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Abstract: The H2 internal combustion engine (ICE) is a key technology for complete decarbonization
of the transport sector. To match or exceed the power density of conventional combustion engines,
H2 direct injection (DI) is essential. Therefore, new injector concepts that meet the requirements of
a H2 operation have to be developed. The macroscopic free stream behavior of H2 released from
an innovative fluidic oscillating nozzle is investigated and compared with that of a conventional
multi-hole nozzle. This work consists of H2 flow measurements and injection tests in a constant
volume chamber using the Schlieren method and is accompanied by a LES simulation. The results
show that an oscillating H2 free stream has a higher penetration velocity than the individual jets of
a multi-hole nozzle. This behavior can be used to inject H2 far into the combustion chamber in the
vertical direction while the piston is still near bottom dead center. As soon as the oscillation of the
H2 free stream starts, the spray angle increases and therefore H2 is also distributed in the horizontal
direction. In this phase of the injection process, spray angles comparable to those of a multi-hole
nozzle are achieved. This behavior has a positive effect on H2 homogenization, which is desirable for
the combustion process.

Keywords: hydrogen internal combustion engine; hydrogen injection; Schlieren; large eddy simula-
tion; oscillating nozzle; fluidic oscillators

1. Introduction

It is no longer just passenger cars and light commercial vehicles that are subject to ever
stricter CO2 limits. In the heavy commercial vehicle sector as well, CO2 emissions have
now become a global political issue. Negotiators from EU member states, the European
Parliament, and the EU Commission have agreed on the first climate protection standards
based on 2019 values: 15% less CO2 by 2025 and 30% less by 2030. Manufacturers who
do not comply with these requirements are faced with severe penalties [1]. Additionally,
the EU has agreed on a proposal for a regulation setting CO2 emission standards for new
heavy-duty vehicles [2]. Accordingly, a heavy-duty vehicle is considered emission free if it
has no internal combustion engine or emits less than 1 gCO2 /kW h (or less than 1 g/km).
This results in three major technology approaches that fulfill this criterion: battery-electric
drive concepts, fuel-cell drives, and hydrogen combustion engines. Due to its favorable
total cost of ownership (TCO) balance [3], its high robustness over an entire working life,
and its high power density, the hydrogen combustion engine offers a promising solution.

The performance of hydrogen combustion engines with intake manifold injection is
limited due to the effect of air displacement by the injected fuel. This pushes conventional
turbocharging systems to their limits, especially for lean combustion concepts. Further-
more, the injection of highly flammable hydrogen outside the combustion chamber poses
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the risk of backfiring, especially in the upper load range [4]. The high specific output
required for heavy-duty, long-distance transport applications can only be achieved by
direct-injecting systems.

The development of an injector concept for direct-injecting hydrogen combustion
processes requires a compromise between functional and design criteria, some of which
interact strongly. With regard to the vehicle range, a low- or medium-pressure concept
with system pressures below 50 bar is a sensible approach without taking energy-intensive
hydrogen post-compression into account. Assuming that injection starts after the intake
valves have closed, there is a relatively narrow time window available for fuel injection.
This results in a further increase in the effective injector flow cross section, which is
already large in hydrogen injectors. At these high flow rates, outward-opening nozzles
prove to be advantageous. With regard to sealing, large cone angles are needed, which is
disadvantageous in terms of jet penetration behavior and mixture formation if no additional
nozzle caps or masking is used. The design of innovative nozzle geometries is the key to
achieving the required high mixture homogenization. One possibility is the OsciJet nozzle,
which is designed for high oscillation frequencies of more than 4 kHz. It oscillates several
times per injection process. Therefore, the mixing of hydrogen and fresh gas should be
maximized [5,6].

Despite being a development of the 1960 [7,8], fluidic devices (or fluidics) can provide
solutions for many modern engineering problems. Initially, these passive devices were used
as robust control systems for missiles [9] and in manufacturing machinery [10]. In recent
years, fluidics have been rediscovered for commercial applications. For example, they
are used in windshield wipers [11], in active flow control [12–14], in biochemistry for the
generation of microbubbles [15,16], and even as diesel injectors for small gasturbines [17].
Most of these applications benefit from the jet dynamics and the robustness of the devices.
The robustness stems from the fact that fluidic oscillators contain no moving parts and
are therefore virtually maintenance free. Furthermore, they are not affected by harsh
environmental conditions such as temperature radiation or shock. Even though there are
several different types of fluidic devices, the main ones used in these applications are
fluidic oscillators. Figure 1 shows a standard feedback-type sweeping jet fluidic oscillator.

