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Abstract: The aeroderivative gas turbine is widely used as it demonstrates many advantages. Adding
hydrogen to natural gas fuels can improve the performance of combustion. Following this, the effects
of hydrogen enrichment on combustion characteristics were analyzed in an aeroderivative gas turbine
combustor using CFD simulations. The numerical model was validated with experimental results.
The conditions of the constant mass flow rate and the constant energy input were studied. The results
indicate that adding hydrogen reduced the fuel residues significantly (fuel mass at the combustion
chamber outlet was reduced up to 60.9%). In addition, the discharge of C2H2 and other pollutants
was reduced. Increasing the volume fraction of hydrogen in the fuel also reduced CO emissions at
the constant energy input while increasing CO emissions at the constant fuel mass flow rate. An
excess in the volume fraction of added hydrogen changed the combustion mode in the combustion
chamber, resulting in fuel-rich combustion (at constant mass flow rate) and diffusion combustion (at
constant input power). Hydrogen addition increased the pattern factor and NOx emissions at the
outlet of the combustion chamber.

Keywords: hydrogen addition; concentric staged combustor; combustion characteristics; NOx emission;
gas turbine

1. Introduction

Energy shortage and increasingly stringent emission regulations have attracted increas-
ing attention. Studies on improving thermal efficiency and reducing pollutant emissions
have become the focus for combustion and power equipment [1–3]. Aeroengine design
concepts are similar to aeroderivative gas turbines [4,5]. Aeroderivative gas turbines can
utilize a variety of fuels or a mixture of fuels [6,7]. Patrik et al. [8] analyzed the prospects of
fuel flexibility in Europe. Ino [9] also investigated Japan’s energy structure and gas turbine
fuel flexibility. LM2500, as a widely used aeroderivative gas turbine, accumulates a larger
commercial operation time. Neilson et al. [10] studied the suitability of fuel on GE LM2500
series fuel engines.

Natural gas contains very low aromatic hydrocarbons and sulfur. Its combustion
produces lower soot emissions than gasoline and diesel because of its simple chemical
structure and the absence of fuel evaporation problems. The primary reason is the low
C/H ratio of natural gas. Hence, it is one of the most promising alternatives as well as the
cleanest fuel in combustion [11]. However, as the main component of natural gas, methane
has a unique tetrahedral molecular structure and large C-H bond energy. Therefore, it
exhibits some unique combustion characteristics, such as high ignition temperature and low
flame propagation speed, resulting in slow combustion speed and poor lean combustion
ability, leading to incomplete combustion [12]. An effective solution to this problem is to
mix natural gas with fuels with high combustion rates, such as hydrogen [13]. However,
mixing natural gas with hydrogen can affect the infrastructure and pipelines. Gondal [14]
studied the influence of hydrogen doping on the infrastructure and quality of natural
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gas and obtained an allowable limit of hydrogen doping, which is 10%. Judd et al. [15]
observed that the best mixing ratio of H2 is 12%, considering the operation of the natural
gas system. Suez [16] from the “GRHYD” project noted that the gas pipeline system could
operate stably when the mixing ratio is 6–20%.

In studying the combustion performance of the mixed fuel, Emadi [17] and Schefer [18,19]
reported that adding hydrogen significantly changed the flame structure and improved
the flame stability limit. Different conclusions have been reported on the combustion
performance of hydrogen blending under different flame and terminal equipment control-
ling constant energy input. Lamioni [20] found the downstream temperature decreases
when adding H2 to natural gas. This behavior has a positive impact on pollutant emis-
sions. Furthermore, the effect of pressure on lean methane-air premixed flames has been
investigated [21]. Patel et al. [22] showed that hydrogen doping shortens the swirl flame
length, reduces CO emissions, and increases NOx emissions. Shih et al. [23] illustrated
that hydrogen doping could enhance the combustion stability of micro flue gas turbines,
reduce the combustion temperature and NOx emissions, and make the flame wider and
shorter. However, it significantly increases CO emissions and reduces combustion efficiency.
Rajpara et al. [24] conducted hydrogen doping experiments and simulation studies on
the self-designed gas turbine combustor. They reported that the flame is relatively wider
and shorter at higher hydrogen concentrations. Hydrogen doping increases flame speed,
temperature, and chemical reaction rate and reduces CO emission, but the increase in flame
temperature leads to the problem of increased NOx emission.

