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Abstract: Hydrogen plays a key role in the transition to a carbon-free economy. Substitution of
hydrocarbon fuel with hydrogen in gas turbine engines and power plants is an area of growing
interest. This review discusses the combustion features of adding hydrogen as well as its influence
on the characteristics of gas turbine combustion chambers as compared with methane. The paper
presents the studies into pure hydrogen or methane and methane-hydrogen mixtures with various
hydrogen contents. Hydrogen combustion shows a smaller ignition delay time and higher laminar
flame speed with a shift in its maximum value to a rich mixture, which has a significant effect on
the flashback inside the burner premixer, especially at elevated air temperatures. Another feature
is an increased temperature of the flame, which can lead to an increased rate of nitrogen oxide
formation. However, wider combustion concentration ranges contribute to the stable combustion of
hydrogen at temperatures lower than those of methane. Along with this, it has been shown that even
at the same adiabatic temperature, more nitrogen oxides are formed in a hydrogen flame than in a
methane flame, which indicates another mechanism for NOx formation in addition to the Zeldovich
mechanism. The article also summarizes some of the results of the studies into the effects of hydrogen
on thermoacoustic instability, which depends on the inherent nature of pulsations during methane
combustion. The presented data will be useful both to engineers who are engaged in solving the
problems of designing hydrogen combustion devices and to scientists in this field of study.
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1. Introduction

The increasing desire to use hydrogen (H;) as a fuel for heat engines and power plants
is associated with the need to switch to carbon-free technologies, which in the long term
are intended to solve several problems related to global warming [1,2]. In addition, the use
of hydrogen fuel makes it possible to increase the theoretical power limit of gas turbine
engines and reduce the dependence of aircraft and industrial plants on fossil fuels.

A detailed analysis of the influence of the composition of gaseous fuel, particularly
CO, methane, natural gas, syngas, and hydrogen, on the parameters of the combustion
process and the characteristics of gas turbine combustors was presented in the work of
Taamallah [3]. The logical structure of the analysis is shown in Figure 1. A change in the
composition of the fuel leads to a change in its chemical and physical characteristics that,
in turn, have an effect on the flame properties (i.e., flame temperature, ignition delay time,
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flame speed) and determine the main characteristics of the combustion chamber (pollutant
emission, combustion efficiency, static and dynamic stability, flashback). The purpose of
this work is to analyze the literature in the field of hydrogen combustion and the effect
of adding hydrogen on the characteristics of combustion chambers in comparison to the
widely used hydrocarbon fuel—natural gas.
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Figure 1. Analysis of fuel composition influence at different levels, adapted from [3].

2. Features of Hydrogen Combustion Processes
2.1. Properties of Hydrogen and Flame Temperature

The use of hydrogen in gas turbine engines and power plants is mainly considered a
replacement for widely used natural gas (due to the similarity of their properties, in this
paper, natural gas and methane are considered similar fuels). At the first stage of technolog-
ical re-equipment, partial or complete replacement of natural gas with hydrogen implies
no significant construction changes. This possibility can be assessed by comparing the
physicochemical properties of hydrogen with the properties of natural gas. The comparison
of the physicochemical properties of hydrogen and natural gas is shown in Table 1, where
it can be seen that hydrogen has a significantly lower density (about eight times lower
than methane), has wider ignition concentration limits, and is generally more reactive than
methane. The net calorific value per unit mass is more than three times higher than that
for methane, but the volume per unit is nearly half as much. Consequently, for the same
thermal power, the required volumetric flow rate of hydrogen is more than twice the flow
rate of methane.

Table 1. Properties of hydrogen compared to natural gas [4-7].

Hydrogen Natural Gas
Density at 273 K (kg/m3) 0.09 0.72
Molar mass (kg/kmol) 2.016 16.04
Ignition limits (P) 0.1-7.1 0.4-1.6
Low calorific value (M] /kg) 120 50
Low calorific value (MJ/m?) 11 36
Maximum laminar flame speed (m/s) 3.25 0.45
Adiabatic flame temperature at & = 1 (K) 2402 2216
Stoichiometric coefficient 34.2 17.2
Melting temperature (K) 14 91
Boiling temperature (K) 21 112
Critical temperature (K) 33 191
Critical pressure (amt) 12.8 45.2

Autoignition temperature (K) 850 810
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Adiabatic Flame Temperature (K)

Hydrogen also has a higher adiabatic flame temperature, which can increase the prob-
ability of overheating the combustion chamber elements and the turbine while maintaining
the excess fuel ratio in the combustion zone. The influence of the content of hydrogen
in mixtures with natural gas on the flame temperature is shown in Figure 2. The flame
temperature is mainly influenced by a specific heat of combustion and the flame speed.
Since the flame temperature and specific heat of combustion are relatively high for hy-
drogen, during its combustion, while maintaining the stoichiometric coefficient, the flame
temperature is higher. It is worth noting that the relative increase in the flame temperature
of hydrogen compared to methane is greater for rich mixtures (about +15-17%), slightly
less for lean mixtures (+10-12%), and the least of all for stoichiometric mixtures (about
7-8%). Therefore, a rational conclusion is that the heat load on the flame tube head of
the combustion chamber can become 10-15% higher when switching to hydrogen fuel,
which will require additional efforts to ensure thermal protection. While maintaining the
total thermal power of the flame for the combustion chamber, the local thermal power of
the flame increases. This is due to the fact that when enriched with hydrogen, the flame
becomes more compact.
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Figure 2. Influence of hydrogen volume concentration on the normalized temperature of the methane-air
mixture flame [3,8,9].