Figure 1. Fluidic oscillator.

The functioning of the devices can be broken up into four steps:

1. After the startup of the system, a hydrodynamic instability in the interaction region
causes the jet to attach to one of the walls W1 or W2 due to the Coanda effect.

2. The jet is split into a main portion that exits the chamber through the outlet O and a
smaller portion that loops back to the inlet.

3. When reaching the inlet, this jet causes the main jet to detach from one wall and to fill
the resulting recirculation bubble.

4. The jet attaches to the opposite wall, and the cycle starts over.

Additional information on the functioning and application of fluidic oscillators may be
found in the works of Gregory [18], Tesař [19,20], Foster [21], Raghu [12], and Bobusch [22].
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2. Materials and Methods
2.1. Experimental Setup

The present scientific contribution includes investigations using an optically accessible
pressure chamber equipped with a prototype injector with interchangeable nozzles. The jet
penetration behavior of the OsciJet nozzle is compared with that of a 6-hole nozzle. After
the description of the measurement principle, the experimental setup, and the presentation
of the developed evaluation routine, the results are discussed in detail with regard to the
application in an internal combustion engine.

The prototypes were designed for the same flow rate by selecting equal total cross-
sectional areas at the nozzle outlet. Nevertheless, deviations in the mass flow can occur
due to flow processes within the nozzle that influence the jet penetration behavior. For this
reason, the optical investigations were preceded by a measurement of the steady-state mass
flow using a Coriolis flowmeter at various injection pressures up to 6 bar (supercritical
injection into the environment).

In order to investigate the jet penetration behavior of the selected nozzles, injection
tests with hydrogen into quiescent nitrogen were performed in a pressure chamber with
an optical access of 70 mm diameter. A high-speed Schlieren system was used to visualize
the gaseous fuel jets (Figure 2). Two parabolic mirrors with a diameter of 152.4 mm and a
focal length of about 1219.2 mm were used to collimate and focus the light. A high-power
LED from Luminus Devices (CBT-120) served as the light source. The design of an LED
driver circuit (modified on the basis of [23]) enables intermittent control of the LED in
overload with a current up to 150 A at a pulse duration of 2.3 µs. This allows for very high
light intensities to be achieved during image acquisition. Imaging was performed using a
Vision Research Phantom v1610 high-speed camera with an acquisition rate of 21 kHz and
an exposure time of 2 µs at a resolution of 896 × 896 pixels. The solenoid injection valve
was controlled via a development control unit from IAV GmbH [24,25], which also output
the trigger signal for the camera and the LED.

Figure 2. Schematic drawing of the schlieren system and nozzles used.

In all cases, the optical investigation of the selected nozzles was carried out at injection
pressures of 8 bar and 30 bar with variation of the back pressure. The images were compared
on the basis of macroscopic parameters. The change in penetration depth over time allows
the spray velocity to be calculated, which enables conclusions to be drawn about the air
capture in the cylinder vertical axis. This is especially important in the case of early start
of injection when the piston is near BDC. The spray angle provides information about
the air capture in the view plane (x-y, cumulated over z) and thus about the degree of
homogenization in the combustion chamber.

The macroscopic spray parameters were calculated by a Matlab® evaluation routine.
By choosing appropriate intensity thresholds, the spray contour was isolated from the
background in each captured frame. In this way, one binary matrix per image was created,
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from which the parameters of interest could be determined (Figure 3). The spray cone
angle was detected dynamically in the range of the first 50% of the penetration depth.

Figure 3. Frame before injection (left), frame of penetrating spray (center), and created binary matrix
(right). To determine the individual angles, a linear slope is calculated by the method of least squares
using the outer contour of the spray. The penetration depth can be calculated directly from the ratio
of pixels to millimeters.

2.2. Numerical Simulation

The experimental investigation using Schlieren measurements provides a detailed
visual insight into the hydrogen propagation in the pressure chamber. However the
results only allow for the quantification of the velocity in the view plane. Therefore,
the measurements were accompanied by a Large Eddy Simulation (LES) that enables
the calculation of the spatial and temporal velocity and the concentration field of the jet.
These are key parameters to obtain a detailed picture of the flow dynamics of the injected
hydrogen and the surrounding gas.

