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1 Introduction

Natural gas, with its high content of methane (CH4), is the fossil fuel with the smallest carbon dioxide
(CO2) emission per energy of reaction (≈ 0.055 kg CO2 per 1MJ). Besides its availability from fossil
sources, it can also be obtained from biomass or organic waste [1]. For this reason, natural gas and
methane play important roles in terms of the change in the energy industry [2]. In current research,
natural gas is investigated for various processes, such as: energy conversion processes [3, 4] or as a
feedstock for the production of higher valued hydrocarbons [5].

Some of these processes operate under fuel-rich conditions [6, 7]. A homogeneous charge compression
ignition (HCCI) engine can have advantages realizing these processes. However, natural gas is hard to
ignite via compression, an ignition enhancer can be added, such as DME [8, 9], n-Heptane [9] or DEE
[10]. Compared to natural gas, these substances have the disadvantage that they are expensive (more
complex to produce and they have higher CO2 emissions per unit of energy). A possible alternative
accelerator is ozone (O3), a highly reactive substance. It can be produced on site from atmospheric O2
by plasma discharge (readily available in commercial ozone generators [11]).

Motivated by these advantages, in this study we investigate the auto-ignition of fuel-rich natural gas
mixtures (φ = 2), ignition accelerated by O3 addition. The ignition delay times (IDT) are measured in a
Rapid Compression Machine (RCM) at a compression pressure of 20 bar, temperature range T = 950
to 1300K and O3 content of ≈ 310 to 910 ppm.

2 Experimental setup

The experiments are performed in a Rapid Compression Machine (RCM), a piston-cylinder device for
studying chemical reactions in compressed, hot gases under well-controlled conditions. An experiment
is conducted according to the following procedure: First, the RCM combustion chamber is evacuated.
and then filled with the gas to be investigated. This gas is then compressed by pushing the piston to
top dead center. Because of its short compression time (approx. 20 - 40ms), the compression is nearly
adiabatic, and thus leads to high gas temperatures and pressures. The piston is mechanically locked
when it reaches top dead center, such that isochoric conditions prevail afterwards. The compressed gas
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can react and auto-ignition can occur. The strongly exothermal reactions after auto-ignition lead to a
pronounced pressure rise when they occur under the isochoric conditions in the cylinder. By detect-
ing the time-resolved in-cylinder pressure, the time between end of compression and the onset of the
ignition-induced pressure rise can be determined experimentally (defined as ignition delay time, IDT).
The experiment is described in more detail, including uncertainties and technical data in the following
publications [10, 12, 13].

The investigated gas mixtures are created using the partial pressure method. The compositions are given
in Table 1. When adding O3, the amount of O2 is reduced for a given equivalence ratio of 2. Since NG1
ignites faster than CH4, less O3 is added to the NG1 mixture.

Table 1: Experimental conditions investigated in this work.

No. Fuel / mol-% O3 addition Dilution D Equivalence ratio φCH4 C2H6 C3H8
1 100 - - - 90mol-% Ar 2
2 90 9 1 - 90mol-% Ar 2
3 100 - - ≈ 900 ppm 90mol-% Ar 2
4 90 9 1 ≈ 310 ppm 90mol-% Ar 2

The gas mixtures that are not very reactive (in this work pure CH4 and natural gas surrogate (NG1:
90/9/1 CH4/C2H6/C3H8, molar), each without O3) are mixed in a vessel. In the case of O3 addition, the
reactivity is higher, and O3 decomposes over several hours. For this reason, only fuel and argon are
premixed in the mixing vessel for these measurements. O2 and O3 are filled in the combustion chamber
first. Then, the fuel/Ar-mixture (about 95mol-% of the total mixture) is added. The mixing time in the
combustion chamber is about 1min, however, a longer mixing time of 5min did not affect the result.
This indicates a homogeneous mixture.

O3 is produced using an ozone generator (Ozone Solutions TG-40 [11]). The amount of O3 is measured
using the Flame UV-VIS Spectrometer from Ocean Insight, positioned directly in front of the combus-
tion chamber. The initial temperatures were lower than 373K. The amount of O3 in the mixture was
measured again after a longer waiting time (approx. 5 min.). Preoxidation or O3 decay was not found
here. A similar approach was found in the literature [14]. Simulations also show no decay of O3 for
these times and temperatures.

