evaluated using the
initial values 𝑝0, 𝑇0 of pressure and temperature:

𝛥𝐺 =𝛥𝐻 − 𝑇𝛥𝑆 (2)
=𝐻(𝑇0, 𝑋𝑖(𝑡)) −𝐻0(𝑇0, 𝑋𝑖,0)

− 𝑇0(𝑆(𝑝0, 𝑇0, 𝑋𝑖(𝑡)) − 𝑆0(𝑝0, 𝑇0, 𝑋𝑖,0))

2.2.2. Reaction mechanism
For the simulations, two reaction mechanisms from the literature

were employed in a comparative study. The first mechanism is a
reduced version of the detailed NUI Galway reaction mechanism 1.1
(NUIGMech 1.1, 2746 species, 11 279 reactions [32–42]), with all reac-
tions containing species with O- or N- atoms removed from the detailed
version. The reduced reaction mechanism consists of 320 species and
1518 reactions.

The second mechanism is a relatively small C1-C4 reaction mech-
anism, developed for aromatic and polycyclic aromatic hydrocarbon
combustion (LLNL C1-C4, 155 species, 689 reactions, [43]).

2.2.3. Numerical solution
The equations for the multi-zone model are solved numerically

by the in-house code HOMREA [44], which simulates the chemical-
physical state in the combustion chamber using a predefined volume
profile.

3. Results

The results are divided into two sub-sections. The first sub-section
compares CH4 conversion and species yields from RCEM experiments
with simulations. The second sub-section is a feasibility study that
models the process with the volume curve of a reciprocating engine
(compression/expansion without the hold phases of the RCEM).

3.1. RCEM experiments and simulations

As mentioned, there is a long hold time during which the piston
is held in bottom dead center position between different compression–
expansion cycles. The hold time at BDC is chosen long enough (approx.
60 s) to allow a complete homogenization of the gas in the combustion
hamber.

Fig. 4 shows the CH4 conversion over the number of cycles for the
CEM experiments and for simulations with the reduced NUIGMech 1.1
nd the LLNL C1-C4 reaction mechanism.

The CH4 conversion 𝐶 (𝐾) after 𝐾 cycles

𝐶 (𝐾) = 1 −
𝑛(𝐾)

CH4 ,1

𝑛(1)CH4 ,0

(3)

s determined from the molar amount of CH4, 𝑛(1)CH4 ,0
before the first

ompression–expansion cycle (𝐾 = 1, index 0) and the molar amount
(𝐾)
CH4 ,1

after 𝐾 cycles. The experiments and simulations are performed
t an initial pressure 𝑝0 = 0.5 bar, an initial temperature 𝑇0 = 380K and
compression ratio 𝐶𝑅 ≈ 29.

The diagram shows that CH4 conversion increases with the number
of compression–expansion cycles; the increase is strong at the first

ompressions. For 𝐾 < 4, the conversion increases by about 𝑐 ≈ 0.15
ach cycle. After 5 cycles, half of the initial methane is converted.
t 𝐾 = 10 cycles, the experiments showed a total conversion of
(10) = 0.7. The simulations show almost the same conversion as the
xperiments for the first cycles, especially the NUIGMech 1.1. With
ncreasing number of cycles 𝐾, the difference between experiment and
imulation increases, with the simulations showing slightly higher con-
ersion levels than the experiment. The final conversion after 10 cycles
s near 80% for both reaction mechanisms. Both the experiment and
4

Fig. 4. Total CH4 conversion 𝐶 (𝐾) after 𝐾 cycles for RCEM experiments and simula-
ions. Simulation results are shown as lines to guide the eye. Full line: NUIGMech
.1 reaction mechanism [32–42]. Dashed line: LLNL C1-C4 with PAH reaction
echanism [43].

he simulations show that the CH4 conversion is increased by a factor
of 4–5 by the multi compression–expansion process in comparison to a
single compression process.