2.2. Laminar Flame Propagation Speed

One of the principal properties of a laminar flame is speed propagation. Figure 3
shows the relationship between the laminar flame propagation speed and the equivalence
ratio. The first thing worth noting is that the maximum propagation speed of a laminar
hydrogen flame is several times higher than the one for methane: 100-120 m/s compared
to 3040 m/s under normal atmospheric conditions. The second feature is the displacement
of the maximum laminar flame propagation speed value to the region of rich mixtures.
The maximum value of the flame speed of a hydrogen mixture is shifting to the region
¢ = 1.0-1.2 (Figure 3), which approximately corresponds to the position of the maximum
of the flame temperature. For combustion chambers, this may mean that rich mixtures will
burn more intensively, thus increasing the probability of flashback. However, hydrogen
combustion can occur at higher flow velocities without loss of combustion efficiency.
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Figure 3. Influence of the molar fraction of hydrogen on the flame propagation speed of a methane-
hydrogen mixture at atmospheric pressure and 300 K [9,10].

The effect of pressure on the relative laminar flame speed of methane-hydrogen
mixtures is shown in Figure 4.

30 1
Fuel: CHa/Ho ® TFuel: CHa/H2 35 True crim, y
= 1atm 4 = 1atm = ;a:m i
L amm [
. e 5atm | _ e 5atm 10 soam| j
0 A 20 atm i » A 20 atm 4 @ !
£ 20+ i g 10— j £ i
o i & j & 211
< ! < i <
T I T i T
O 14 O l}/ _L>
Q y @« / D 14
x ]
E 10 £ 51 £
N t/ w w
4 7
0+—— : S 0 _— 0 ——————
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

V(H2) (%)

V(H2) (%)

(b)

V(H2) (%)

(c)

(a)

Figure 4. Relationship between the propagation laminar flame speed of methane-hydrogen mixture
and the volume concentration of hydrogen [9,11,12] (a) ¢ = 0.6; (b) ¢ =1; (c) ¢ = 1.4.

The addition of hydrogen has a profound effect on the flame speed of rich mixtures
at high pressures (an increase in speed by a factor of ~35 compared to the methane
laminar flame speed at the pressure of 20 atm). For lean mixtures, the effect of hydrogen
is somewhat smaller compared to rich mixtures, with the increase in the laminar flame of
about 25 times. In general, it can be observed that the correlation between the addition
of hydrogen and the flame speed largely depends on the pressure and grows as the
pressure increases. This complicates the process of extrapolating the results obtained
by the atmospheric studies to the real conditions in gas turbine engines, which leads to the
need for additional experimental tests for the working process when burning hydrogen
in combustion chambers at elevated pressures, thus making the feasibility of such studies
much higher than when burning natural gas.

Consequently, a certain pattern can be observed for any composition where an increase
in normal flame propagation speed can be divided into three modes: (1) at a hydrogen
content of up to 50-60%, an increase in the laminar flame speed with an increase in the
proportion of hydrogen is approximately linear and does not exceed 25%, which means
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that hydrocarbons predominate in the chemical composition; (2) at the highest levels of
hydrogen content (>75-90%), there is an exponential increase in flame speed due to the
dominant effect of hydrogen oxidation chemistry, which means that the flame is considered
to be predominantly in hydrogen; (3) the range within 60-75% can be considered the area
of the parabolic increase in velocity.

2.3. Ignition Delay Time and Autoignition Temperature

One of the most important characteristics of the combustion process is the ignition
delay time. In combustion chambers, this value has an effect on the amount of time that
is available for pre-mixing the fuel with air before the ignition and combustion (when
the air temperature after the compressor is higher than the auto-ignition temperature
of the mixture). On the one hand, to achieve a low level of nitrogen oxide emissions, a
high-quality fuel-air mixture preparation is required; on the other hand, the premix burner
section (premixer) must be designed in such a way as to avoid undesirable ignition within
it. Due to the high temperature and pressure at the inlet to the combustion chambers of gas
turbines, this becomes a difficult task, and for highly reactive fuels such as hydrogen, it is
even more difficult.

Figures 5 and 6 show that the ignition delay time strongly depends on the temperature
and composition of the fuel-air mixtures: the ignition delay time decreases by orders of
magnitude with an increase in the proportion of hydrogen in the fuel. Similar results were
obtained in [8]. Despite this, at typical air temperatures at the inlet to the combustion
chamber (600-800 K), the ignition delay time for lean hydrogen mixtures with air is about
100 ms, which is quite sufficient to organize the mixing process. Herzler, Lieuwen, and
Beerer [13-15] showed that an increase in pressure also leads to a decrease in the ignition
delay time of the methane-hydrogen mixture, as well as of pure methane (Figure 7).
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Figure 5. Change in the ignition delay time of a natural gas mixture depending on the volume
fraction of hydrogen [13].
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Figure 6. Change in the ignition delay time of a natural gas mixture depending on the volume

fraction of hydrogen [14,15].
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Figure 7. Change in the ignition delay time depending on pressure (experiment ® =0.5, mixture of
40% H2 and 60% natural gas by volume) [14].

According to our estimates (using a perfectly mixed reactor), the minimum tempera-
ture of hydrogen autoignition under atmospheric conditions with the residence time in the
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reactor of 10 s is about 780-810 K (Figure 8), whereas according to Sun Y. et al. [10,16] (the
autoingnition induction time is 5 min) it is about 700 K, and for the stoichiometric mixtures
of methane, it is about 850 K. The minimum autoignition temperature shifts to the region
of rich mixtures and is approximately 70-150 degrees lower than that of methane [17,18]. It
should be noted that the lower autoignition temperature of hydrogen leads to limitations
in the use of lean premix combustion technology for power plants with a high temperature
after compressors. Thus, for engines with the air temperature Ty of the order of 700 K and
above, it is essential to use another combustion system, for example, a diffusion burner or a
microcluster. At the same time, for engines with Ty below 700 K, the lean burn technology
can still be used with high efficiency.