3 Simulations

The simulated IDTs are calculated with the in-house code HOMREA [15]. The reaction mechanism
used to model the detailed chemistry consists of two mechanisms from the literature: UCB Chen reaction
mechanism [12] for C1-C3 reactions (49 species and 332 reactions) and the Zhao O3 sub-mechanism
[16] for O3 reactions (2 species and 11 reactions). The RCM with the heat losses is modeled based on
calculated effective volume curves. To calculate the effective volume curves, non-reacting gas mixtures
are compressed in the RCM and the pressure is measured. The effective volume is calculated via an
isentropic relationship and the measured pressure [17]. Example pressure and volume-time curves can
be seen in [18]. Simulation inputs are initial pressure and temperature, initial gas mixture, and the
calculated effective volume curve.
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4 Results

4.1 Validation of base case

Figure 1 (left) shows a comparison of pure CH4 and a natural gas mixture (90/9/1 CH4/C2H6/C3H8,
molar), as described in Table 1 (No. 1 and 2). The ignition-accelerating effect of C2H6 and C3H8 is
notable. The natural gas surrogate ignites at lower temperatures. Both mixtures show a linear behavior
in the Arrhenius diagram, with a slightly steeper slope for pure CH4. The UCB Chen reaction mechanism
reproduces the IDTs of the mixtures diluted with 90mol-% Ar; also the difference between CH4 and
NG (CH4/C2H6/C3H8) is reproduced well. The UCB-Chen reaction mechanism has been validated using
experiments from the literature covering multiple natural gas surrogates in combination with a wide
pressure, temperature and equivalence ratio range [12].
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Figure 1: Left: IDTs of fuel-rich (φ = 2) mixtures. Comparison between CH4 and natural gas (NG1:
90/9/1 CH4/C2H6/C3H8, molar) at a compression pressure of pc = 20bar. Right: Comparison of IDTs,
predicted by the reaction mechanisms AramcoMech 3.0 [19] + Zhao O3 vs. UCB Chen + Zhao O3.

Figure 1 (right) shows the comparison of IDTs calculated with the AramcoMech 3.0 in cobmination
with the Zhao O3 sub-mechanism as well as the reduced mechanism UCB Chen and the Zhao O3 sub-
mechanism. The UCB Chen reaction mechanism was developed based on the AramcoMech 3.0, with
the target of reproducing the IDTs of natural gas mixtures. Both reaction mechanisms predict the same
IDTs for the mentioned CH4/O2/O3/Ar mixture. For this reason, only the results of the UCB Chen
reaction mechanism are shown below.

4.2 Ignition delay times with ozone addition

Figure 2 compares IDTs of pure CH4 and of CH4 with O3, as well as of a natural gas surrogate (NG1)
and of NG1 with O3. 910 (±80) ppm O3 was added to the CH4 mixture, and 315 (±32) ppm ppm to
NG1. The addition of O3 reduces the IDT in both cases. The experiments for CH4 and CH4 with O3 were
carried out under the same initial conditions (compression ratio and starting pressure). By adding O3,
an increased compression pressure was noticed. This indicates a reaction of O3 during the compression
phase. The RCM experiments can be compared via a constant compression pressure and variation of the
compression temperatures [17]. In order to counteract the increased compression pressure caused by the
addition of O3, the initial pressure was reduced. We can rule out that O3 reacts before compression starts
(limited initial temperature, literature values, O3 measurements, see section ”Experimental setup”), but
O3 reacts during compression and thus leads to a higher compression pressure. The same behavior (no
reaction of O3 before compression, but increased compression pressure) was found for the NG1 mixture.
The simulations with the corresponding volume curves derived from non-reacting mixtures showed no
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Figure 2: Left: Ignition delay times of CH4 and O3 addition. Right: Ignition delay times for natural gas
surrogate (NG1: 90/9/1 CH4/C2H6/C3H8, molar) and O3 addition.

increase in the compression pressure. This suggests that the O3 chemistry has a little influence on the
compression pressure in the simulations and indicates that the reactivity of O3 has too little influence in
the simulations. This was confirmed with the IDTs that were predicted too long. Several considerations
were followed in investigating this discrepancy: (a) Incorrectly determined temperature at the end of
the compression in the experiments (validity of the adiabatic core and isentropic assumption and the
reaction of O3) (b) Incorrectly determined amount of O3 before the experiment (c) Too low reactivity of
O3 in the reaction mechanism. The following chapter examines these three points in detail.

