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A B S T R A C T   

The classical approach to use hydrogen as a fuel for Internal Combustion Engines (ICEs) is premixed combustion. 
In order to avoid knocking and to limit NOx emissions, very lean mixtures are employed, thus resulting in a high 
boost pressure demand or low specific engine power. To overcome these limitations, the possibility of a diesel- 
like jet-guided combustion of hydrogen is explored. The approach is to ignite a directly injected hydrogen jet at 
its periphery by means of a conventional spark discharge, followed by a diffusion-controlled combustion while 
injection remains active. 

An optically accessible Rapid Compression Expansion Machine (RCEM) is used to investigate ignition and 
combustion of underexpanded hydrogen jets in air by means of simultaneous Schlieren visualization and OH 
chemiluminescence. Different injection and ignition timing are investigated, resulting in premixed, partially 
premixed and diffusion-controlled (jet-guided) combustion conditions. 

The possibility of ignition and combustion of the hydrogen jets in diffusion-controlled conditions is investi-
gated for different orientations of the incoming fuel jet with respect to spark location. The combustion tests are 
analyzed in terms of ignition success rate, ignition delay, reacting surface and heat release rate, and an optimal 
orientation of the jet is assessed. The present study provides insights for optimizing hydrogen direct injection 
ignition and combustion for later application in ICEs.   

1. Introduction 

Most engines in use today employ either compression ignition or 
spark ignition concepts. For compression ignition (CI) concepts, high- 
reactivity fuel such as Diesel is used which is injected directly into the 
combustion chamber. Combustion is controlled by the mixing process of 
the fuel jets with the surrounding air. Compression ignition concepts 
offer a very good efficiency and long engine life, as exhaust gas tem-
perature levels are typically comparably low. For Spark Ignition (SI) 
concepts, where low reactivity fuels such as gasoline or methane are 
used, combustion is triggered by an external igniter and a flame front 
propagates through a premixed air/fuel charge. Due to limitations of 
stable flame propagation or due to measures to avoid unwanted com-
bustion phenomena, the efficiency levels of SI engines are typically 
lower than efficiency levels of CI engines. In SI concepts, the fuel is 
injected either into the intake port or directly into the combustion 
chamber. The latter solution allows for higher compression ratios for 
liquid fuels due to charge cooling from evaporation. Although low 
emissions can be achieved in terms of CO, UHC, NOx and particles by 

employing stoichiometric operation in conjunction with a three-way 
catalyst and a gasoline particle filter, the high CO2 footprint of fossil 
fuels motivates research into alternative combustion concepts using 
renewable primary energy. 

Natural gas, with its abundant availability and main constituent 
methane CH4, appears as an obvious candidate due to its lower C/H ratio 
compared to longer-chain liquid fuels, and to the possibility of renew-
able production. High pressure Direct Injection (DI) of CH4 into the 
chamber and jet-guided combustion replicating a Diesel cycle leads to 
difficulties in obtaining reliable ignition and is a topic receiving 
considerable attention, see e.g. Refs. [1–5]. For SI engines, carbon-free 
fuels such as hydrogen, ammonia as well as bio- and e-fuels (such as 
biogenic or synthetic CH4, synthetic methanol or synthetic dimethyl 
ether) are among the candidates for future powertrains, offering similar 
CO2 benefits from a “cradle-to-grave” life-cycle analysis perspective 
compared to battery-electric vehicles as discussed in Ref. [6]. Especially 
in segments where a direct electrification is difficult, such as in 
long-range or high-continuous-power off-road or marine use cases, 
chemical energy carriers are likely to remain very important. 
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Hydrogen as a zero-tailpipe-carbon fuel has attracted the attention of 
researchers at least since the 1930’s with a huge body of literature and 
reviews, see e.g. Refs. [7–9] and references therein. Among the chal-
lenges when using hydrogen in internal combustion engines, aside 
storage and distribution infrastructure topics, is the very low volumetric 
efficiency (and hence power density) when using Port Fuel Injection 
(PFI) owed to the very low density of hydrogen and a stoichiometric 
air/fuel ratio twice the value compared to CH4. Further drawbacks with 
PFI include abnormal combustion phenomena such as backfire and 
pre-ignition, see e.g. Ref. [10]. This was realized at an early stage and 
Direct Injection (DI) is viewed as the most promising solution to over-
come such problems [9,11]. Comparisons between direct vs. port in-
jection was the topic of a number of former studies, see e.g. Refs. 
[11–13] and references therein. Most studies employed premixed (either 
lean or stoichiometric) SI engine concepts. With premixed operation, 
striving for a good power density and efficient exhaust gas aftertreat-
ment by implementing stochiometric operation normally implied severe 
knock and preignition problems, due to the low hydrogen’s ignition 
energy. Several knocking scenarios of H2-air stoichiometric mixtures in 
a constant volume reactor are investigated in Ref. [14], where a 1D 
numerical simulation studies the interactions of flame propagation, 
auto-ignition and pressure wave. DI strategies with late injection during 
compression [15,16] or multiple injections leading to substantial strat-
ification have therefore also been followed [17]. 

