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1 Introduction

Hydrogen is an attractive energy carrier for future applications such as heavy-duty engines or long-range
trucking [1], its main benefit over conventional fuels being that carbon dioxide emissions from combus-
tion cannot occur. One drawback of using hydrogen as a fuel is a high adiabatic flame temperature which
leads to significant thermal NOx emissions [2, 3]. An approach to lower NOx emissions is to reduce the
flame temperature by exhaust gas recirculation [2, 4] where the oxygen concentration is reduced. How-
ever, at high air-fuel equivalence ratio (λ > 3), more energy is required to ignite the mixture and the
laminar flame speed of hydrogen decreases, leading to lower combustion efficiency [4–6]. Turbulent hot
jet ignition (THJI) is a concept addressing both issues in which a near-stoichiometric mixture is ignited
by a spark plug in a pre-chamber [5, 7–9]. A hot exhaust gas jet enters the main combustion chamber
via a number of nozzles, leading to ignition across a large volume and to a faster burn rate.

In this work, THJI of lean and ultra-lean hydrogen air mixtures is studied in a two-chamber model setup.
Pressure and schlieren measurements are employed to investigate the ignition process. The effects of
THJI as opposed to ignition by a spark plug are explored for three nozzle diameters. The parameters
analysed are the maximum explosion pressure, the rate of pressure rise and the delay time between spark
ignition and maximum pressure. The results can be used to optimize THJI systems for lean hydrogen
ignition.

2 Experimental Setup

The test vessel had a main chamber volume of 13 L and a pre-chamber to main chamber volume ratio
of 0.1 %. Three different pre-chamber orifice diameters were tested (1.0 mm, 1.2 mm and 1.4 mm).
A spark plug (Kistler 6113) was used to ignite the stoichiometric mixture inside the pre-chamber. A
schematic drawing of the vessel including gas supply and gas analysis is shown in Fig. 1. Two mass
flow controllers (Bronkhorst EL-Flow) each were used for main chamber and pre-chamber hydrogen/air
mixture preparation. An oxygen analyser (Servomex OxyExact2223) was used to control the mixture
composition in each chamber separately. For each orifice diameter a bisection method was used to find
the ignitability limit until the resolution limit of 2 % in λ.
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Figure 1: Test chamber with gas supply. Piezo-electric pressure sensor and spark plug with integrated
piezo-electric pressure sensor marked in orange.

2.1 Mixture preparation

The correct mass flow controller settings for pre-chamber gas supply were determined by oxygen anal-
ysis. The necessary gas flow to ensure that there was no gas-flow from the main chamber to the pre-
chamber and only a small gas flow from the pre-chamber to the main chamber during flushing was
determined by schlieren measurements before and observed while flushing. First, the main-chamber
gas supply was started and the evolution of the oxygen concentration was controlled after passing the
chamber. At constant mixture composition, the pre-chamber gas supply was started additionally and
run for 10 minutes. The valves were closed in the following sequence (according to the labelling in
Fig. 1) to ensure that the pressure in the chamber was equal to ambient pressure and that there was no
backflow from the main chamber to the pre-chamber: main chamber inlet (3), pre-chamber outlet (2),
pre-chamber inlet (1), main chamber outlet (4). This ensures an overall uncertainty of 2 % in λ.

2.2 Schlieren measurements

The basic characterization of the ignition process inside the main chamber was done with a high-speed
schlieren system (50 000 frames per second). The setup consisted of an LED (λ = 635 nm, P =
205mW, 10◦ viewing angle), directly followed by a pinhole (d = 0.2mm), whose light was collimated
by a lens (f = 500mm) and after passing the chamber focussed by another lens (f = 1000mm). A
second pinhole (d = 1mm) was used for blocking refracted light. The schlieren images visualized the
ignition and the subsequent flame propagation.

2.3 Pressure measurements

Two piezo-electric pressure sensors were used to observe the pressure evolution in the main chamber
(Kistler Type 601 with Kistler amplifier Type 5015) and pre-chamber (Kistler 6113− spark plug with
integrated pressure sensor− with Kistler amplifier Type 5015). The results from the pressure curves
achieved by turbulent hot jet ignition were related to spark plug ignition experiments, which were done
in the same chamber, but without the pre-chamber, for best comparability. Here, only the main-chamber
gas supply and the oxygen analyser for mixture control were used. To ensure atmospheric pressure in the
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Figure 2: Comparison of two different pressure curves, one with spark ignition, one with turbulent hot
jet ignition at similar air-fuel equivalence ratio (λ). When fitting the Chebyshev polynomial [11] for the
determination of the maximum pressure rise, a larger time range is used than is actually evaluated in
order to be able to eliminate any edge effects that may occur.