4.3 Discrepancy: experiments and simulations

The compression temperature in the experiments is calculated from the pressure in the experiments.
Since the pressure is influenced by the chemical reaction of O3, the calculated compression temperature
can deviate from the actual real value. Under certain conditions (for example constant compression ra-
tio), the experiments can also be compared via the initial temperatures. In this comparison, for example,
the isentropic compression assumption is omitted. However, the comparison using the initial temper-
ature instead the compression temperature did not show a better agreement between the experiments
and simulations. For this reason, this result is not shown here. It can be concluded from this, that the
temperature at top dead center may be influenced by the O3 reaction during compression, but not so
much that it can explain the deviation.

Figure 3 (left) shows IDTs that contain the uncertainty of the actual amount of O3. The uncertainty of
the initial amount of O3 concentration is approx. ± 10 %. In Figure 3 (left) this is depicted by the black
area, the upper limit with longer IDTs corresponds to the lower O3 concentration, the lower boundary
of the IDTs corresponds to the higher O3 concentration in the initial mixture. Despite this uncertainty,
the IDTs predicted by the simulation still do not match the IDTs of the experiments. An improved result
would only be achieved when the amount of O3 is doubled (dashed line).

The amount of O3 over time shows an almost instantaneous O3 consumption in the compression phase
(concentration-time plot is not shown). A sensitivity analysis is performed for the time shortly before
this sharp O3 concentration decrease. It was found, that the reaction O3( + M) O2 + O( + M) is the
most sensitive for the whole temperature range. The activation energy EA, temperature exponent b and
the pre-exponential factor A were varied for this reaction. A reduced activation energy leads to thermal
decomposition of O3 at lower temperatures, and this leads to slightly longer IDTs. For example, it turns
out that if the temperature exponent b is reduced, the IDTs of the simulations and experiments agree
better, especially at low temperatures. Figure 3 (right) shows the IDTs with the adjusted temperature
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Figure 3: Left: Ignition delay times of CH4 and ≈ 910 ppm O3. Simulation data account for the
uncertainty of O3 (full line). Dashed line shows results obtained by the O3 concentration doubled. Right:
Ignition delay times of CH4 + ≈ 910 ppm O3 and natural gas surrogate (NG1: 90/9/1 CH4/C2H6/C3H8,
molar) + ≈ 315 ppm O3. Dashed line shows simulation results with modified reaction O3( + M)
O2 + O( + M). The temperature exponent is reduced to b∗ = −4.37 from b = −0.67.

exponent (dotted lines) for CH4 and NG1, each with O3. However, this has a minor effect at the higher
temperatures investigated. Furthermore, this reaction is already well investigated in literature [16] and
an adaption simply to match the results is not recommended. Investigating the deviation between ex-
periment and simulation, the influence of the compression temperature, the influence of the uncertainty
of the ozone concentration, and the influence of the reaction of the thermal decomposition of O3 were
studied, whereby none of the three properties could explain the deviation at this point.

4 Conclusions

In this work, the ignition acceleration of O3 on CH4 and natural gas under fuel-rich conditions was
investigated. The reaction mechanisms reflect the experimental observation of an accelerating effect
of O3 addition, but the reaction mechanism is unable to predict the exact IDTs; the reasons for this
discrepancies are investigated. The reaction O3 + M to O2 and O is the most important reaction for
the O3 decomposition. It has been found, that O3 is consumed in a very short time in relation to the
total IDT. Under the investigated conditions, the O3 consumption takes place in the compression phase.
The simulations show that the point in time of O3 consumption during the compression phase and the
speed of consumption have a major influence on the IDT. When adjusting the temperature exponent
b in the Arrhenius equation of the mentioned reaction, it was found that the IDTs in particular are
reproduced better at low temperatures, but because the rate coefficients of this reaction are quite well
known, an adaptation beyond the experimental limits of uncertainties are not recommended. Most likely
the discrepancies are due to the deficiencies in the model assumptions, in particular for the compression
phase.
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