Fuel/air-mixing has been the focus of a number of studies in optical 
engines and vessels with a variety of diagnostics (LIF, PIV, SIBS), see e.g. 
Refs. [18,19]; numerical studies hereto include e.g. Refs. [20,21]. 
Compression-Ignition concepts have also been attempted, requiring high 
compression ratios in combination with preheating of the intake air [22] 
or an ignition assist mechanism such as a glow plug [23,24], due to the 
high auto-ignition temperature of hydrogen despite its low minimum 
ignition energy. In Ref. [25], the effect of injection timings of 
high-pressure direct-injected hydrogen on the lean combustion charac-
teristics of natural gas was optically investigated using in-cylinder 
pressure measurements and high-speed imaging. The authors show 
that the direct-injected hydrogen addition can strongly increase the 
initial flame development and flame propagation speed, resulting in 
shorter combustion duration and improved thermal efficiency under 
lean combustion condition. Additionally, they observe advanced com-
bustion phasing and higher heat release rate with delayed direct injec-
tion timing of hydrogen. Although this research provides interesting 
insight on the role of hydrogen in optimizing natural gas engines, further 
work is needed to understand and optimize single fuel hydrogen jet 
combustion. 

The present work aims at investigating hydrogen combustion in 
conditions relevant to SI engines using direct injection of hydrogen at 
overcritical pressure levels in air. This study investigates the possibility 
of achieving jet-guided (diffusion-controlled) hydrogen combustion 
using a conventional spark plug as the ignition source, as apposed to 
former studies where liquid fuel pilots, glow plugs or laser-induced 
plasma ignition were employed to ignite the jet [22,24,26]. The 
jet-guided combustion process aims at achieving high power density and 
high thermal efficiency while simultaneously avoiding knock, due to the 
reduced fuel/air residence time, thanks to the mixing-controlled heat 
release rate. Additionally, jet-guided combustion will require a lower 
boost level (for similar power densities) since potentially low air-to-fuel 
ratios (AFR) can be achieved, which is usually difficult in premixed 
hydrogen engines. The challenge for such an approach is the comparably 
high injection pressure required to keep injecting hydrogen throughout 
combustion and its associated pressure rise in the cylinder. 

A Rapid Compression Expansion Machine (RCEM) is used for this 
investigation. A RCEM is a flexible tool to emulate the compression and 
expansion stroke of a single engine cycle while ensuring excellent op-
tical access to the combustion chamber. RCEMs are primarily used to 
measure ignition delay times as a function of temperature, pressure, and 
fuel/oxygen/diluent ratio [27,28], but interesting contributions in the 

field of ignition and combustion using RCEMs were also performed to 
investigate knocking [29–31] combustion for gasoline/biodiesel blends 
[32], impact of injection strategy [33], different configurations like 
pre-chamber [34,35] and HCCI [36–39], alternative ignition system 
[40] and early flame kernel development [32,41,41]. 

The ignition process is critical to the understanding of the combus-
tion processes of hydrogen jets in diffusion (mixing-controlled) condi-
tions. Therefore, in this study high-speed imaging data from Schlieren 
visualization and OH chemiluminescence are used to shed light into 
evolutions of jet morphology, mixing and turbulence fields as well as 
improve the understanding of the ignition and combustion processes 
under the specific conditions. 

In summary, while the classical approach to use hydrogen in ICEs is a 
premixed combustion, this needs to be very lean and the engine’s 
compression ratio needs to be low to avoid knocking, resulting in 
comparably poor efficiency. In this study, jet-guided combustion of 
under expanded hydrogen jets is therefore pursued as an alternative. To 
the authors best knowledge this is the first study to demonstrate that 
ignition at the jet periphery by means of a conventional inductive 
ignition system with a j-type spark plug can be reliably achieved, fol-
lowed by mixing-controlled combustion of the jet. In addition, the 
ignition probability has been assessed as a function of the injection 
orientation. Furthermore, fully and partially premixed combustion 
modes have also been investigated. These novel findings complement 
previous studies of hydrogen jet combustion employing Laser-induced 
plasma ignition, dual fuel (using a liquid fuel pilot) and glow plug 
ignition concepts. 

2. Materials and methods 

2.1. Rapid Compression Expansion Machine (RCEM) 

The Rapid Compression Expansion Machine (RCEM) used in this 
work to characterize the hydrogen jets is a highly flexible test rig, suc-
cessfully used in several different investigations over the years [35, 
41–43]. The machine is shown schematically in Fig. 1, while the main 
specifications are listed in Table 1. Excellent optical access to the com-
bustion chamber is ensured by a piston window and two side windows in 
the cylinder head. 