2.2.1. Governing Equations

The non-reactive mixing of the gaseous flow is described by the compressible Navier–
Stokes equations. The conservation of continuity, momentum, and energy is given as fol-
lows:

∂ρ

∂t
+

∂ρui
∂xi

= 0 (1a)
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where ρ, ui, p, ht, and αe f f are the density, velocity vector, pressure, total enthalpy, and
thermal diffusivity of the mixture, respectively. The total enthalpy is the sum of specific
enthalpy and kinetic energy:

ht = hs +
1
2

uiui. (2)

The viscous stress tensor is defined as follows:

τij = µ
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− 2

3
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δij

)
, (3)

where µ is the dynamic viscosity computed for each species by Sutherland’s law.
The transport of the species mass fraction of the mixture is given as follows:
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(4)
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A unity Schmidt number is assumed for all species, such that the mass diffusivity Ds = µ/ρ.
Two species, hydrogen (Ys) and nitrogen (Yi), are considered where the inert species
Yi = 1 − Ys is nitrogen. The system of equations is closed by an equation of state for an
ideal gas:

p = ρRT, (5)

where T and R are the temperature and specific gas constant, respectively.

2.2.2. Numerical Methodology

The investigated flow is fully turbulent. Since direct numerical simulation of all
turbulent scales is not feasible, a turbulence model is needed to appropriately account
for the unresolved dynamics. A suitable choice for retaining large-scale turbulence is
LES. To this end, Equations (1) and (4) were Favre-averaged and all scales below the grid
resolution were lumped into a sub-grid scale tensor τsgs that added additional diffusivity
to the system to account for the unresolved dynamics. Since τsgs is generally unknown, it
needs to be modelled. Here, we employed the one-equation eddy diffusivity model [26],
which relates τsgs to the sub-grid scale kinetic energy ksgs that is solved by an additional
transport equation.

The system of equations is discretized using a finite volume method. Time integration
is implicit and of second order. All divergence terms were discretized using second-order
central schemes, except for those involving Ys where a limited scheme was used to ensure
boundedness of the species fraction. The gradients were computed using least squares. The
resulting discretized system was solved using the reactingFoam solver in OpenFoam v7.

2.2.3. Computational Setup

The computational domain consisted of a cuboid that represents a part of the pressure
chamber. The region of interest was a uniformly refined cartesian grid and extended over
−15 mm ≤ x ≤ 15 mm, −18 mm ≤ y ≤ 18 mm, and 0 mm ≤ z ≤ 65 mm. The nozzle outlet
was located in the centre of the z = 0 plane with dimensions of −2 mm ≤ x ≤ 2 mm and
−1.25 mm ≤ y ≤ 1.25 mm. An illustration of the mesh superposed with the simulated jet
is shown in Figure 4.

Figure 4. Schematic illustration of the computational mesh superposed with a volumetric rendering
of the jet. Shown is the density field ρ.

Due to large computational costs of performing LES, only the flow inside the pressure
chamber was computed. A simulation of the complete system, including the OsciJet nozzle,
would largely increase the number of cells in the domain since the unstable flow dynamics
inside the nozzle require accurately resolved boundary layers and relatively fine meshes
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inside and upstream of the mixing chamber to properly resolve shear layer gradients. A
thorough numerical analysis of the internal flow of a fluidic oscillator is given in [27].

Instead, the behavior of the nozzle was modelled as a periodic oscillation imposed at
the nozzle outlet boundary condition. The outlet velocity and temporal oscillation were
obtained from preceding unsteady Reynolds-averaged Navier–Stokes simulations of the
internal flow of the nozzle with the experimentally measured mass flow (pressure ratio
Π = 2.67, pinj = 8 bar). The mean axial velocity (U = 370 m/s) at the nozzle outlet as well
as the oscillation frequency ( f0 = 4 · 103 Hz) and angle (α0 = 50◦) were extracted from
these simulations and were used to construct a synthetic time-varying inflow condition
for the simulation. To account for the non-oscillating jet in the initial part of the injection
cycle, the oscillation was only switched on for to f f > 850 µs, which is in line with the
Schlieren images provided in Figure 9. Additionally, the inflow velocity was perturbed
by isotropic turbulence with a turbulence intensity of I = 0.1U to reflect the turbulent
motion, produced by the nozzle. To this end, the unperturbed nozzle outlet condition is
formulated as