The increase in CH4 conversion is non-linear and becomes less pro-
nounced with increasing 𝐾 (Fig. 4). The total amount of CH4 converted
fter 𝐾 cycles, with 𝐾 > 1 is lower than if the cylinder is refilled each
ime. However, the multi-compression process can achieve very high
H4 conversions, that cannot be realized with a single compression. The
igh CH4 conversion has additional advantages, e.g. allowing easier
eparation of the species or higher stored energy densities. The stored
nergy density achieved by complete conversion from methane to a
ydrogen/acetylene mixture, expressed as standard Gibbs free energy
ncrease between the product mixture and the initial reactant per mass
f reactant, is 9MJ∕kg. The RCEM experiments indicate that stored
nergy densities above 2MJ∕kg (per 1 kg CH4) (about twice the values
f e.g., Li-Ion batteries [45]) are readily achieved, even without any
ttempt to optimize conditions for energy storage.

With multi-compression operation, CH4 conversions 𝐶 ≈ 0.68 have
been demonstrated in our experiments, at an initial temperature 𝑇0 =
380K. Such a moderate initial temperature is well feasible for en-
gine operation. In contrast, with single-compression operation, sim-
ilarly high conversions could be realized only with extremely high
initial temperatures; simulations show that, even with 𝑇0 = 800K,
single-compression conversion does not exceed 𝐶 = 0.35.

Thus, the multi-compression cycle can achieve conversions in a pis-
ton engine that are difficult to achieve with only a single compression.

The yield 𝑌𝑖 of species 𝑖 [46] is defined as the ratio of the actual
amount of 𝑖 and its maximum possible amount at the atomic compo-
sition given by the initial reactants. For a MCE process, we can define
the yield after the 𝐾th cycle by:

𝑌𝑖,𝐾 =
𝑛(𝐾)
𝑖,1

max
(

𝑛𝑖
) =

𝑛(𝐾)
𝑖,1

𝜈𝑖𝑛
(1)
CH4 ,0

(4)

Here, 𝜈𝑖 is the stoichiometric coefficient in the reaction forming
species 𝑖 from CH4, e.g. CH4 ⇌ 𝜈C2H2

C2H2 + 1.5H2 with 𝜈C2H2
= 0.5.

The yields of H2, C2H2 and C2H4, for RCEM experiments and simu-
lations, are shown in Fig. 5. It is observed that the yield of H2 increases
strongly with the number of cycles. Both reaction mechanisms predict
this trend well, even with good quantitative agreement. For C2H2 and
C2H4, experimental yields increase for the first 4 cycles, but remain
constant during later cycles. Both yields are however, significantly
larger after 10 cycles than after a single cycle.

The model simulations using the LLNL C1-C4 reaction mechanism
predict similar yields for C2H2 and C2H4. The yields obtained with a
model based on the NUIGMech 1.1 mechanism differ from this in that

they predict higher yields for C2H2 than for C2H4. This relation between
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Fig. 5. Yields for H2, C2H2 and C2H4 each after 𝐾 cycles. Simulations are shown as
lines to guide the eye. Full line: NUIGMech 1.1 reaction mechanism [32–42]. Dashed
line: LLNL C1-C4 reaction mechanism [43]. The Y-axis is plotted logarithmically for
better readability.

the yields is consistent with the experiments. A good agreement be-
tween the experiments and simulations performed with the NUIGMech
1.1 is found for the C2H4 yields.