The machine consists of two separate parts, the driving part and the 
experimental domain. The working piston is placed on top of the con-
necting rod, which pushes it toward the cylinder head during 
compression. A concentrically mounted cylindrical driving piston is 
coupled hydraulically to the connecting rod, and moves in the opposite 
direction to ensure a mass balanced motion for any driving condition 
and therefore resulting in an almost vibration free operation. The piston 
is moved using a pressure system, resulting in the kinematics being 
defined by the kinetics of the system, and not by a crank mechanism like 
in engines. Due to the lack of a crankshaft prescribing the motion, the 
piston kinematics is the result of the forces acting on the piston and of its 
inertia. Therefore, the piston motion is controlled by the ratio of loading 

Fig. 1. Schematic of the rapid compression expansion machine (RCEM).  
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pressure and driving pressure, but is also influenced by the wall heat 
losses and by the pressure rise in the combustion chamber originating 
from combustion. No turbulence is present at the start of compression. 

The desired compression ratio is adjusted by selecting suitable initial 
conditions in the combustion chamber, i.e. loading pressure, wall tem-
perature, mixture composition, as well as driving pressure and maximal 
stroke. 

To define a fixed point in terms of timescale for different experiments 
(and thus for different piston position traces), the origin of the timescale 
is defined at TDC, and all recorded signal are measured accordingly. The 
piston stroke evolution is recorded with a frequency of 100 kHz and a 
resolution of 0.05 mm. All trigger events, such as injection, ignition, 
camera recordings, are set at a certain piston position. 

To reach higher end-compression temperatures, and therefore engine 
relevant conditions around TDC, the machine is equipped with a heating 
system for the cylinder head and the cylinder liner. Cooling zones and 
insulation are installed to protect the driving part of the machine and the 
pressure transducers. For the tests reported in this work, the cylinder 
head and piston temperature was set to 60 ◦C. 

The variable initial and final position of the free-floating piston in 
conjunction with variable driving pressures enable wide ranges of en-
gine relevant pressure/temperature evolutions during the compression 
and expansion strokes. In the present work, the driving pressure was set 
to 16 bar and the filling pressure was set to 1.2 bar, which leads to a 
compression ratio of about 6 with a displacement volume of approxi-
mately 740 cm3 at a stroke of 176 mm. The free-floating piston nature of 
the machine dictate a limitation in the maximal energy that can be 
released without colliding the piston against the back of the machine. 
The jet-guided combustion concept is therefore investigated at high 
overall AFR. The concept could also be used for stoichiometric operation 
in a real engine, where this limitation is absent. 

The air to fuel ratio (λ) is calculated from the injected fuel mass and 
the volume of air in the combustion chamber at the operating conditions 
of pressure and temperature. The fuel mass injected with the selected 
injector was calibrated before the test campaign using the measured 
pressure rise in the chamber, for different opening durations of the 
injector. 

2.2. Optical diagnostics: schlieren visualization and OH 
chemiluminescence 

In order to visualize the ignition and flame propagation in the 
combustion chamber, a Schlieren arrangement was setup as shown in 
Fig. 2. A Xenon light source was used in conjunction with a diaphragm 
(0.5 mm) in order to generate a focal light source. A pair of plano-convex 
lenses (f = 250 mm) were applied to generate a collimated beam before 
entering the combustion chambers and to converge the collimated beam 
at the exit. Then another diaphragm was placed at the focal point to 
produce the Schlieren effect by eliminating the diverted light beams and 
increase the sensitivity to density gradients. The images have been then 
recorded by a Fastcam SA-X2 high-speed camera. 

An additional setup was implemented to observe the OH chem-
iluminescence in a perpendicular line of view with respect to the 

Schlieren visualization (Fig. 2), i.e. trough the piston window. A HSS6 
high-speed camera from LaVision was used coupled to a High Speed 
LaVision IRO intensifier. The camera is equipped with a Halle 100 mm 
UV lens, and a 310 nm passband filter (FWHM = 10 nm) is used to 
eliminate any additional radiation outside the OH radical wavelength. 

An exposure time of 3.75 μs, a resolution of 1024 × 512 px were used 
for Schlieren, and an exposure time of 47.21 μs, a resolution of 640 ×
640px for OH chemiluminescence. Both cameras recorded at 30 thou-
sand Frames Per Second (FPS) and were triggered at the same time, 
ensuring synchronization between the two visualizations. The size scale 
is indicated in the optical windows in Fig. 2. 

2.3. Injection 

The injector used in the present work is a Bosch HDEV1, part number 
0261500016, originally designed for gasoline use. It has a single orifice 
(d = 0.6 mm) with inclination angle of approximately 20◦ with respect 
to the injector axis, and the gasoline spray cone angle is approximately 
50◦. Hydrogen was supplied from 200 bar bottles via a pressure regu-
lator (Messer FM51) which delivered hydrogen at 105 bar to this 
injector, ensuring a supercritical pressure ratio across the orifice in all 
the tested conditions, which results in underexpanded hydrogen jets 
[44,45]. For a potential vehicle use case, the injection pressure would 
most likely be chosen so high to guarantee chocked conditions against 
the maximum desired in-cylinder pressure. In Fig. 3 the schematics of 

Table 1 
Specifications of the RCEM.  