840
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Figure 8. The influence of the equivalence ratio on the autoignition temperature.

Experimental studies in shock tubes have revealed a certain relationship between the
high-temperature ignition and the pressure or fuel composition [19]. In the studies by
Zhang and Gupta [17,18,20], three characteristic systems (modes) of ignition were identified,
depending on the composition of the fuel:

(1) MCDI (methane chemistry dominating ignition) system—for methane-hydrogen fuel
mixtures containing less than 40% hydrogen, a decrease in the ignition delay time
typical of hydrocarbons with increasing pressure is observed.

(2) CCMHDI (combined chemistry of methane and hydrogen dominating ignition)
system—for a 40% CH,/60% Hj; fuel mixture, there is no noticeable effect of pressure
on the ignition time. In this case, the nature of ignition is determined neither by the
kinetics of hydrogen nor by the kinetics of methane.

(3) HCDI (hydrogen chemistry dominating ignition) system—the ignition typical of
hydrogen and a complex pressure dependence that occurs when the mole hydrogen
fraction of the mixture exceeds 80%.

2.4. Flame Size and Shape

The flame shape is an important characteristic that has an effect on the temperature
field and pollutant emissions [21]. With a strong flow swirl, a typical flow structure is
shown in Figure 9. The stream has two recirculation zones: the inner recirculation zone
(IRZ) and the outer recirculation zone (ORZ). The fresh air—fuel mixture and combustion
products are separated by an inner shear layer (ISL) and an outer shear layer (OSL). The
flame is usually V-shaped if the combustion reaction occurs only at the boundary of the
internal shear layer (ISL) of the fresh air—fuel mixture and the combustion products in the
inner recirculation zone (IRZ). If the combustion process occurs at the boundary of the
outer shear layer (OSL) of the fresh air-fuel mixture and the combustion products in the
outer recirculation zone (ORZ), then the flame stabilizes with the M-shape. Thus, in the
work by Choi [22], it was demonstrated that the M-shape flame is more prone to unstable
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combustion than the V-shape. Changing the flame shape from M to V can increase its
tolerance to pulsations.

ISL
V flame

(a) (b) (©)

Figure 9. Scheme of swirling flow in the combustion chamber [21]: (a) graphical description of the
inner and outer recirculation zones and internal shear layer; (b) V-shape flame; (c) M-shape flame.

The experimental study by Chterev [23] is devoted to the effect of hydrogen enrichment
of natural gas on the flame dynamics under atmospheric pressure conditions using a DLE
(dry low emission) radially stepped burner. The volume contents of hydrogen were 0%, 5%,
11%, 21%, and 26%. The authors demonstrated that the flame shape changed along with
the increased hydrogen percentage from M to V (Figure 10). Similar results were obtained
in the paper by Figura [24], where a change in the nature of flame stabilization from an
aerodynamically stabilized M-type to stabilization in a V-type shear layer was obtained
when the fuel was enriched with hydrogen, and in the works by Yilmaz and Hu [25,26],
where it was shown that the flame became more compact.

Figure 10. A change in the shape of the flame with the addition of hydrogen by volume [23].

Similar results were obtained in the paper by Indlekofer [27], where it was shown that
the flame with a higher hydrogen percentage was characterized by a more compact shape,
which indicates a better reactivity of the fuel mixture (Figure 11).
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Figure 11. The flame shape in a swirled flow with various hydrogen additions by volume.

In the work of Wicksall [28], a premix fuel-air mixture was fed into a cylindrical chamber
to explore the volume concentration range from 0 to 0.5 (where 0 is the absence of hydrogen
in the mixture and 1 is pure hydrogen), which corresponds to the power fraction Py from
0 to 0.25. The flame shapes for the two stable operating conditions are presented in Figure 12,
which shows that with an increase in hydrogen content, the flame became more compact.
At Py = 0.2, the maximum heat release rate remained at the end of the flame brush. It also
reduced the interaction with the neighboring flame, as evidenced by a much larger interaction
area at Py = 0.1. For the case of Py = 0.1, it can be seen that the edges of the flames merged,
which created a large vertically oriented area with a high heat release rate. This was not
observed at Py = 0.2, although there was some evidence of the flame tip interaction.

0
x [mm]

Figure 12. The average flame shapes and corresponding longitudinal distributions of the integral
heat release rate for two stable operating conditions [28].

The study by Kashir [29] revealed that adding hydrogen at the volume content below
20% had little or no effect on the flame length, while when using the fuel with a hydrogen
content of 40% by volume, the flame became much shorter (Figure 13).
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Figure 13. The relationship between the flame length and the temperature of adiabatic combustion at
different volume contents of hydrogen [30].

The change in the shape of the flame is associated primarily with an increase in local
heat release. As shown in the work by Bongartz [31], the flame became thinner with an
increase in the hydrogen concentration in the methane-hydrogen mixture (Figure 14). This
led to a change in the Karlovitz and Damkohler numbers, as was shown, for example,
in the study by Zhang [32] (Figure 15). Thus, when hydrogen is added to the fuel, the
combustion mode of a turbulent flame can be changed from the volumetric mode (when
the smallest Kolmagorov turbulent scales penetrate into the flame) to the surface mode
(when the turbulent vortices only distort the flame by changing its area but not the internal
structure). This fact is one of the reasons for the change in the mechanism of the generation
of pulsations during hydrogen combustion in comparison with methane combustion, which
is considered below.
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Figure 14. Flame thickness, depending on the volume fraction of hydrogen in the mixture [31].
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Figure 15. Karlovitz and Damkohler numbers for hydrogen volume fraction [31].

