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Abstract: Natural gas is not commonly used in compression ignition cycles due to difficulty in
achieving autoignition conditions. The addition of hydrogen to natural gas can help overcome this
issue considering hydrogen’s flammability range and ability to autoignite. In this computational
study, the turbulent injection of hydrogen-methane mixtures with varied composition of the
gaseous fuels into a constant volume combustion chamber has been modeled. All conditions
including injection pressure, initial chamber temperature, and initial chamber pressure are kept
constant; the jet properties and combustion characteristics were then investigated. The results
indicate that adding hydrogen to methane drastically shortens the ignition delay, enables the
system to run at a lower initial temperature, and provides appropriate conditions for the
compression ignition of the gaseous fuel. Increasing the volume fraction of hydrogen in the
mixture strongly affects the spray tip penetration length and cone angle, while altering the mixing
rate of the injected fuel with air. The mixtures with higher hydrogen volume fractions penetrate
more during the early stages of injection. However, the higher momentum of the mixtures with
more methane compensates for this effect when the jet disperses significantly in the chamber.
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1. Introduction

Natural gas has a low carbon to hydrogen ratio compared to common transportation fuels, which
leads to a reduction of carbon dioxide, carbon monoxide, and unburned hydrocarbons emissions
in combustion applications. A large number of studies call it the cleanest fossil fuel on earth,
which motivates further investigation for use in transportation and internal combustion engines,
specifically [1, 2]. There are more than 200 trillion cubic meters (TCM) of natural gas reserves in
the world, and United States possesses roughly 10 TCM which is the fourth after Russia, Iran,
and Qatar [3]. Natural gas has a relatively high octane number (about 120) compared to gasoline
and is therefore more resistant to autoignition and knock. Thus, it provides the possibility of
running the engine at increased compression ratios, which leads higher efficiencies. The
utilization of natural gas in premixed combustion, such as spark ignition systems, has been
extensively studied [4-9].

The direct injection of fuels provides an increased ideal thermodynamic efficiency as a result of
running the engine at a higher compression ratio. Moreover, it prevents backfire in the intake
manifold, which is a common problem in spark ignition systems [10]. The use of natural gas in



nonpremixed combustion such as compression ignition cycles is quite limited due to its
extremely low cetane number and difficulty in achieving autoignition. Several research groups
have attempted to tackle this issue by simultaneously using other fuels with a high cetane
number such as diesel [11-14]. In a recent study, methyl propanoate, a biodiesel surrogate, has
been introduced as an efficient additive for methane to drastically decrease the ignition delay
[15]. In another work, replacing the working fluid with a lower specific heat gas such as argon
has been indicated an effective solution for the use of natural gas in compression ignition cycles
[16].

Hydrogen is a potential alternative fuel for use in internal combustion engines, as it considerably
reduces the amount of major pollutants such as carbon monoxide, carbon dioxide, and unburned
hydrocarbons due to the elimination of carbon atoms in the fuel stream [17, 18]. Furthermore, it
has a broad flammability range of 4-75% in air. Considering global warming and the limited
amount of fossil fuel reserves, hydrogen can be a leading renewable fuel in the near future [19].
A number of studies have investigated the use of hydrogen in spark ignition and compression
ignition engines both numerically [20-22] and experimentally [23-26].

A mixture of hydrogen and methane, as the main component of natural gas, can be advantageous
since these two gaseous fuels are complementary and cover the drawbacks of each other.
Hydrogen helps methane in autoignition issues, improves the combustion stability, increases the
upper exhaust gas recirculation limit (which results in lower NOx emissions), decreases cycle to
cycle variation, and introduces H and OH radicals that boost the combustion reactivity. Methane,
on the other hand, is able to regulate the ignition timing, flame speed, and temperature range.
Additionally, it allows for higher compression ratios due to its high octane number [27]. A
number of studies have explored the capabilities of hydrogen-methane mixtures in a constant
volume chamber [28], spark ignition engines [29-31], compression ignition engines [32], and as
a turbulent hot jet [33]. In this paper, the direct injection of different hydrogen-methane blends is
numerically studied in a Constant Volume Combustion Chamber (CVCC) and the combustion
characteristics, such as ignition delay and jet properties, are compared.

