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Abstract: The thermodynamic efficiency of internal combustion engines is dependent on
the compression ratio and specific heat ratio of the working fluid. Using a mixture of
oxygen and noble gases instead of air can increase the thermal efficiency due to their
higher specific heat ratio. It also has advantage of eliminating NOx caused by lack of
nitrogen. In this study, the three dimensional turbulent injection of hydrogen into a
constant volume combustion chamber has been modeled and compared to mixtures of
oxygen with nitrogen, argon and xenon. All conditions including the mass flow rate of
the injected fuel, injection velocity, and initial temperature and pressure of the chamber
were kept constant. The results indicate that the hydrogen jet has more penetration length
in nitrogen compared to argon and xenon. However, the smaller penetration lengths lead
to more complex jet shapes and larger cone angles. In combination with the higher
specific heat ratio, combustion in a noble gas environment results in higher temperatures
and OH radical concentrations. Furthermore, mixedness is investigated using mean
spatial variation and mean scalar dissipation. Hydrogen in argon shows a better mixing
rate compared to nitrogen and xenon due to higher diffusivity.
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1. Introduction

The ideal thermal efficiency of an internal combustion engine is strongly dependent on the specific heat
ratio of the working fluid and the compression ratio (Equation 1). Theoretically, an increase in the ideal
thermal efficiency can be achieved by replacing nitrogen with higher specific heat ratio gases such as
argon and xenon. These efficiency gains have been roughly demonstrated recently by several groups [1-
3]. Moreover, using noble gases in combination with oxygen effectively eradicates NOx from the
combustion products due to the lack of nitrogen.

1
77=1—(m) (1)

Using hydrogen as fuel in internal combustion engines has long been of interest to the combustion
community [4-6]. Although hydrogen production is still a challenge and there are some obstacles with
distribution and storage, a broad flammability range and the elimination of major pollutants make it a
potential alternative fuel for use in internal combustion engines. Direct injection can be a beneficial
method to utilize hydrogen in engines, as it effectively prevents backfire and increases the possibility of
reaching a higher volumetric efficiency since it removes the low H, density restriction. There are a



number of studies on hydrogen direct injection with experimental [7-10] and numerical approaches [11-
14]. However, the application of hydrogen injection into noble gases as working fluids instead of air,
which can enhance the thermal efficiency, is not well understood. In this study, hydrogen injection into a
constant volume combustion chamber is modeled. A number of combustion characteristics are
investigated for argon and xenon as working fluids and compared to nitrogen to assess their potential as
alternatives working fluids to use in internal combustion engines.

2. Methodology
2.1 Numerical setup

A three-dimensional transient simulation of hydrogen injection into a constant volume combustion
chamber (CVCC) is implemented. The cylindrical chamber has a 50 mm length and 20mm diameter. The
injection duration is 2 ms. The jet behavior and combustion characteristics are considered until 6 ms after
the injection event. A constant time step size of 2 us is selected to clearly observe the jet progress. For
turbulence, a Large Eddy Simulation (LES) with Smagorinsky-Lilly sub-grid scale model is applied. A
10-species, 21-reactions CHEMKIN mechanism for hydrogen combustion [15] is coupled with the CFD
solver by the Eddy-Dissipation Concept (EDC) model. In three different conditions, nitrogen, argon, and
xenon (at 79% by volume) in combination with oxygen (21%) are used to initially fill the chamber. In all
cases, injection velocity (100 m/s), initial pressure (20 bar), and initial temperature (1000 K) are kept
constant.

2.2 Data analysis

The effect of argon and xenon on combustion characteristics is discussed by recording the history of
maximum temperature and maximum OH concentration, which is an appropriate radical representing the
presence of a flame. Ignition delay is also investigated and compared with nitrogen by extrapolating the
steepest increase of temperature.

To compare the hydrogen jet shape in different working fluids, tip penetration length and cone angle as
two important parameters in jet studies are measured using image processing, a powerful tool for
evaluating objects, environments, and even motion detection [16-20]. Penetration length is defined as the
distance between the jet nozzle and the farthest point along the injection direction involving at least 3%
mass fraction of hydrogen. This method is implemented by plotting the pixel intensity along the injection
line. The first point with an intensity more than a certain value (200 here) is considered as the jet tip and
its distance to the nozzle is called the penetration length. For measuring the cone angle, the jet edge is
first detected using multiple image processing filters. Cone angle is then defined by the points on the jet
edge which have the longest perpendicular distance with the jet axis.
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Turbulent combustion is heavily dependent on the mixing rate of fuel and working fluid [21]. To analyze
the mixing process, the scalar magnitude should be measured in combination with a characteristic length
scale. Equation 2 specifies the mean spatial variation which describes the inhomogeneity of the scalar



population. The mean scalar dissipation quantifies the average magnitude of local scalar gradients and
represents the rate of fine-scale mixing (Equation 3). In these equations, { is the conserved scalar (e. g.
mixture fraction), D is the scalar diffusivity, {, is the average intensity over an N by P pixel region of
interest, and Ap is the strain-limited length scale [22].