It is important to note that the change in these values (Ka and Da) has an effect on
the results of calculations of the existing mechanisms [33,34]. Therefore, to predict the
operation of hydrogen-fuel engines, some new or modified turbulent combustion models
should be applied, as was suggested, for example, in the study by Bouras [35].

2.5. Flow Swirl

The size and intensity of the swirl in the central recirculation zone decrease as the axial
velocity increases when hydrogen is added to the swirling flow of the preliminarily prepared
mixture (hydrogen additions are up to 9% by weight) [36]. A higher reactivity of hydrogen
reduces the amount of combustion products in the reverse currents [37], which reduces the
supply of a colder working fluid and increases the temperature in the reaction zone.

Increasing the flow swirl reduces the temperature near the inlet to the combustion
chamber, which is associated with an increase in the recirculation flow rate [38]. Kim [38]
also noted that with an increase in the swirl number and the percentage of hydrogen in the
fuel, the temperature in the reverse current zone decreased with a poor flameout, which
led to a decrease in the energy for igniting the fresh mixture. Thus, with the addition of
hydrogen, an increase in the swirl of the flow led to an increase in the adiabatic temperature
of the flame at lean blowout.

The stronger the swirling of the flow, the smaller the effect of hydrogen additions on
the formation of NO due to an increase in the proportion of combustion products in the
combustion zone [38].

3. Influence of the Behavior Features of the Hydrogen Combustion Processes on the
Characteristics of Combustion Chambers

3.1. Formation of Pollutant Emissions: CO and CO,

One of the main benefits of using hydrogen is to reduce the carbon footprint of power
plants. A decrease in carbon concentration in the initial fuel leads to an unambiguous
decrease in CO; in the combustion products per unit of the heat received (or per unit
mass of the fuel). For example, Leng [39] reports a considerable CO and HC emission
reduction that is achieved already at the H2 10% content, which is related to an increased
combustion efficiency. With the further H2 increase, the CO and HC reduction is not so
considerable, which is related to a decreased CO content in the fuel. However, when
burning the methane-hydrogen mixtures, changes in CO concentration in the combustion
products do not behave so unambiguously. Thus, Bouras [35] and Abubakar [40] report on
the increased CO concentration in the combustion products (Figures 16 and 17).
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Figure 16. Dependence of CO emissions on the molar concentration of hydrogen in methane-
hydrogen mixture [35,40].
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Figure 17. Dependence of CO and CO2 emissions on the molar concentration of hydrogen in a
hydrogen-butane mixture [41].

An increase in CO emissions with an increased hydrogen concentration may be partly
due to a shorter residence time of gases in the combustion chamber at higher hydrogen
concentrations. Another reason for an increase in CO emissions with hydrogen enrichment
is that, due to a higher reactivity and adiabatic flame temperature of hydrogen compared
to hydrocarbon fuels, the hydrogen enriched fuel mixtures will burn more efficiently.
Therkelsen [41] also reports that high temperatures (above the CO, dissociation threshold),
during the combustion of hydrocarbons, stimulate CO conversion and therefore lead
to a more complete combustion and lower CO emissions. However, despite all this,
competition for oxygen between highly reactive hydrogen and hydrocarbons in the mixture
can contribute to an increased CO emissions [42]. In other words, hydrogen inhibits the
oxidation of hydrocarbons and their intermediates in an environment with a limited oxygen
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content (stoichiometric or rich). The competition described above disappears when burning
lean mixtures, as shown in Figure 18.
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Figure 18. CO and CO; emissions for various equivalence factors [41].
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3.2. Formation of Pollutant Emissions: NOx

NOx emissions consist mainly of nitric oxide (NO) and, to a lesser extent, of nitrogen
dioxide (NO,) and nitrous oxide (N20). Being a precursor to photochemical smog, NOx also
contributes to acid rain and causes ozone depletion, which makes it a pollutant regulated
by national and international organizations, specifically by ICAO.

In a laminar flame and at the molecular level in the turbulent flame, the formation
of NOx can be explained by four different chemical kinetic processes: thermal NOX, fast
(instantaneous) NOx, fuel NOx, and N,O intermediate. Thermal nitrogen oxides are
formed as a result of oxidation of the nitrogen present in the atmospheric air supplied
for combustion; instantaneous nitrogen oxides are formed during high-speed reactions
in the flame front, and fuel nitrogen oxides are formed in the process of oxidation of the
nitrogen contained in the fuel. Under high pressure and oxygen-rich conditions, NOx can
also originate from molecular nitrogen (N) via NO.