Ui =

 0
2Aπ−1 · arcsin[sin(2π f0∆τ)] · 0.5 [1 + tanh(∆τ · 10−4)]

U

, (6)

where A = U arctan(α0) and ∆τ = t − to f f . The resulting Reynolds number based on
U and the hydraulic diameter of the nozzle outlet dh = 0.0031 m2 is Re ≈ 32, 500. The
temporal evolution of Uy is shown in Figure 5.
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Figure 5. Temporal evolution of the velocity Uy of the superposed oscillation on the nozzle inflow
boundary, representing the OsciJet nozzle.

The remainder of the z = 0 plane, surrounding the nozzle outlet, is equipped with
a second inlet condition to impose a slight co-flow with a normal velocity of Uc = 0.01U.
This choice of boundary condition alleviates the need to model the domain upstream of
the nozzle and is less restrictive than imposing a wall boundary. Furthermore, preceding
simulations have shown that this choice of boundary condition is numerically more robust,
compared to opening-type conditions. The lateral and downstream boundaries of the
domain are equipped with non-reflecting outlet conditions and an imposed absolute
pressure of p0 = 3 bar. While pressure waves do reflect at the walls of the chamber in the
experiment, the significantly smaller computational domain cannot account for realistic
modelling of these reflections, given the limited domain size. Therefore, the choice of
non-reflecting boundaries is to some extent a compromise between model accuracy and
computational efficiency. The imposed species fractions are Ys = 1 at the nozzle outlet and
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Ys = 0 for all other boundaries. The temperature is T0 = 293 K on all boundaries. The flow
domain was initialized using ui = 0 m/s, T = T0 and Ys = 0.

The simulation was performed with a grid resolution of ∆ = 0.125 mm in the region
of interest, resulting in a total of approximately 37 million cells. The simulation ran until
Tend = 1750 µs with a variable time step to maintain a maximum Courant number Co = 0.8.

3. Results
3.1. Experimental Results

Table 1 lists the recorded mass flow in the steady-state case as well as the average
spray velocity of both nozzles determined by optical measurements. Since both nozzles are
perfused supercritically in all tests, the mass flow depends solely on the gas state in the
feed line and thus remains constant when the back pressures varies.

The comparison of the two nozzles shows small deviations in their mass flow despite
equal total orifice cross sections. This may be due to internal nozzle effects such as flow
seperation within the 6-hole nozzle that do not occur in the OsciJet nozzle because of the
modified hole geometry. For example, the measured mass flow rate of the 6-hole nozzle is
7.3% lower than the value of the OsciJet nozzle at 30 bar injection pressure and 7.0% lower
at 8 bar injection pressure.

Table 1. Pressure boundary conditions and result variables for the investigated nozzle configurations
(Π = pressure ratio (injection pressure/chamber back pressure)).

Pressure Boundary Condition Mass Flow in g/s Average Spray Velocity in m/s

pinj in bar pch in bar Π 6-hole OsciJet 6-hole OsciJet

30
1 30.00

6.21 6.70
45.60 83.82

3 10.00 35.74 63.64
5 6.00 30.70 55.91

8
2 4.00

1.60 1.72
23.87 48.38

3 2.67 23.66 35.91

As the pressure ratio Π decreases, the average spray velocity for both nozzles decreases
as expected. The comparison shows that the spray from the OsciJet nozzle penetrates the
pressure chamber significantly faster. On the one hand, this can be explained by the higher
mass flow rate of the OsciJet nozzle. On the other hand, compared with the six individual
spray jets of the multi-hole nozzle, the large cross-sectional area of the OsciJet nozzle leads
to a higher momentum of the hydrogen jet. Due to the geometry of the 6-hole nozzle,
there is a significantly larger jet expansion directly at the start of the injection. This can be
clearly seen when looking at the spray cone angle in Figure 6 below. After a stationary
flow condition has been established in the nozzle, it reaches a constant value of about 75°,
independent of the pressure ratio.
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Figure 6. Comparison of spray angles of the two nozzles.