2. Methods

Numerical Modeling

In this numerical study, the direct injection of methane-hydrogen blends into a CVCC is modeled
using the CONVERGE software package to investigate the effect of hydrogen addition to
methane on ignition delay, jet penetration length, and spray cone angle. The domain is separated
into three different regions involving specific operating conditions. The first region includes the
fuel at 80 bar and 450 K. It is assumed that the continuous flow of the fuel is entering this region
as a pressure-inlet boundary condition at 80 bar. The second region is the nozzle with a no-slip
wall boundary condition. The CVCC is the third region, containing air (21% oxygen, 79%
nitrogen) at an initial pressure of 20 bar and an initial temperature ranging from 1100 K to 1500
K. The geometry and details of the chamber, nozzle, and injector are shown in Figure 1.

CONVERGE has the advantage of automatic orthogonal high-quality mesh generation. In this
modeling, the base grid size is set at 0.5 mm. As shown in Figure 1, a fixed embedding of scale 4
is applied to the nozzle region to predict an accurate inlet velocity profile. A second fixed
embedding of scale 3 is applied to a part of the domain where the injected fuel has a high
velocity (near nozzle), and a relatively fine grid is required. To avoid the high computational



cost, adaptive mesh refinement (AMR) is applied on velocity and temperature with maximum 2
embedding levels, and the upper limit of refinement is set to 2 million cells. Chamber
specifications and boundary conditions are shown in Table 1. A varied time step with a minimum
size of le-7 seconds is selected for the transient simulation.

Table 1. Chamber specifications and boundary conditions

Parameters Specifications
Chamber length 50 mm
Chamber diameter 20 mm
Fuel Methane-hydrogen blends
Hydrogen concentration in fuel 0, 25, 50, 75% by volume
Oxygen concentration in air 21% by volume
Initial pressure of the chamber 20 bar
Initial temperature of the chamber 1100, 1200, 1300, 1400, 1500 K
Injection pressure 80 bar
Fuel temperature 450 K
Nozzle diameter 1 mm
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Figure 1. (a) Geometry of the model, (b) Grid configuration on a slice of the model, (c) Fixed embedding
on the nozzle (scale 4) and near nozzle areas (scale 3), (d) Grid configuration on the nozzle (31.25 um).

The Redlich-Kwong equation of state, which is generally more accurate than the ideal gas
equation at temperatures above the critical temperature, is selected for the gas simulation model.
A reduced version of GRI-Mech including 24 species and 104 reactions is used for the chemical
kinetics mechanism in this simulation. For combustion modeling, SAGE detailed chemistry
solver of CONVERGE is utilized to calculate the reaction rates at specified temperatures and
pressures. In direct injection of gaseous fuels, the high speed flow of the jet produces a huge
momentum, which leads to mixing with air. Therefore, an appropriate turbulence model is
required to ensure accuracy. In this study, a Reynolds Averaged Navier-Stokes (RANS) model is
used to calculate the kinetic energy (k) and dissipation rate (g).



Ignition Delay, Penetration Length, and Cone Angle Measurement

To investigate the nonpremixed combustion of methane-hydrogen blends, ignition delay is
measured and compared for different mixtures at identical operating conditions. Ignition delay is
defined as the time interval between the start of injection and the onset of combustion (i.e.
ignition). There are several methods for the measurement of ignition delay [34]. In this study, the
history of the maximum temperature is used to calculate the ignition delay by extrapolation of
the steepest slope of the curve to the initial temperature.