Hashemi [42] and Ghoniem [43] present the results of the studies into various mixtures
of natural gas and hydrogen that show an exponential increase in NO emissions as the
percentage of hydrogen increases (Figure 19). Chen and Kim [44,45] also report on the
increased NOx emissions when adding hydrogen.
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Figure 19. The relationship between the NO emissions of natural gas and hydrogen and the volume
fraction of hydrogen.
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Figure 19 shows that there is a significant increase in the rate of NO formation between
60% and 100% hydrogen, which in this study was most likely due to an increased rate
of hydrogen formation by means of the thermal mechanism. However, in the studies by
Griebel [4] and Semenikhin [46], the data were normalized to the same temperature in the
flame front, which proves the fact that at the same combustion temperature, the concen-
tration of nitrogen oxides in the combustion products of methane-hydrogen mixtures is
higher than when burning pure methane (Figure 20). This may be due to both a decrease
(compactification) of the flame front (which leads to an increased gas residence time in the
high-temperature region) and to a change in the chemical mechanism of the nitrogen oxide
formation. Thus, the problem of validating the kinetic mechanisms of the nitrogen oxide
formation during hydrogen combustion becomes critical, as is described, for example, in
the paper by Papanikolaou [47].
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Figure 20. Dependence of NOx emissions on the adiabatic flame temperature for different volume
proportions of hydrogen-natural gas [4,47] (a) for methane-hydrogen mixtures with constant methane
consumption; (b) for methane-hydrogen mixtures with different methane consumptions.

3.3. Flame Blowout and Flashback

The reliability of the combustion chamber is determined by characteristics such as
lean flame blowout, flashback, and pulsating combustion. Adding hydrogen to methane
significantly increases the blowout limits of both the suspended and the attached diffusion
flames [48,49] (Figure 21). The effect of adding hydrogen to the air flow is much more
pronounced than that of adding it to methane (with a separate fuel supply). Figure 21 shows
that the flow velocity stabilization limits are proportional to the square of the maximum
laminar flame propagation velocity. Adding the diluents (CO, and Ny) to the fuel reduces
the resistance of the diffusion flame to a much greater extent for the suspended flame than
for the attached flame.
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Figure 21. Flame blowout during combustion of methane and hydrogen—-methane with different

volume fractions of hydrogen [48,49]: (a) for methane-hydrogen fuel jet and air stream; (b) for
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Zhu [50] (Figure 22) presents a study into stabilization of the flame of a premixed
methane—air mixture with hydrogen additives (up to 29% by mole fraction) behind a bladed
swirler. It was shown that an increased combustion stability upon hydrogen enrichment
was a direct result of higher concentrations of OH, H, and O radicals, which led to an
increase in several key reaction rates. In this case, the flame extinction time was influenced
not only by the value of the average OH concentration but also by its RMS [51]. The greatest
effect was achieved with small additions of hydrogen (up to 12-20% [52] by mole fractions),
while an increase to 29% by mole fractions was not so pronounced, although it had a further
positive effect on the combustion stability.

1350 +

1300 4

1250

1200

1150

1100

1050

T T T T T T 1
400 500 600 700 800 900 10001100

13504

©)

0O Unstable
-t
& LBO -

1300

12504

1200

1150 4

1100+

1050

O Unstable
A LBO

Equilibrium Adiabatic Flame Temperature

Total Reactant Flowrate (SLM)

1350 4 © 4350+
O Unstable ‘l:’
1300] & B0 £ 1300

Q
€
12501 2 1250
L
-t €
-8
1200 pB-- i 1200
_-a ©
.a--8 s
1150~ § 1150
kel
A <
1100-/A)/A}/A/1 "
5
1050 . . . . . . . 2
400 500 600 700 800 900 10001100 W

400 500 600 700 800 900 10001100

Total Reactant Flowrate (SLM)

0O Unstable
A LBO
-t
-
o.-Po
.-G
-0
A
AN A

Total Reactant Flowrate (SLM)

050 T T T T T T !
400 500 600 700 800 900 1000 1100

Total Reactant Flowrate (SLM)
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Schefer [51] (Figure 23) reported that the addition of hydrogen to methane up to 20%
by volume reduced the equivalence ratio during the blowout of a homogeneous flame by
9-10%, and the relationship between the ® blowout and the volume content of hydrogen in
the fuel was linear, which was also confirmed in Schefer [49]. However, in [49], the effect of
H; on the flame blowout was more significant and amounted to about 15-20% & for every
20% addition of hydrogen.
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Figure 23. Influence of hydrogen volume fraction on lean flame blowout: (a) [52]; (b) [50]; (c) [50].

Griebel and Choi [52,53] present a map of the combustion regimes of a methane—
hydrogen premix mixture with air. It was found that with an increase in the percentage of
hydrogen, the limits for flame blowout and flashback were shifted to a leaner region, which
was associated with an increase in the flame speed and a decrease in the ignition delay time.
In this case, the flame can burn at lower temperatures, as shown in Figure 24. Confirmation
of this can also be found in the study by Wicksall [28], where at the 40% hydrogen content,
the temperature of the lean flame blowout was significantly reduced.
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Figure 24. The influence of the volume concentration of hydrogen on the boundary of sustainable
combustion for the lean flame blowout and flashback [28].
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Wicksall [28] also showed that the flame blowout to some extent correlated with the
Reynolds number, which was determined by the influence of the flow turbulence intensity.
In this case, an increase in the hydrogen percentage in the mixture led to a decrease in the
Reynolds number while maintaining the constant flow rate.

Nemitallah [34] reports that with an increase in the percentage of hydrogen in the fuel,
the role of the external (corner) recirculation zones in flame stabilization decreased, since the
flame was shifted closer to the place of fuel supply. With the addition of hydrogen, the lean
flame blowout limit decreased linearly, resulting in stable flame at lower flame temperatures.

When methane was enriched with hydrogen at the ratio of 55%, the flame had the
widest stable range (Figure 25). Any attempt to increase the hydrogen percentage above
55% under stoichiometric conditions (the equivalence factor 1.0) failed, and the flame went
out due to flashback. This is different to the flame of pure methane, which has been proven
to be stable under stoichiometric conditions. Increasing the hydrogen percentage in the fuel
mixture increases the laminar flame speed, and the flame is propagated upstream from the
reactant gases, resulting in earlier ignition compared to the oxygen flame of pure methane.
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Figure 25. The range of burner stable operations with the hydrogen added to the fuel by volume.