By contrast, significantly lower spray angles occur with the OsciJet nozzle during
the spray development at the beginning of the injection, as can also be seen in Figure 6.
Nevertheless, increased values for the spray angle can be observed at the initial phase of the
injection due to the widened spray tip (see Figure 7 left). The large flow cross section causes
a strong pressure drop in the hydrogen supply line after the solenoid valve is opened. This
causes a loss of momentum in the spray, which subsequently spreads laterally due to the
density in the pressure chamber and forms the widened spray tip. Due to the following
pressure increase in the feed line and the increasing penetration length, the influence of the
front spray contour on the angle calculation decreases.

Figure 7. Spray penetration of the OsciJet nozzle (Π = 2.67).

After about 0.5 to 1 ms, depending on the pressure ratio, the spray angle of the OsciJet
nozzle increases significantly. This is due to the onset of oscillation (Figure 7, right). The
widening caused by the oscillation shows a clear dependence on the pressure ratio for
Π ≤ 10. To illustrate this, Figure 8 shows the spray pattern of the OsciJet nozzle at different
pressure ratios when exceeding the visible range. At Π = 6, a widening can be seen
especially in the lower part of the jet. The relatively small differences in the spray angle
that can be observed in Figure 6 are caused by the fact that the evaluation is performed
only in the range of the first 50% of the penetration depth. As the pressure ratio decreases
further (Figure 8, right), the oscillating motion becomes much more pronounced, resulting
in spray widening in the immediate vicinity of the nozzle. This is also indicated by the
high spray angle values in Figure 6 when leaving the visible area (tagged by markers).
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Figure 8. Comparison of spray images of the OsciJet nozzle when exceeding the visible range at
different pressure ratios Π; left: Π = 10, center: Π = 6, right: Π = 2.67.

Even for advanced injection duration (from approx. 2 ms onwards), larger spray
angles occur with decreasing pressure ratio. The decreasing spray impulse resulting from
the reduction in the pressure ratio seems to increase the tendency to oscillate. Another effect
could be a stagnation of hydrogen in the pressure chamber due to the lack of spray impulse.
This is caused by the high hydrogen input into the small pressure chamber volume.

In contrast to the preceeding findings, the effect of the spray cone widening with
decreasing pressure ratio is not observable at Π = 10 and Π = 30 (see Figure 6). This could
be explained by two reasons. On the one hand, the oscillating motion is less pronounced
for high pressure ratios. Therefore, the spray angle is more dependent from the geometry
of the nozzle. On the other hand, the increased back pressure (Π = 10, pch = 3 bar) appears
to cause the spray to constrict. With decreased back pressure (Π = 30, pch = 1 bar), the
hydrogen can diffuse more easily into the chamber, which also might explain the larger
spray angle.

For low injection pressures, the oscillating movement caused by the OsciJet nozzle at
around 3 ms after start of injection (SOI) results in larger spray angles in direct comparison
to the 6-hole nozzle.

If the penetration behavior of the two nozzles is considered in the context of a potential
practical application, it can be assumed that the 6-hole nozzle achieves better homogeniza-
tion due to its lower spray impulse and larger spray angle at the start of the injection.

By contrast, the high momentum of the OsciJet nozzle results in a very dense injection
jet at the beginning. This can be used to initially inject the fuel as far as possible into
the combustion chamber, right up to the piston. As the piston moves upward and the
working gas is compressed, the pressure ratio decreases, under the assumption of a constant
injection pressure. This intensifies the oscillating motion and thus promotes the coverage
of the combustion chamber periphery. This behavior, if properly designed, can be used
to inject the hydrogen into those areas of the combustion chamber that have not yet been
fully covered.

3.2. Simulation

An overview of the simulated hydrogen distribution in the pressure chamber is shown
in Figure 9, where the H2 mass fraction Ys is shown and compared to the experimental
Schlieren images. The maximum value of the x-axis in the plots corresponds to the diameter
of the visible area of the Schlieren images (70 mm). As can be seen, the overall dynamics
visible in the experimental data is well captured by the LES. However, it is as well visible
that the jet penetration depth in the simulation at early times is notably larger than in the
experiment, which can also be seen in Figure 10a. This is likely caused by the influence of
the valve used in the experimental setup that results in a time-varying mass flow, which is
not accounted for by the simulation. Furthermore, for t = 1750 µs in the simulation, it can
be seen that the initial non-oscillating jet plume appears separated from the oscillating bulk
fluid, while in the experiment, the jet remains more compact. This indicates that the onset of
the oscillation in the experiment is more gradual than assumed in the simulation, resulting
in a more homogeneous hydrogen distribution. Looking at the cross plane y = 0 m, the
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simulation shows that the width of the jet in this plane remains rather unaffected by the
onset of oscillation for t > 850 µs.