Bore B = 84 mm 

Stroke s = 120–250 mm 
Compression ratio ε = 5 - 30 
Cylinder pressure up to 200 bar 
Piston bowl d = 52 mm, 4 mm depth 
Piston optical access d = 52 mm 
Side windows optical access d = 36 mm 
Spark plug NGK M10 (DIMR8A10) 
Injector Bosch HDEV1 
Ignition system BERU coil (60 mJ secondary energy)  

Fig. 2. Schematic of simultaneous application of Schlieren imaging (through 
cylinder head windows) and OH chemiluminescence (through the pis-
ton window). 

Fig. 3. Bosch HDEV1 single orifice injector. Orifice diameter 0.6 mm, orifice 
axis inclination 20◦. Schematics of the injector (a), microscope image of the tip 
(b) and determination of the orifice inclination angle (c). 
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the injector used in this work is shown (a), together with a magnified 
image of the tip (b) taken with a microscope to measure the orifice 
diameter, and with the orifice inclination angle (c). The latter was 
measured by means of high speed imaging of injection events with a 
colored liquid. 

The processes after ignition, namely combustion of the jet for the jet- 
guided conditions or flame propagation for the premixed conditions, are 
investigated in this work. In addition to the optical high-speed imaging 
techniques, pressure indication in the combustion chamber was carried 
out to monitor the combustion process using a piezoelectric sensor 
(Kistler 7061B1) and an absolute reference pressure sensor (Kistler 
4075 A mounted in a fast switching adapter). 

2.4. Ignition system 

The ignition of under-expanded hydrogen jets is investigated using a 
standard ignition system, i.e. a commercially available ignition coil 
(BERU) providing up to 60 mJ of energy with a maximum duration of 
2.2 m s. 

3. Results and discussion 

Tests were performed to assess the best injector orientation for jet- 
guided combustion of the hydrogen jet (Fig. 4). Groups of 20 repeti-
tions were performed for all the investigated cases, and the results are 
given in terms of average value and standard deviation over these 
repetitions. 

The injector clockwise rotation on the cylinder head defines four 
different jet orientations, which affect the probability of the jet pe-
riphery being “caught” by the spark, and thus the ignition probability. 
Tests showed that the best cases are 0◦ and 270◦ orientation (ignition 
probability up to 100% and 95%, respectively), while for 90◦ and 180◦

the jet periphery tends to end up in an unfavorable position for ignition 
(ignition success rate falling to 0% and 25%, respectively). It is worth 
noticing that, even though 0◦ and 180◦ are in similar positions relative to 
the spark plug, a notable difference in ignition success rate is measured. 
This is likely due to the windows in the walls of the combustion cham-
ber. During the injection process for the two orientations, the jet can be 

expected to become attached to the wall due to the Coanda effect [46]. 
For the 0◦ case, the interaction between the jet and the window happens 
later compared to the 180◦ case, probably affecting the air-fuel mixing 
and, consequently the ignition. Such an effect was detected for example, 
in Ref. [47] in a direct-injected engine operated with natural gas. Nu-
merical simulations are in progress to confirm the occurring phenomena 
for the present setup and conditions. 

It has to be pointed out that, in contrast to real engines, the condi-
tions in the bulk of the RCEM combustion chamber are laminar before 
start of injection, although small roll-up vortices form above the piston 
crevice during compression. Turbulence thus mainly stems from the 
direct injection process and from the flame itself. Therefore, while the 
ignition success measured in the RCEM cannot give an absolute esti-
mation of the ignition probability in a real engine, the correlation and 
findings reported are nonetheless likely to hold true. Furthermore, the 
RCEM offers the advantage of precise validation of numerical models 
thanks to the optical accesses and the absence of turbulence before 
injection. 

The injector orientation schematics is shown in Fig. 4 together with 
an example view from the Schlieren (side view) and OH chem-
iluminescence (piston view) setups. It can be seen that the two windows 
have different diameters (36 and 52 mm, respectively). Additionally, the 
mirror mounted on the piston internal wall to allow for the OH has a 
non-circular shape, a side being cut in correspondence of the opening, as 
shown in the Figure. 

3.1. Hydrogen jet combustion in premixed, partially premixed and 
diffusion regimes 

Tests were performed with pure hydrogen injection in air, simulta-
neously acquiring Schlieren and OH chemiluminescence visualizations. 
The initial conditions (initial pressure in combustion chamber 1.2 bar, 
driving pressure 16 bar) were adjusted to replicate the conditions of an 
engine filled at BDC at 1.2 bar with a compression ratio of 6 and a 
displacement volume of 740 cm3. 

The ignition timing is position-based, i.e. the spark is triggered when 
the piston is at a certain distance (35 mm) from the top of the cylinder 
head. This distance corresponds to a spark occurring at approximately 

Fig. 4. Injector orientation and jet cone visualization. Cone angle reduced to 10◦ in the illustration for clarity reasons.  
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200 cm3 chamber volume for the tests presented in this work. The in-
jection timing, also position-based, is varied with respect to the ignition 
timing in such a way that different combustion conditions are obtained, 
as described in the following. 