One of the main factors determining the expansion of the combustion limits for lean
flame blowout with the addition of hydrogen is an increase in the critical flame deformation
rate. Nemitallah [34] has shown that the critical strain rate significantly increased by over
two times from ~24300 s~! for the combustion of pure methane to 29700 s ! to expand the
boundaries of stable combustion (Figure 26).
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Figure 26. Change in the critical strain rate in the flame and the strain rate in the flow with a change
in the hydrogen volume fraction in the fuel [34].

Thus, almost all studies confirm the positive effect of hydrogen additions on the resistance
of the lean flame blowout. Moreover, it increases the probability of flashback. In general, the
range of stable operation shifts to the region of lean mixtures, and the operating window
expands in terms of the excess air coefficient, reaching its maximum value at HF ~ 0.55.
It is important to note that when hydrogen is added, the working window shifts towards
lower flame temperatures, which contributes to a decreased rate of nitrogen oxide formation.
Therefore, one of the main recommendations when converting combustion chambers to
hydrogen is the need to ensure that the temperature in the combustion zone is 100-200 degrees
lower (depending on the hydrogen concentration) than when burning methane.

3.4. Unsteady Combustion

Pulsations in the combustion chamber are often undesirable since they can cause its
complete destruction. At present, the mechanisms of pulsation generation during natural
gas combustion are well described. It has been established that there are no fundamental
changes in these mechanisms during hydrogen combustion; however, since the flame char-
acteristics change, they can transform the mechanisms for generating pulsating combustion.
The purpose of this section is to analyze the works devoted to the effect of hydrogen
additives on unsteady combustion. In this case, several areas of analysis of the effects of
hydrogen addition can be distinguished: time-lag, the shape and position of the flame,
changes in frequency and amplitude, and changes in the phase delay.

With an increase in the hydrogen content, the shape, size and location of the flame
change significantly. As shown in [21,23,25,27,34,54-59], the flame becomes more compact
(shorter) and pressed against the base of the burner. During combustion of a premix
mixture in the swirling flow, the shape of the flame changes from M to V. According to
Wicksall [28], this change in size can occur when the percentage volume of hydrogen is over
20%. Chterev [23] and Kashir [29] demonstrate that a decrease in the size of flames in an
annular combustion chamber leads to a decrease in the probability of their interaction with
each other and, consequently, to the elimination of the mechanism for pulsation generation.
This impact on the size and location of the flame is explained by an increase in the local heat
release and the temperature in the combustion zone along with an increase in the hydrogen
content in the fuel-air mixture. It is also worth noting that the addition of hydrogen leads
to a change in the flame stabilization region [25], modifying the nature of the flame from
the suspended to a more stable flame with a fixed stabilization point. In that instance, the
most stable option would be a fixed point of stabilization of the flame through the use of a
pilot circuit or a bluff body with a fixed separation point.
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Davis [55] has shown that the transition to harmonic oscillations is preceded by the
appearance of a flame in the outer recirculation zone, which, for the combustion of methane—
hydrogen mixtures, occurs at leaner fuel-air mixture compositions than during methane
combustion. This transition can be estimated using the function of the dimensionless strain
rate (normalized strain rate): ki’;—f. In the article by Figura [24], a “center of heat release”
was proposed as an indicator of stability, because a flame having the same “heat center”
location but different operating conditions and fuel composition has almost the same shape.

Chterev [23] studies the effect of adding hydrogen to a lean mixture of natural gas with
air during combustion of a premixed mixture in a swirling flow. The hydrogen percentage
in the fuel-air mixture varied up to 50% by volume. As a result, the influence of hydrogen
addition on the shape of the flame, the characteristics of the structure of the precessing
vortex core (PVC), and the frequency and amplitude of pulsations had to be investigated.
Regarding the thermoacoustic characteristics, it was found that with an increase in the
percentage of hydrogen in the fuel (as well as an increased air temperature), the speed of
sound between the fuel supply point and the flame front (in the premixer) increased due to
a decrease in the average molecular weight of the mixture with the addition of hydrogen
(Figure 27). This characteristic reflects the transfer time of the acoustic energy from the
flame front, as a source, to the place of fuel supply, as a factor that further leads to an
increase in pulsations. Thus, both the addition of hydrogen and a decrease in the flame size
lead to a decrease in the time of acoustic energy transfer from the flame front to the place of
fuel supply, transforming and increasing the pulsation frequency [23]. In this event, the
pulsation frequency with an M-type flame is lower than that with a V-type.
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Figure 27. The influence of the molar fraction of hydrogen on the speed of sound.

Similar conclusions were obtained in the study by Imteyaz [60] devoted to the effect of
adding hydrogen to the methane-air mixture on the self-excited thermoacoustic instability
of the flame, including the case when the length of the combustion chamber was changed
in the range from 300 to 1100 mm. With an increased percentage of hydrogen, the size of
the flame also decreased (Figure 28). At a low hydrogen concentration (~15%), excitation
took place mainly for low-frequency primary acoustic modes (<200 Hz). When the fre-
quency of the primary oscillations (without addition of hydrogen) was below 200 Hz, the
frequency tended to increase linearly with the percentage of hydrogen. However, the linear
relationship between the frequency and the hydrogen fraction was associated with acoustic
modes that are influenced by the chamber length. At high hydrogen concentrations (>40%),
the primary acoustic modes tended to occur at higher frequencies (=400 Hz). Furthermore,
increasing the hydrogen content leads to a decrease in flame length (Figure 28).
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Figure 28. The relationship between the flame length and the hydrogen volume fraction [60].