Figure 9. H2 mass fraction Ys as volumetric rendering, projected on the respective cross planes x = 0
(middle row) and y = 0 (bottom row) for t = 450 µs, 850 µs and 1750 µs (from left to right). The
respective Schlieren images, showing the x = 0 plane, are displayed in the top row and are scaled
similarly to the simulation plots.

A more detailed picture of the penetration depth and width is given in Figure 10a,
where the temporal evolution of these parameters is shown. All values are computed by
assuming a jet contour of Ys = 0.01. As is already evident from the volume fraction plots
in Figure 9, the jet width in the x direction remains relatively constant for t > 500 µs. In
contrast, the onset of oscillation of the jet causes a growth of the y-width that becomes
apparent for t > 1250 µs and causes it to become approximately twice as large as the
x-width in proximity of the nozzle exit. The stream-wise penetration depth of the jet
increases continuously.
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Figure 10. Temporal evolution of the penetration depth and jet width (a) and jet tip velocity (b). The
dashed, vertical line marks the onset of oscillation.
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However, a rapid slow-down of the jet tip is seen in Figure 10b. which is possibly
attributed to the large diffusivity of hydrogen. The injection velocity is almost instantly
reduced to approximately 50 m/s and then continues to degrade to approximately 10 m/s.

The mixing of the jet with the surrounding gas is shown in Figure 11, where the
mixing quality is quantified by computing the spatial unmixedness [28]. Based on the
time-averaged mass fraction field Ys, it is computed as follows:

M(z) =
σ2

Ys
(z)

Ys(z)(1 − Ys(z))
. (7)

where σ2
Ys

is the total variance of Ys. We only consider the region z < 0.02 m since the
transient statistics for positions further downstream are not sufficiently converged. As
can be seen, the oscillation significantly improves the downstream mixture of the gases,
compared to the static jet by up to a factor of 6.
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Figure 11. Stream-wise evolution of the spatial unmixedness M(z) (a) and the quotient
M(z)static/M(z)osci (b).

4. Conclusions

In this work, the jet penetration behavior of an oscillating nozzle was compared with
that of a multi-hole nozzle using injection tests of hydrogen into a quiescent nitrogen
atmosphere. The results show the potential of the innovative nozzle geometry with regard
to a practical application in H2-DI combustion engines with early injection.

The numerical simulation of the hydrogen injection has shown that the basic dynamics
of the flow are correctly captured by means of a LES in combination with a modelled
OsciJet nozzle. In particular, the penetration depth for 850 µs ≤ t ≤ 1750 µs is in good
correspondence with the Schlieren measurements. The remaining discrepancies, especially
at the beginning of the injection are rooted in differences between the experimental setup
and the numerical model of the nozzle (i.e., a non-constant mass flow rate and slower onset
of oscillation). The simulation shows that the oscillation produced by the OsciJet nozzle is
able to notably increase the mixture of the hydrogen with the ambient gas.

For further evaluation of the homogenization performance, investigations under
conditions typically found in a combustion chamber are necessary. Subjects to be considered
include different types of charge-motion and map-dependent injection strategies. For this
purpose, the 3D CFD model will be extended and validated on the basis of the acquired
measurement data.

In addition to further investigations on the homogenization capability in the com-
bustion chamber, practical parameters of the potential OsciJet injector have to also be
investigated and optimized. Here, the relatively large volume downstream of the injector
valve is of particular importance. In its current design, the OsciJet nozzle is characterized by
a dead volume of around 250 to 300 mm3. Compared with conventional, outward-opening
injectors with blow caps, this volume is 10 to 20% larger. Various concepts for minimizing
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the dead volume, including innovative closure mechanisms, are currently under discussion
and will be investigated in further projects.
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