3.1.1. Premixed hydrogen combustion 
When the injection phase ends seconds [48] before the spark onset, 

the hydrogen has time to fully mix with the air in the combustion 
chamber before the spark onset (premixed condition). A typical result 
of premixed condition test is shown in terms of pressure and displace-
ment volume in Fig. 5 (λ = 2.3). Pressure vs. volume is plotted in a 
double-logarithmic representation in order to better assess the nature of 
the change of state (e.g., a polytropic change of state is a straight line in 
such a plot). 

A sequence of Schlieren and OH chemiluminescence visualization for 
this test is shown in Fig. 6. In all the frame sequences shown in this 
Section, the time zero corresponds to the ignition trigger. 

Examining the presented results, it can be observed that the spark 
onset triggers a premixed combustion, which typically results in a 
spherical flame front developing from the ignition location, as shown in 
the frame sequence (Fig. 6). The corresponding video is provided as 
supplementary material (H2_premixed.mp4). 

The first flame kernel appears approximately 0.6 m s after spark 
triggering (top left frame in Fig. 6). At 1.2 m s (top right frame) a 
spherical flame kernel is developing around the spark plug in the 
Schlieren image, while the first faint OH chemiluminescence is visible. 
The OH flame front becomes clearly visible in the following frames (2, 3 
and 4 m s), developing into a regular expanding sphere. 

Despite the laminar conditions before ignition, already 2 m s after 
ignition (third frame in Fig. 6), notable flame wrinkling can be observed 
in the Schlieren image. This flame-accelerating process in absence of a 
turbulent flow field is caused by so-called Darrieus-Landau or thermo- 
diffusive instabilities of hydrogen [49,50]. 

It is worth noticing that the perceived intensity of the OH chem-
iluminescence depends on the geometry of the expanding 3D flame and 
on the line of view of its 2D representation. An example of a spherical 
flame front is described in Appendix A. 

3.1.2. Partially premixed hydrogen combustion 
A different behavior is seen when a partially premixed case is 

examined (Figs. 7 and 8). In this regime, the time delay between in-
jection end and the start of ignition (spark onset) is notably shorter 
(10–20 m s) than in the premixed case (1–2 s), but still sufficient for a 
partial mixing of hydrogen and air. The pressure vs. displacement vol-
ume diagram for typical partially premixed combustion case is shown in 
Fig. 7, together with the pressure and piston position vs. time. In the 
pressure-volume diagram, the injection phase is highlighted in red and 
occurs during the compression stroke. For this case, the overall λ is again 
2.3, and the time delay between end of injection and spark onset is 6.4 
m s. 

The corresponding Schlieren and OH chemiluminescence visualiza-
tion (Fig. 8) shows that at spark onset the mixture is still moving 
(Schlieren visualization, top left frame). The corresponding video is 
provided as supplementary material (H2_partially_premixed.mp4). 

The first OH chemiluminescence is visible after 1.2 m s from spark 
onset (top right frame). The following frames (taken at 1.5, 2, 3 and 4 m 
s) show how the flame front develop less regularly than in the premixed 
case, due to residual turbulence in the combustion chamber from fuel 
injection and probably due to non-homogenous fuel concentration. The 
resulting reacting surface and heat release are discussed in sections 3.2 
and 3.3. 

3.1.3. Diffusion-controlled hydrogen combustion 
When the hydrogen jet is injected at 0◦ in the combustion chamber 

roughly at the same time as the spark onset (injection ending after spark 
onset, and time delay between end of injection and start of ignition in 
the order of 1 m s), ignition is started when the jet arrives at the location 
of the spark plug (diffusion combustion). Fig. 9 shows pressure, 
displacement volume and piston position diagrams for a typical case of 
ignition at the jet periphery in diffusion conditions. In this case, the 
hydrogen injection duration is 8 m s, starting at the ignition timing, and 
the overall λ is 6.55. Higher values of λ were not tested because a shorter 
duration of the incoming jet would not add any interesting information. 
With jet-guided combustion, global λ values well above the limit for 
premixed (λ = 4.2) can be achieved. It is worth noticing that even if the 
ignition range of hydrogen is typically larger (up to λ = 10 [51]), in the 
present setup the limited temperatures and the absence of turbulence 
result in less favorable conditions than those of a typical engine. 

The possibility to ignite leaner mixtures when using diffusion- 
controlled conditions can be explained taking into account that 
locally, at the ignition location, λ can be very different than the overall λ 
value measured considering the fuel mass injected in the combustion 
chamber. The investigations to non-intrusively determine the λ at spark 
timing in the electrode gap by means of Spark Induced Breakdown 
Spectroscopy (SIBS) [52,53] are currently underway. 

Therefore, it can be concluded that a proper positioning of the spark 
with respect to the incoming fuel jet can result in successful ignition in 
very lean conditions, that would not be achievable otherwise. The sys-
tematic understanding of geometrical relations was not part of this 
project, this aspect is part of future research. 