In the papers by Zhang and Davis [54,55], the observed frequencies coincided with
the frequencies of the longitudinal modes of the chamber, while in [54], the hydrogen
content had no effect on the pulsation frequency, which remained equal to the frequency
of the first longitudinal mode of the combustion chamber. On the other hand, in [23,60],
the authors noted an increase in the frequencies of the first modes with an increase in the
hydrogen content due to an increase in the temperature of the combustion products and, as
a consequence, an increased sound speed in the combustion chamber. While maintaining
the temperature of the combustion products, the pulsation frequency can remain the same.

Wicksall [28] reports that with an increase in the fraction of the hydrogen content, the
acoustic energy is redistributed between frequencies. Thus, when burning pure methane,
the authors identified the three main frequencies of 275 Hz, 450 Hz, 600 Hz, while for
burning 60% of hydrogen, the only frequency characteristic was 450 Hz. The absence of
the 600 Hz band indicates a change in the acoustic damping/amplification characteristics
(amplitudes) of the combustion chamber, providing a high intensity in the 450 Hz band.
This combustion mode is more dangerous since it can lead to the fatigue failure of the
elements of the combustion chamber.

Davis [55] reveals that, upon transition to the oscillation mode, the pulsation frequency
during the combustion of a hydrogen-methane mixture was equal to the pulsation fre-
quency during the combustion of pure methane (110 Hz). However, at an excess air ratio
of 0.65, the instability in the combustion of the hydrogen—-methane mixture escalated to a
higher frequency of 180 Hz. All the observed frequencies (110, 180 Hz) coincided with the
frequencies of the longitudinal modes of the combustion chamber.

The relationship between the hydrogen content and the amplitude of pressure fluc-
tuations depends on the design and operating parameters of the combustion chamber:
its length, the average pressure, excess air coefficient, acoustic conditions at the inlet and
outlet of the chamber, the swirl number, etc.

Imteyaz [60] states that a low hydrogen content (~=15%) can enhance pulsations, while
a sufficiently high hydrogen level (=40%) can weaken the primary modes. In turn, in the
study by Indlekofer [27], the largest amplitude was found at 25% hydrogen content in
the fuel by volume and decreased with a further increase in the hydrogen content. When
studying the combustion of a premixed mixture in a swirling flow, Wicksall [28] found
that the noise level was practically independent of the volumetric content of hydrogen,
with the exception of a fuel-air mixture with a hydrogen content of 40% at an adiabatic
temperature T,q > 1500 °C. These results indicate a transition from the stable combustion
regime to the unstable one with an increase in the hydrogen volume concentration. Ge [21]
observed a decrease in the amplitude of pulsations in the entire range of hydrogen content
studied (5-26% by volume). The explanation of the multidirectional influence of hydrogen
addition can be related to the initial phase delay between the heat release pulsations and
the pressure pulsations (Figure 29). If, during the combustion of methane, the phase delay
was negative, i.e., the pressure pulsations occurred after the heat release pulsations (at the
phase angle of 0 > ¢ > 90), adding hydrogen would increase the amplitude of pulsations. If
in the initial configuration without hydrogen, the phase delay was positive, i.e., pressure
pulsations occurred before heat release pulsations (at a phase angle of 0 > ¢ > 90), adding
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hydrogen would reduce the pulsation amplitude. If, in the initial configuration, the acoustic
pressure and changes in heat release were in phase, any change in the hydrogen content
could reduce the pulsation amplitude, which means that the pulsation frequency would
generally increase.

T
&

»
P

Laia ]

o~
b TN -

>t

Normalized amplitude

Figure 29. The scheme of the amplitude of pressure fluctuations in the fuel-air mixture flame.

With an increase in the hydrogen content, the frequency distribution of the power
spectral density can change [28]. At the same time, significant changes in the pulsation
amplitude occur when hydrogen is added to the fuel from 30-40% of volume and above.

This implies [24] that the dynamic stability of the combustion chamber with a change
in the composition of the fuel and operating conditions is largely determined by the
position of the center of the heat release flame (the middle location of the flame) under
stable conditions.

3.5. Lewis Number

It is worth noting the decrease in the thickness of the flame with an increase in the
concentration of hydrogen in methane-air mixtures (Figure 30). This leads to a change in
the Karlovitz and Damkohler numbers (Figure 31), which entails changes in the regimes
along the Borghi diagram, as shown, for example, by Zhang [61].
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Figure 30. The curve of dependence of flame thickness on the volume fraction of hydrogen in the
mixture [30].
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Figure 31. The curves of dependence of the Karlovitz and Damkohler numbers on the volume fraction
of hydrogen in the mixture [30].

At Ka < 1, the thickness of the laminar flame is less than the smallest (Kolmagorov’s)
vortices. This means that small vortices can only distort the shape of the flame and not
penetrate into the interior of the flame to change its structure. Thus, the hydrogen flame
front is more prone to distortion than hydrocarbons [62].

It was shown in the work of Aspden [63] that the Lewis number had a greater effect on
the combustion rate of hydrogen, in contrast to the combustion of methane, propane, and
other hydrocarbons. The range of the Lewis number during the combustion of hydrogen is
shown in Figure 32 [64]. Determination of a universal method for estimating the effective
Lewis number for fuel mixtures requires further study and generalization, since the existing
data lead to conflicting conclusions due to the difference in combustion modes [65].
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Figure 32. Curves of dependence of the Lewis number on the equivalence ratio (composition of
mixtures in volume fractions).