Motivated by the difference between modeling and experimental
results regarding the C2H2 and C2H4 yield, further investigations are
arried out. A possible explanation for the deviation of experiments to
he NUIGMech 1.1 based simulations could be the absence of important
eactions forming polycyclic aromatic hydrocarbons (PAHs). In order
o investigate the different C2H2 production paths of the reaction
echanisms, the mole fractions of the other product species are studied

irst.
Besides C2H2, C2H4 and H2 many other species are produced with a

ole fraction >5 ⋅ 10−6 (chosen limit). For simplification, the species
re summarized in three groups: (a) C2 - C4 species, which usually
o not form aromatic rings, such as butatriene (C4H4). The species
H4, C2H2, and C2H4 are excluded. (b) C5 - C8 species, including
romatic compounds. In this group, benzene (C6H6) is the main species,

but also e.g. toluene (C6H5CH3) is produced. (c) The third group
includes species with more than one aromatic ring, called >C8, with
indene (C9H8) as one of the first representatives. The summarized mole
fractions weighted by C atoms of each species of these three groups are
shown in Fig. 6 over the number of cycles. Other small hydrocarbons
than CH4, C2H2, and C2H4 are only present in small quantities (light
gray lines close to zero) for both reaction mechanisms. The results of
the second group with C5 - C8 species looks similar, however, there is a
difference in C6H6 by almost a factor of two, with LLNL C1-C4 reaction
mechanism predicting a higher value. In the third group, primarily
PAHs, the greatest discrepancy between the two mechanisms is found.
The C atom balance derived from the experimental values of (C2H2,
C2H4) and CH4 shows a deficit relative to the initial mixture, which
points to the presence of experimentally undetected carbon-containing
species. The carbon deficit increases with the number of cycles. After
the first cycle, more than 90% of the original C atoms are found in
detected species, while this fraction has dropped to 43% after 10 cycles.
If only the C atoms of the species CH4, C2H2 and C2H4 are counted
in the simulation, a similar deviation and trend is observed. This can
explain the stagnating C2H2 and C2H4 yields after a view cycles, while
constantly increasing CH4 conversion.

3.2. Feasibility study

The previous sub-section showed that the two reaction mechanisms
we employed for the simulation studies, although not developed specif-
ically for pyrolytic conversion of methane in multiple compression–
expansion processes, predict the trend (and often also the values) of the
5

t

Fig. 6. Mole fractions weighted with the number of C atoms as a function of number
of cycles (simulations). Species are classified in three groups according the number
of C atoms. Full line: NUIGMech 1.1 reaction mechanism [32–42]. Dashed line: LLNL
C1-C4 reaction mechanism [43]. No experimental data as the GC is not configured for
these species.

Fig. 7. Time-resolved CH4 conversion and H2, C2H2, and C2H4 yields over four
ompression–expansion cycles with engine type volume curve. Simulations are
erformed without mass exchange between the zones.

H4 conversion and the target species yields reasonably well. There-
ore, the reaction mechanisms and the model are used for a numerical
tudy of the feasibility of this process reciprocating engines. The engine
odel described above (specifically, the same heat loss parameters and

ame distribution of zones).
Fig. 7 shows the time-resolved CH4 conversion and species yields

uring four compression–expansion cycles. In these simulations, each
one of the MZM-model kept its contained mass between different
ycles, i.e., no mixing between different zones was included in the
odel. In the first cycle, the result is comparable with the RCEM results.
owever, in the engine-type simulation, the conversion increases only

ightly with additional cycles. This can be explained by the non-existing
ixing between the zones. In the outer zones/layers, which are strongly

ffected by wall heat losses, almost no chemical reaction is observed
ecause of the generally low temperature levels in those zones.

For multiple compression–expansion cycles in reciprocating en-
ines, this stratification will decay by internal flow and mixing pro-
esses in the combustion chamber. In the model, this homogenizing
ffect can be included by assigning the combustion-chamber wide
ass-averaged thermodynamical state to all zones between cycles.
CH4 conversions and yields predicted by simulations with homog-

nization included (based on the LLNL C1-C4 reaction mechanism)
re shown in Fig. 8. With the homogenization after each cycle, the
H4 conversion and the yield increase with the number of cycles, in
fashion that compares well to the RCEM experiments. This shows

hat simulations of the multi-cycle conversion in engines require a
onsideration of mixing processes in the cylinder to be realistic. Due

o heat losses and the endothermic reaction, the temperature at the
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Fig. 8. Lines: Time-resolved CH4 conversion and H2, C2H2, and C2H4 yields over
four compression–expansion cycles with engine type volume curve. Simulations are
performed with homogenized mixtures after each cycle.