The combined Schlieren and OH chemiluminescence sequence for 
this case is shown in Fig. 10. The corresponding video is provided as 
supplementary material (H2_diffusion.mp4). 

At 1 m s (top left frame) a small ignition kernel starts forming be-
tween the spark plug’s electrodes, while the hydrogen jet is approaching 
(slightly visible on top of the Schlieren image). The first OH chem-
iluminescence appears at 2 m s (top right frame), when the initial kernel 
is surrounding the spark plug. Observing the Schlieren images, it is 
interesting to note how in the two following frames, second row, cor-
responding to 2.1 (left) and 2.5 m s (right) the flame quickly develops to 
encompass the entire visible region, while the OH chemiluminescence 
clearly corresponds to the injected hydrogen coming from the left top 
corner of the OH images. Examining the subsequent instants (bottom 
frames, 6 and 8 m s), the Schlieren image is completely dark (burnt 

Fig. 5. Pressure vs. displacement volume (left) and volume and pressure vs. 
time (right) for a premixed case (pure hydrogen injected in air). A schematic 
representation of the phasing (injection duration vs. timing of spark) is 
also shown. 
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mixture) from 2.5 m s on, while the OH visualization shows that the 
incoming jet continues to burn throughout the duration of injection. 

While the premixed condition is easier to ignite and results in robust 
ignition for all the compositions within the ignition limits, the attempt of 
ignition at the incoming jet periphery is far more aleatory and strongly 
depends on the jet orientation and velocity, as discussed earlier. 

3.2. Reacting surface 

The OH chemilumiescence videos were analyzed to determine the 
apparent reacting surface vs. time for the different cases investigated. 
Each image in the sequence was first converted into a binary image 
where white pixels identify the reaction zones and black pixels corre-
spond to non-reacting areas. Then the reacting surface was computed, 
corresponding to the sum of white pixels at each time instant. Although 
3D effects are not captured with this analysis, it is nevertheless a simple 
but useful method to qualitatively compare flames with different shapes, 
for which a consistent flame speed is difficult to define. An example of 
different shapes of reacting surface for a diffusion and a premixed case is 
shown in the frames in Fig. 11. 

The typical reacting surface vs. time for the three different regimes is 
shown in Fig. 12. When the premixed condition is examined (Fig. 12), it 
can be observed that the curve displays a peak in intensity and then 
gradually fades. The curve is cut at the time corresponding to 90% 
calculated HRR (cfr. Section 3.3). The peak corresponds to the devel-
opment of a spherical flame kernel that expands from the spark plug 
location (expanding ring in Fig. 6). This kernel then decays and fades 
within approximately 6 m s. 

A similar trend is obtained for partially premixed cases (yellow curve 
in Fig. 12), but the combustion tends to be faster (up to 4 m s) and the 
peak intensity is higher. The most interesting behavior, tough, is the one 
obtained for the diffusion conditions. In this case the reacting surface 
curve displays an initial peak, corresponding to a premixed combustion 
phase, followed by a smaller reacting area, where the actual diffusive 
combustion is taking place. This second phase lasts for the entire in-
jection duration and corresponds to the times where the jet combustion 
can be seen from the OH chemiluminescence visualization (see for 
example Fig. 10). Tests performed in the same conditions result in 
similar patterns for the reacting surface curves (not reported here). 
Interestingly, the trend displayed by the reactings surface in jet-guided 
(diffusion-controlled) conditions, i.e. a premixed combustion peak 

Fig. 6. Schlieren (left) and OH chemiluminescence (right) visualization of a premixed combustion test (hydrogen injection in air). The sizes of the two windows are 
indicated and the dots in the OH visualizations show the position of the spark plug. P–V diagram of this test is shown in Fig. 5. 

Fig. 7. Pressure vs. displacement volume (left) and volume and pressure vs. 
time (right) for a partially premixed case (pure hydrogen injected in air). A 
schematic representation of the phasing (injection duration vs. timing of spark) 
is also shown. 
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Fig. 8. Schlieren (left) and OH chemiluminescence (right) visualization of a partially premixed combustion test (hydrogen injection in air). The sizes of the two 
windows are indicated and the dots in the OH visualizations show the position of the spark plug. P–V diagram of this test is shown in Fig. 7. 

Fig. 9. Pressure vs. displacement volume (left) and volume and pressure vs. time (right) for a diffusion case (pure hydrogen injected in air). A schematic repre-
sentation of the phasing (injection duration vs. timing of spark) is also shown. 
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followed by a lower diffusion phase is similar in shape as the one ob-
tained by calculation of the heat release rate HRR, as discussed in the 
following section. 

3.3. Heat release rate 

The pressure indication is used to estimate the heat release rate with 
a 2-zone thermodynamic model. The equation for energy conservation 
used in the model is 

δQch = dUs + δQht − p dV + hdmbb (Eq. 1) 

Fig. 10. Schlieren (left) and OH chemiluminescence (right) visualization of a diffusion combustion test (hydrogen injection in air) for injector orientation 0◦. The 
sizes of the two windows are indicated and the dots in the OH visualizations show the position of the spark plug. P–V diagram of this test is shown in Fig. 9. 