In turn, in one of the widely used turbulent combustion models FGM, it is not possible
to change the Lewis number for Flamelet generation, which remains one of the main
limitations in applying this approach to modeling hydrogen combustion processes.

The local burning rate in a methane flame is relatively insensitive to flame curvature,
while the data from the work by Bell [66] show a very strong positive correlation of
flame speed with positive curvature and a weaker positive correlation with negative
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Local burning speed

flame curvature (Figure 33). For a thermodiffusion-unstable hydrogen flame, combustion
intensifies in regions of positive curvature and has pockets of local extinction at negative
curvature. Dinkelacker [65] revealed that the hydrogen flame velocity is determined by the
front part (from the side of unburnt reagents) of the curved front, while the back part of the
flame plays the role of the burnout zone. Later, Lipatnikov [67] developed this concept for
the leading point model [67]. Thus, the effects of molecular diffusion play an important
role in the combustion of fuels containing hydrogen.

14}

Propane Methane 25¢ Hydrogen L
4 - [
1.3 B -
¢ § @ 2r
; ) &
=) o [
(= - c o
€ 1.2 £ 15:
3 3
g 11k, & g 1r
4 S [
i 05k
1 [
P PRI B ISR B | P PEPETETE PEPEPE EPEPET A B ar il I 0:. 1
15 -1 0.5 0 0.5 15 -1 -0.5 0 0.5 5
Curvature Curvature Curvature

Figure 33. Correlation of local burning speed with curvature for each flame. Flame speeds are
normalized to the corresponding laminar burning speed, and curvature is normalized with the
laminar flame thermal thickness.

For a propane flame, the diffusion coefficient of the fuel is much less than the thermal
conductivity, which allows the fuel to heat up faster than it diffuses into the flame zone.
This causes the curve of the dependence of the molar fraction of fuel on temperature in
Figure 34 to shift so that it is higher than the methane curve. The diffusion coefficient of
hydrogen is higher, which leads to an increase in the diffusion of fuel into the flame and a
downward shift in the dependence of the mole fraction of fuel on temperature. Aspden [68]
demonstrates that as turbulent velocity fluctuations increase, turbulent diffusion begins
to dominate molecular diffusion, and the curves of the dependence of the molar fraction
of fuel on temperature become similar to the curve for methane (Figure 34), and thus we
assume that the propane curve would do same. Since the burning rate increases as the
fuel concentration and temperature increase as the flame becomes distributed, it can be
expected that the burning rate decreases in the case of a high Lewis number and increases
in the case of a low Lewis number.
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Figure 34. Distribution of normalized temperature and fuel mole fraction for four fuels with different
Lewis numbers.
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4. Conclusions

The analysis of the literature studying hydrogen combustion has resulted in the

following conclusions and recommendations:

The density of hydrogen is almost an order of magnitude lower than the density of
natural gas, whereas the net calorific value per cubic meter is much lower. Thus, while
maintaining the parameters of the power plant when switching to hydrogen, it is
necessary to pay attention to the flow sections of the fuel supply system, especially to
the fuel injectors.

The addition of hydrogen leads to an increased intensity of chemical processes per
unit volume in the flame front. This results in the compactification of the flame, a
change in its shape, and a decrease in its size.

The adiabatic combustion temperature of hydrogen flame is 5-15% higher than that
of methane; however, the operating range of hydrogen covers some lower minimum
temperatures of up to 1050 K, compared to ~1400-1500 K for methane, due to the high
concentration of active radicals (H, HO).

The addition of hydrogen results in a significant increase in the flame propagation
speed. The greatest effect is achieved at a hydrogen concentration in the fuel of 65%
or more. In this case, the maximum velocity shifts to the region of rich mixtures.
On a basis of high hydrogen velocity, the combustion chamber can theoretically be
shortened, which will reduce both the engine weight and NOx emissions by cutting
the residence time of the air-fuel mixture in the high-temperature zones.

To ensure combustion with no flashbacks, it is necessary to increase the flow rate,
which requires an increase in the pressure drop across the flame tube head and, in
general, an increase in pressure losses in the combustion chamber.

The ignition delay time of hydrogen is of several orders of magnitude shorter than
that of methane. The minimum autoignition temperature shifts to the region of rich
mixtures and is approximately 70-150 degrees lower than that of methane. Thus, for
combustion chambers with the air temperature Ty > 700 K, it is advisable to use a
combustion system without premixing, for example, LDI or a multicluster.

The CO emission increases when hydrogen is added to the fuel, while CO, decreases
for stoichiometric and rich mixtures. Burning lean mixtures of hydrogen with air
allows a reduction in the level of CO and CO, emissions compared to the combustion
of methane.

The emission of NOx when hydrogen is added to the fuel increases at the same adiabatic
temperature of the flame, which indicates different mechanisms for the formation of nitro-
gen oxides during the combustion of methane and methane-hydrogen mixtures. However,
nitrogen oxide emissions can be achieved by lowering the combustion temperature.

An increase in the concentration of hydrogen in the mixtures with methane and natural
gas is accompanied by an increase in resistance to flame blowout but increases the
tendency of the mixture to flashback [58].

The change in the amplitude of pulsations with increased concentration of hydrogen
in the fuel is determined by the initial mechanism of their formation. In this case, the
pulsation frequency usually increases.

As a rule, the effect of increased pressure is more pronounced for the hydrogen-—air
flame than for the methane-air flame, which complicates the process of interpolating
the data obtained under atmospheric conditions for the engine parameters. Thus,
further research into the influence of pressure on the combustion of hydrogen presents
a crucial task.
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