Penetration length and cone angle are two parameters for evaluating the direct injection of fuels.
Penetration length is defined as the distance between the nozzle and the tip of the jet. Once the
fuel is injected, the air entrainment results in mixing with the fuel. Therefore, the jet propagates
in radial directions and creates a cone shape. In this study, the jet penetration length and cone
angle for nonreacting cases are calculated using image processing on contours of mixture
fraction in MATLAB. First, a grayscale filter is applied on images. Then, the pixel intensity of
the points on the injection axis are plotted. In this plot, 0 represents pure black and 255
represents pure white. The first point at which the pixel intensity drops below a certain value (10
here) is marked as the jet tip, and its distance with the nozzle is calculated and assigned as the jet
penetration length. For cone angle, the edge of the jet is detected using several filters, and then
the cone angle is calculated based on the location of the points at maximum distance to the
injection axis. The details of the image processing mentioned above can be found in the previous
studies [16, 20].

3. Results and Discussion

Ignition Delay

In nonpremixed combustion applications such as compression ignition cycles, ignition delay can
be used as a crucial parameter in evaluating the autoignition of the fuel. In this study, four
different blends of methane and hydrogen (0, 25, 50, 75% hydrogen by volume) are injected at
80 bar and 450 K into air at 20 bar. In order to assess the ignition delay of the mixtures at
different initial temperatures, 5 cases with initial temperatures of 1100, 1200, 1300, 1400, and
1500 K are modeled. The maximum temperature at each time step is recorded and plotted in
Figure 2. Each mixture is shown in a specific color, and the different line types distinguish the
initial temperature. The rapid rise of the temperature curves is the result of the ignition. Due to
the wide timescale of the cases, the x-axis which shows the time is displayed in logarithmic
scale.

Figure 2 indicates that increasing the volume fraction of hydrogen in the mixture drastically
advances the ignition timing. Pure methane (0% hydrogen) at 1100 K ignites at about 8.3 ms,
while adding 25% hydrogen accelerates the ignition timing to 4.6 ms, which is quite close to the
ignition delay of pure methane at 100 K higher initial temperature. Increasing the hydrogen
fraction in the mixture to 50% decreases the ignition delay to about 3 ms, and 75% hydrogen
blend ignites at about 2 ms, which is quite comparable to the ignition timing of pure methane at
200 K higher initial temperature (1300 K). Ignition timing of 75% hydrogen blend at 1300 K is
almost equal to that of 50% hydrogen at 1400 K (both have ignition delay of 0.057 ms), and
much smaller than pure methane at 1500 K (0.37 ms). Even 25% hydrogen blend at 1500 K has a
longer ignition delay (0.09 ms).
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Figure 2. History of maximum temperature for different blends of methane and hydrogen at a range of
initial temperature (1100 - 1500 K)
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Figure 3. Ignition delay versus initial chamber temperature for different blends of methane and hydrogen

In order to have a clearer impression of the ignition timing of the 20 cases mentioned above,
ignition delay in logarithmic scale versus 1000/T is plotted in Figure 3. This is a traditional way
of studying the ignition delay since it shows a linear behavior with respect to the reciprocal of
the temperature. Figure 3 shows that increasing the initial temperature has a linear reverse



relation to the ignition delay as expected. It also indicates how addition of hydrogen can aid the
autoignition issues of methane. At low temperatures, the ignition delay of the 75% hydrogen
blend is almost 10 times shorter than that of pure methane. At high temperatures, the ignition
delay of the 75% hydrogen blend is almost 100 times shorter than that of pure methane. If a
compression ignition cycle is designed based on a temperature of 1100 — 1200 K at top dead
center, and an ignition delay of about 1 ms is required, adding only 25% hydrogen to methane
can create an appropriate fuel. On the other hand, in a high temperature compression ignition
cycle such as the argon cycle [35], adding 25% hydrogen at 1500 K or 50% hydrogen at 1400 K
or 75% hydrogen at 1300 K leads to an ignition delay of less than 0.1 ms.