3. Results and Discussion

3.1 Temperature and OH concentration

Figure 1 illustrates temperature contours of hydrogen injection into nitrogen, argon, and xenon at different
times (2, 4, and 6 ms). As shown, hydrogen combustion in argon generates higher temperatures compared

to nitrogen and lower temperatures compared to xenon. This originates from higher specific heat ratio of
xenon (1.677) compared to argon (1.667) and nitrogen (1.401).
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Figure 1. Temperature contours of hydrogen injection into nitrogen, argon, and xenon
(From top to bottom) at 2 ms, 4 ms, and 6 ms (From left to right).
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Figure 2. Maximum temperature and maximum OH concentration

The maximum temperature and maximum OH mass fraction versus time for hydrogen injection into
nitrogen, argon, and xenon are plotted in Figure 2. The comparison shows that xenon has the highest
maximum temperature and OH mass fraction, while nitrogen has the lowest temperature and OH



concentration at all the times. The very early rapid rise in both temperature and OH indicates the ignition
and the slight increase at 2 ms is due to the end of injection of the relatively colder fuel stream, better
mixing of hydrogen and the working fluid, and generating higher temperatures and OH mass fractions
consequently. Figure 2 also indicates that the general trend of temperature and OH histories for each
working fluid follow a similar pattern. In order to investigate the ignition delay, the rapid temperature rise
region is illustrated in Figure 3. Ignition delay is defined as the time at which temperature grows with the
highest rate. Although ignition delay for all cases is around 50 ps, it is slightly shorter for xenon and
longer for nitrogen compared to argon. It is also observed that the slope of the temperature curve is higher
for xenon and lower for nitrogen when compared to argon.
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Figure 3. Maximum temperature and maximum OH concentration at early times after injection
3.2 Penetration length and cone angle

The time evolution of tip penetration length and cone angle of the hydrogen jet are plotted and compared
for the different working fluids in Figures 4 and 5, respectively.
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Figure 4. Tip penetration length of hydrogen jet Figure 5. Cone angle of hydrogen jet into nitrogen,
into nitrogen, argon, and xenon argon, and xenon



Nitrogen provides a better environment for penetration of hydrogen due to a lower molecular weight.
Thus, the spray cone angle is smaller since the injected mass flow rate is equal for all cases. Contrarily,
xenon is the heaviest working fluid and leads to less penetration length of the hydrogen jet and a larger
cone angle. Furthermore, it causes more complex jet shapes that can be identified by cone angle
fluctuations.

3.3 Mixedness

Equations 2 and 3 are used to evaluate the mean spatial variation and mean scalar dissipation in order to
assess the mixedness. These parameters are calculated at every 0.25 ms, giving 24 values for each case.
As shown in Figure 6, both mean spatial variation and mean scalar dissipation decrease over time.
Although there is no explicit definition of mixedness based on spatial variation versus scalar dissipation
plot, it implies that the closer the point to the origin, the better mixing rate of the fuel and the working
fluid. To study this concept, equations 2 and 3 are applied to the second half of the injection scenario
including 12 values for each case (Figure 7). Argon appears to be the best working fluid compared to
nitrogen and xenon since it leads to less spatial variation and scalar dissipation values. This can be
justified by higher diffusion coefficient of hydrogen in argon (0.794 cm?/s at 20C) compared to its
counterparts (0.772 cm?’/s for nitrogen and 0.122 cm?/s for xenon at the same temperature). Figure 7 also
indicates that both the spatial variation and the scalar dissipation drop severely when the jet hits the wall
of the chamber due to the flow propagation.
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Figure 6. Spatial variation vs. scalar dissipation Figure 7. Spatial variation vs. scalar dissipation

between 3 ms and 6 ms after injection

4. Conclusions

Typically, higher mixedness and more penetration of fuel into the working fluid provide better conditions
for combustion. However, less penetration of fuel inside the chamber and a more complex jet shape
combined with a higher specific heat ratio generate higher temperatures during the combustion, resulting
in a higher efficiency. Therefore, argon and xenon can be considered as potential alternative working
fluids instead of nitrogen. Moreover, utilizing these noble gases eliminates NOx production due to the
lack of nitrogen. Argon appears to be a better working fluid for hydrogen combustion, as it provides
higher temperatures and OH mass fractions in comparison to nitrogen in addition to a better mixing rate,
which is a crucial parameter in non-premixed combustion.
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