Figure 3: Reference measurements. Maximum pressure Pmax, maximum pressure rise (dP/dt)max and
time of maximum pressure t(Pmax) in dependence of air-fuel equivalence ratio (λ) measured by spark
ignition experiments in the test chamber. Pmax additionally calculated with Gaseq [12].

vessel, valve 3 was closed before valve 4, when the oxygen concentration was stable. All pressure curves
were analysed with respect to the maximum pressure Pmax, the maximum pressure rise (dP/dt)max

and the delay time of maximum pressure to the spark ignition in the pre-chamber t(Pmax). They were
corrected following the ideal gas law to similar conditions (25 ◦C and 1.00 bar) to account for variations
in the initial conditions [10]. (dP/dt)max was calculated via curve fitting (Chebyschev polynomial, 1st

kind, of 8th order [11] fitted to the data between 5% and 95% of maximum overpressure; Fig. 2) and
subsequent differentiation with determination of the maximum.

3 Results and Discussion

Lean mixtures with λ > 3 are of particular interest in this work due to their NOx reduction potential.
Hence, experiments were carried out mainly at the highest λ that still led to ignition. The lean ignition
limit and combustion characteristics are explored for spark ignition and the THJI.
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Figure 4: Comparison of maximum pressure Pmax, maximum pressure rise (dP/dt)max and time of
maximum pressure t(Pmax) between spark plug ignition and turbulent hot jet ignition experiments with
different orifice diameters d in dependence of air-fuel equivalence ratio (λ).

Fig. 2 shows two different pressure curves, once with spark ignition and once with turbulent hot jet
ignition, at similar λ. It can be seen that with THJI the maximum pressure is reached earlier and is
higher overall. A two-stage pressure rise can be observed in the spark ignition experiments, due to a
change in flame shape [13]. The visible signal noise is an acoustical oscillation effect and not result of
an error in the measurement setup. Due to this, (dP/dt)max was calculated via curve fitting.

The reference pressure measurements from spark experiments (Fig. 3) show a strong decrease in (dP/dt)max

and Pmax and a strong increase in t(Pmax) with increasing λ. The calculated Pmax was always a bit
higher than the measured one. Near the observed lean ignitability limit of λ = 4.5 the delay increases
significantly. These effects are results of the slower laminar burning velocity [14].

The comparison between the spark ignition and THJI experiments is shown in Fig. 4. Independent of the
orifice diameter, the measured Pmax were higher, compared to spark ignition experiments, and closer
to the Gaseq calculation. It was possible to ignite mixtures with λ > 3 by using orifice diameters of
d = 1.2mm and d = 1.4mm. With an orifice diameter of d = 1.0mm an ignitability limit of λ = 2.4
was observed. The obtained results are in a similar range to the results of [9]. However, a substantial
improvement in burning characteristics was observed. The effect is most prominent in (dP/dt)max. At
the same λ, (dP/dt)max was almost twice as high as in spark ignition experiments. It appears that while
the ignitability is a function of the orifice diameter, the pressure evolution is solely governed by the λ.
As a result of the faster pressure evolution, t(Pmax) was significantly smaller, especially at higher λ. In
terms of burn rate, the THJI with λ = 3.3 is comparable to the spark ignition with λ = 2.5.
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Höltkemeier-Horstmann, J. THJI of Ultra-Lean H2/Air Mixtures

Figure 5: Exemplary schlieren images at different times after spark ignition inside the pre-chamber for
a nozzle diameter of d = 1.4mm at the respective ignition limit, once with and once without ignition.

Exemplary schlieren images are shown in Fig. 5. Cold gas jets (0.8 ms) could be visualised as well as
hot gas jets (1.6 ms) and the ignition inside the main chamber. At increased λ, the ignition occurs further
downstream. The orifice has no effect on the location of the ignition. Instead, the ignition location seems
to be influenced only by the λ. Qualitatively, additional schlieren images (not shown here) indicate a
higher degree of turbulence in the free jet as the orifice diameter increases. Further, the images show
the same penetration depth of the free jets regardless of the orifice diameter. Also, the pressure traces
in the pre-chamber (pressure rise and maximum pressure) are almost identical for all orifice diameters.
This indicates that the mass flux and, hence, the thermal energy transported in the jet, scales with d2

in this experiment. Thus, ignition seems less likely for smaller orifices. However, turbulent mixing
and complex heat transfer processes need to be accounted for, too. Hence, further experiments will be
necessary to fully understand the different ignition behaviour of the orifice diameters.

Overall, the orifice diameter had an influence on the lean ignitability limit, but not on the subsequent
combustion in the main chamber. For either orifice, once an ignition has been achieved, the combustion
characteristics are significantly improved over the spark ignition base case. Particularly, the rate of
pressure rise is about twice that of the spark ignition case.

4 Conclusions

The turbulent hot jet ignition of lean and ultra-lean hydrogen/air mixtures was studied experimentally.
It was possible to ignite hydrogen/air mixtures with λ > 3 using THJI, but not with all orifice diameters
investigated. Compared to spark ignition experiments, strongly improved combustion characteristics
were observed, which make THJI to an interesting concept for reducing NOx emission.

In the future, the influence of the pre-chamber λ on the THJI as well as pre-chambers with multiple
orifices will be investigated. In addition, high-speed OH-LIF experiments will be integrated into the
setup.
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