Fig. 9. Time-resolved specific mechanical work (Eq. (1)) transfer to the gas and
ncrease of the specific Gibbs free energy (Eq. (2)).

nd of a compression–expansion cycle is lower than the cylinder wall
emperature. At the BDC phases between multiple cycles, the heat
low direction is reverse to the usual engine pattern, namely from the
alls to the gas. The yields and the CH4 conversion achieved with the

engine type volume curve are comparable to the RCEM results also
quantitatively. The CH4 conversion with the underlying engine type
volume curve is a little lower because the temperature decreases faster
after reaching TDC due to the expansion. The comparison between
RCEM vs. engine type volume curve and homogenization vs. without
homogenization shows, that the mass transport in the cylinder has a
greater influence than the volume curve.

One use of the multi compression–expansion process can be energy
storage. Fig. 9 shows the evolution of energy related quantities during
a multi compression–expansion process with homogenization of the
mixture after each cycle. The work 𝑊 (𝜏) shown is the total work
transferred by the piston to the gas up to time 𝜏. From BDC to TDC work
is transferred to the engine, between TDC and BDC, work is transferred
from the engine: Initially (time 𝜏 = 0, BDC), 𝑊 (𝜏) transferred to the
gas increases by compression. After reaching TDC (vertical dotted line),
work is transferred from the gas. In an ideal, adiabatic case without
reaction, the net work transfer over a whole cycle would be zero. With
heat losses and endothermic reaction included, the net transferred work
does not reach 0 after one cycle is completed (𝜏 = 62.5ms). The Gibbs
free energy 𝐺 increases with each cycle. In the example shown here,
mass-specific 𝐺 rises to a value near 1 MJ/kg within 230 ms (four
cycles).

4. Conclusions

In this work, the use of piston engines as reactors for chem-
ical energy conversion processes is studied. Specifically, the multi
6

compression–expansion (MCE) operation mode for piston engines per-
forming a pyrolytic conversion of methane into unsaturated hydrocar-
bons and H2 is studied experimentally and numerically. In MCE mode,
the piston engine applies several subsequent compression–expansion
cycles to a gas sample, without gas exchange between the cycles. It
turned out that with increasing number cycles in a MCE-process, the
CH4 conversion and the target species yields can increase in comparison
to a single compression–expansion cycle. This increase can be quite
significant; for instance, after ten compression–expansion cycles the
methane conversion can be increased by a factor of three to four,
hydrogen yield by a factor five and yields of unsaturated hydrocarbons
by a factor three. This was confirmed both in RCEM experiments and in
simulations. The numerical model reproduced the experimental values
of methane conversion as well as the H2 and C2H4 yields well. In
particular, the first cycles generally showed good agreement between
experiment and simulation. With increasing number of cycles, the dif-
ference for the C2H2 yield between experiment and simulation as well
as between the numerical results with different reaction mechanisms
became larger. In addition, the species histories in multi compression–
expansion cycles can be a test case for reaction mechanism validation.
The multi compression–expansion operation mode for piston-engine
type chemical converters offers several advantages over single compres-
sion: Compared to a single cycle, higher yields of the target species in
the exhaust gas can be achieved. These high yields are hard to achieve
in single compression mode, since very high temperatures would be
required for this. The higher target species yields are also favorable for
further process steps of the product gas, like e.g., the separation of pure
species from the mixture.

In numerical investigations, it was not possible to obtain such high
CH4 conversions in a single compression even with an initial tem-
perature of 800K, highlighting the benefit of the multi compression–
expansion process. In addition, in multi-compression mode, the CH4
conversion gets divided into a sequence of incremental partial CH4
conversions. This offers additional insights into the chemical kinetics.
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