Fig. 11. Typical shape of the reacting surface for a diffusion case (top) and a 
premixed case (bottom). The original frame is shown (left), together with the 
processed binary image (right). 

Fig. 12. Reacting surface vs. time for the 3 different regimes identified.  
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where δQch represents the chemical energy, dUs is the change in internal 
energy, δQht is the heat transfer to the wall, − p dV is the work done by 
the piston, and hdmbb is the enthalpy flow across system boundaries 
caused by blow-by. The model assumes equal pressure of the two zones 
(burned and unburned), and sum of the two volumes equal to the total 
volume. The heat release rate for the investigated combustion processes 
was calculated using a custom-coded software. The calculation is based 
on a detailed two-zone model and uses a wall heat-loss model by 
Woschni [54], as well as the measured pressure vs. piston position data. 
The results are shown for the extreme regimes only (premixed and 
diffusion), because the partially premixed case does not add any inter-
esting information to this analysis. 

The heat release rate (HRR) and its integrated value over the entire 
combustion process are shown in Fig. 13 and in Fig. 14 for typical pre-
mixed and diffusion cases, respectively. Examining the HRR trends for 
the two extreme cases it can be seen that the combustion behavior 
already observed when examining the reacting surface is found. Namely, 
a peak (around 8 %/ms, corresponding to approximately 110–120 J/ms) 
is obtained for premixed combustion, while in diffusion cases a much 
higher peak (approximately 18%/ms or 300 J/ms) appears at the 
beginning (premixed combustion phase), followed by a lower HRR 
phase (90–100 J/ms) corresponding to the diffusion combustion phase. 
This is likely due to the locally near-stoichiometric conditions of the gas 
mixture in the diffusion-controlled case, leading to a higher initial peak. 

It is worth noticing that the slope of the integrated HRR does not 
change for the premixed case, while in diffusion conditions a slope 
change is detected corresponding to the beginning of the diffusion 
combustion phase, as described when examining the visualization 
results. 

3.4. Discussion of results 

Based on the high speed-visualization results, on the analysis of the 
pressure-position traces, and on the heat release rate calculations, 
important insights on the combustion processes of hydrogen jets were 
obtained, and are summarized in Table 2 for each injector orientation 
tested. The presented results are an average of 20 repetitions for each 
test condition. All the diffusion tests were performed with the same 
starting of injection (see Fig. 9), corresponding to an injection-ignition 
delay of approximately 2 m s. 

The ignition success in diffusion conditions is highly dependent on 
the injector orientation. Namely, the best results (ignition success 100%) 
is obtained for injector orientation of 270◦, followed by the orientation 

0◦ (95%). Only 25% ignition success rate is obtained for 180◦ orienta-
tion, while 90◦ never ignites. These results likely depend not only on the 
position of the jet relative to the spark plug, but also relative to the walls 
and windows. Further (numerical) investigations are ongoing to assess 
the occurrence of Coanda effect towards explaining the different 
behavior of 0◦ and 180◦ jets. 

The ignition delay, defined as the time when 5% of maximum heat 
release rate is reached, is way shorter in diffusion conditions (ranging 
from 0.78 m s to 4.59 m s) when compared to premixed conditions 
(11.20 m s). The shortest ignition delay is obtained for 270◦ orientation 
(0.78 m s), followed by 0◦ (2.78 m s). The orientation 180◦ shows the 
longest ignition delay in the diffusion cases (4.59 m s). The integrated 
HRR is close to 100% of the injected mass in premixed cases (approxi-
mately 1300 J) and in most of the diffusion cases (injection orientation 
0◦, and 180◦, with 1337 and 1290 J, respectively). Only the 270◦

orientation shows a lower integrated HRR (1115 J), thus suggesting that 
the combustion is less complete in this case, or that there are higher wall 
heat losses than those captured by the present analysis. 

The observed behavior can be explained by examining the OH 
chemiluminescence visualization for three representative cases of each 
injector orientation. In particular, examining the OH emissions at 
different times (Fig. 15) it can be seen that 2.6 m s after ignition start, 
only in the 270◦ case the combustion has started, and it is visible as a 
pseudo-spherical luminosity distribution approximately located at the 
spark plug position (see Fig. 4 for reference). At 4.5 m s, the jet injected 
at 270◦ has already impinged the chamber wall on the opposite side, and 
the combustion is distributed irregularly in the chamber, with no clear 
indication of the incoming jet position. At the same time, the jet injected 
at 0◦ has ignited, and the OH visualization clearly follows the jet shape 
for all the injection duration. 

The jet injected at 180◦ has not yet shown any OH chem-
iluminescence at 4.5 m s, while its combustion can be followed later on, 
for example at 5.75 m s. At this time, the different orientation of the 
three jets can be appreciated, together with a different emission in-
tensity (higher for the 0◦ case). 