Jet shape

Five different mixtures (0, 25, 50, 75, 100% hydrogen) at 1100 K initial temperature and 20 bar
initial pressure are modeled to investigate the behavior of the nonreacting gaseous jets. Figure 4
shows the calculated penetration length and cone angle versus time for the mixtures mentioned
above.
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Figure 4. Penetration length and cone angle for different blends of methane and hydrogen

Quite early after injection, the pure hydrogen jet possesses the highest penetration length among
the mixtures, and the penetration length decreases with methane addition. However, the
correlation between the percentage of hydrogen and the penetration length becomes inverse after
a while, and pure methane surpasses the other jets. The cone angle plot shows larger angles for
mixtures with higher hydrogen volume fraction at the early stages after injection, while after a
significant penetration of fuel in the chamber, the pure hydrogen possesses the smallest cone



angle among the mixtures. In order to explain this behavior, the velocity, momentum per unit
volume (pV), and mixture fraction along the injection axis at three different times after the
injection are calculated and plotted in Figure 5. The horizontal axis represents the distance from
the nozzle which has a value of 0 at the nozzle tip. This means that the negative values show the
injector, and the positive values are related to the chamber.
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Figure 5. Velocity, momentum per unit volume, and mixture fraction along the injection axis for different
blends of methane and hydrogen at 0.02, 0.06, and 0.14 ms after injection

Figure 5 shows velocity, momentum per unit volume, and mixture fraction at 0.02 ms when pure
hydrogen possesses the highest penetration length, at 0.06 ms when the mixtures have a
relatively comparable penetration length, and at 0.14 ms when the pure methane jet becomes the
longest. Noticing the velocity profiles, the pure hydrogen jet has a much higher velocity due to
the lower density, and adding methane which increases the jet density leads to the lower axial
velocity. The plots in the second row are the velocity magnitudes along the injection axis times
density of the jet (pV) which is called momentum per unit volume. As seen, pure hydrogen has a
lower momentum per unit volume compared to the other mixtures. However, the high velocity of
the jet near nozzle is still dominant, which helps the jet penetrate more into the air. The third row
in Figure 5 shows the mixture fraction along the injection axis, which can be interpreted as the
jet penetration. At 0.02 ms, the mixture fraction of the pure methane jet falls in a closer location



to the nozzle compared to its counterparts, which leads to a shorter penetration length. For
comparison of the jet shapes at these three selected times, the contours of mixture fraction are
illustrated in Figure 6. It is visually clear that hydrogen penetrates more at early periods after
injection, which agrees with the plots in Figure 5. The second column plots show the axial
velocity, momentum, and mixture fraction at 0.06 ms. At this time, the higher momentum of the
mixtures with a greater volume fraction of methane compensates the lower speed, and all the jets
have a similar location of mixture fraction drop, which means almost an equal penetration length
(see Figure 6 second column). At 0.14 ms when the jets penetrate significantly into the chamber,
the effect of momentum dominates velocity, and the mixtures with higher momentum (a greater
volume fraction of methane) possess a higher penetration length. Therefore, the hydrogen jet,
which has a higher velocity near the nozzle, cannot compete with the other mixtures due to its
lower momentum per unit volume, and stays behind them as can be seen in Figure 6.
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Figure 6. Contours of mixture fraction for different blends of methane and hydrogen at 0.02, 0.06, and
0.14 ms after injection

4. Conclusions

In this paper, the combustion characteristics and jet behavior of methane-hydrogen mixtures
injected into air at a constant volume combustion chamber were numerically studied. The
following are the outcomes of this study:

e Increasing the volume fraction of hydrogen in the mixture drastically shortens the
ignition delay. A 75% hydrogen by volume has roughly an order of magnitude shorter
ignition delay than the pure methane at 1100 K. An ignition delay of an order of 0.1 to 1
ms is feasible by using 25-50% hydrogen by volume in the mixture at the initial
temperature range of 1100-1300 K.



The required ignition delay for any compression ignition cycle which is designed for
gaseous fuels can be achieved by regulating the ratio of hydrogen to methane.

The jet shape and penetration are quite different for particular blends of methane-
hydrogen. At early times after injection, pure hydrogen possesses a higher penetration
length due to its lower density which produces a higher velocity profile near nozzle areas.
However, by decreasing the volume fraction of hydrogen in the mixture, the momentum
per unit volume increases which compensates the lower velocity near the nozzle.
Therefore, a mixture with a higher methane volume fraction penetrates more rapidly after
a while compared to its counterparts.
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