In conclusion, the obtained results suggest that an optimum orien-
tation of the hydrogen jet exists for ignition in the investigated condi-
tions. Injecting the hydrogen at 0◦ ensures a 95% ignition success rate 
and shows that the combustion occurs mainly in diffusion conditions. It 
is worth mentioning again that, in contrast to real engines, a crank 
mechanism is absent in RCEM and the conditions are laminar before 
start of injection. Thus, the success rates measured in the RCEM setup 
can not be directly transferred to a real engine. Fig. 13. Heat release rate and integrated heat release rate calculation for a 

premixed case. 

Fig. 14. Heat release rate and integrated heat release rate calculation for a 
diffusion case. 
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4. Conclusions and future work 

A Rapid Compression Expansion Machine equipped with high-speed 
visualization techniques (Schlieren and OH chemiluminescence) was 
used to investigate the combustion processes of direct-injected hydrogen 
jets. As opposed to previous studies using glow plugs, dual-fuel (with 
liquid fuel pilots) or laser-induced plasma ignition concepts, in this 
study a conventional inductive ignition system in conjunction with a j- 
type spark plug is employed. Measurements were conducted for 
different timings of injection and ignition, identifying three different 
combustion regimes (premixed, partially premixed and diffusion- 
controlled). 

Results show that combustion of hydrogen jets in diffusion (jet- 
guided) conditions is successfully obtained when a proper injection 
orientation is selected to ensure that the ignition spark “catches” the 
incoming jet at a favorable location. The ignition at the periphery of the 
jet allows igniting globally leaner mixtures (overall λ = 6.55) than in 
premixed and partially premixed conditions because the overall λ is not 
representative of the local mixture concentration at the spark plug 
location. The results obtained suggest that the local λ is, in fact, way 
closer to stoichiometric. 

For each test, the pressure vs. position, the ignition success rate, the 

ignition delay, the reacting surface and the heat release rate were 
investigated, showing that the diffusion-controlled combustion occurs 
with an initial heat release rate (HRR) peak where the already premixed 
part of the hydrogen-air jet is rapidly consumed (corresponding to a 
peak in the OH emission) followed by lower HRR and OH intensity 
limited by the injection-rate as in “classical” Diesel combustion. The 
mixing-controlled phase is characterized by the continuous combustion 
of the incoming fuel jet, for all the remainder of the injection duration. 
The best injector orientation (0◦) allows for diffusion-controlled com-
bustion occurring with 95% ignition success rate and very short ignition 
delay (2.78 m s, vs. 11.2 m s for the premixed case). Furthermore, the 
integrated HRR shows that nearly all the injected mass is burned, while 
apparently a lower percentage (around 80%) is burned when a jet 
orientation of 270◦ is chosen. This might also mean that some additional 
wall heat losses, since flame-wall interactions are not accounted for in 
the HRR analysis performed with the WEG software. A fuel jet pointing 
directly towards the spark plug (270◦ position) seems to be advanta-
geous in terms of ignition success rate (100%) and ignition delay (0.78 
m s), but results in partial burn of the injected mass. This suggests that an 
optimal relative position of incoming jet and spark plug exists. 

Further investigation is being carried out to identify configurations 
which result in optimal diffusion-controlled combustion of hydrogen 

Table 2 
Ignition success, ignition delay and integrated heat release rate for different combustion cases.   

premixed (baseline) injector orientation 0◦ injector orientation 90◦ injector orientation 180◦ injector orientation 270◦

ignition success, % 100 95 0 25 100 
ignition delay, ms 11.20 ± 1.24 2.78 ± 0.81 nAv 4.59 ± 1.01 0.78 ± 0.10 
integrated HRR, J 1297.58 ± 16.84 1337.41 ± 27.26 nAv 1289.63 ± 16.82 1114.56 ± 30.48  

Fig. 15. OH chemiluminescence for three different injection orientation and for different times after ignition: 2.6 m s (top), 4.5 m s (center) and 5.75 m s (bottom).  
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jets. Namely, in order to characterize the local λ at the ignition location, 
a SIBS (Spark-Induced Breakdown Spectroscopy) setup in combination 
with a high-power energy system will be integrated in the RCEM to 
allow for local measurement of mixture concentration with a good 
signal-to-noise ratio. Additionally, the injection cone will be character-
ized using Schlieren visualization of different jets geometries coupled to 
SIBS characterization to map the optimal ignition locations. These data 
will be also used for validation of numerical simulation. 

From an application point of view, the diffusion-controlled com-
bustion scheme has to be transferred to a full metal engine. Open 
questions include: how to shape the partitioning of the premixed- and 
diffusion-controlled phases of combustion, how injection timing and 
subsequent in-cylinder pressure influence the jet-guided combustion, 
how tumble- or swirl charge motion affect the mixing and combustion 
process, which H2 injector geometric configurations optimal, if knock- 
free λ = 1 operation can be established, if diesel-like efficiency levels 
can be achieved and which emission levels of H2 and NOx result. These 
questions are being addressed in a follow-up investigation. 
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RCEM: Rapid Compression Expansion Machine 
SI: Spark Ignition 
SIBS: Spark Induced Break-down Spectroscopy 
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