The combustion performance of different thermal equipment is also distinct under
a constant volumetric flow rate of fuel mixed with hydrogen. Meziane et al. [25] studied
the influence of natural gas mixed with hydrogen fuel on the combustion performance
and pollutant emissions of tank burners. The results showed that adding 10% hydrogen to
natural gas reduced CO and NOx emissions by about 60% and 14%, respectively. However,
the reduction in average outlet temperature reduced the output power of the micro gas
turbine. Shih et al. [23] observed that hydrogen doping increases the flame temperature
and decreases the heat load of the combustion chamber. Rajpara et al. [24] noted that
hydrogen doping increases the flame temperature of the gas turbine combustion chamber,
reduces the flame size, reduces CO emissions, and slightly increases NOx emissions. In the
non-premixed burner used by Cozzi and Coghe [25], higher soot formation was observed,
and CO and NOx emissions increased with the hydrogen content in the fuel.

The geometrical design of combustion chambers, upstream and downstream bound-
ary conditions, fuel injection, and mixing of fuel and air affect gas turbine performance,
efficiency, and fuel consumption. Established energy companies such as Siemens, GE,
and Mitsubishi have investigated the premixing structure of swirlers in mixing fuel and
air [26–28]. Jiang et al. [29] numerically investigated the effects of trapezoidal lobe strut on
fuel mixing. Sun et al. [30] conducted a comparative study to improve the mixing efficiency
of hydrogen fuels introduced through backward steps under supersonic flow conditions.
The results showed that the mixing efficiency could be increased by 15% by increasing the
step height. Wang et al. [31] studied the effect of mixing enhancement of lobed nozzles on
high-pressure differential mixed flow. Zhang et al. [32] reported that using coaxial air and
fuel jets in supersonic cross-flow can improve the mixing performance of the combustion
chamber. Using simulation, Gerdroodbary et al. [33] showed that hydrogen mixing in a
multi-jet and supersonic flow could be enhanced by spraying inclined supersonic flow.

Based on the above, the methane-fueled gas turbine has been widely used. However,
the slow-burning rate of natural gas results in many problems. Mixing a small amount of
hydrogen into natural gas improves the combustion performance of methane-fueled gas
turbines and, hence, could be considered for large-scale application of hydrogen. Although
intense research is directed toward the combustion characteristics of hydrogen/natural
gas mixtures, most studies have been carried out in a cannular combustor or a simplified
combustion chamber. Many unknown problems exist when using a hydrogen/methane
mixture, especially in a real annular aeroderivative gas turbine combustor. In this study,
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a 2.5 MW concentric staged low-pollution combustor was numerically simulated under
constant fuel mass flow and energy input. The effects of hydrogen volume fraction of 0–80%
in the fuel on the combustion characteristics and emission performance were analyzed.

2. Materials and Methods

This section introduces the basic equations and theories used in numerical calculation,
the geometric model of the numerical calculation, the mesh generation method, the mesh
independence, and the method verification and calculation process.

2.1. Numerical Model
2.1.1. Governing Equations

Comprehensively considering the calculation accuracy and computational cost, the
three-dimensional Reynolds-averaged Navier–Stokes (RANS) equations were employed as
the governing equations using the commercial CFD software ANSYS Fluent 2020 in this
paper. The governing equations are as follows:

∂ρ

∂t
+

∂

∂xj

(
ρuj

)
= Sm (1)

∂

∂t
(ρui) +

∂

∂xj

(
ρuiuj

)
=

∂

∂xj

(
−δijP + τij

)
+ Fi + Sui (2)

∂

∂t
(ρht − P) +

∂

∂xj

(
ρhtuj

)
=

∂

∂xj

(
−qj + τijui

)
+ ujFj + Sh (3)

∂

∂t
(ρYm) +

∂

∂xj

[
ρYmuj + ρYmVj,m

]
= SYm +

.
ωm (4)

Equations (1)–(4) are the continuity equation, momentum conservation equation,
energy conservation equation, and species conservation equation. The shear stress tensor
τij in Equation (2) can be expressed as

τij = µ(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
∂uk
∂xk

δij) (5)

where δij is the Kronecker Delta function, and µ represents the dynamic viscosity coef-
ficient, which can be calculated from a polynomial function of the temperature by the
Sutherland formulation:

µ = µ0(
T
T0

)
3/2 T0 + Sµ

T + Sµ
(6)

Here, T0 = 273.15 K, and µ0 is the reference viscosity coefficient. For air, µ0 = 1.7161×
10−5 N·s/m2, Sµ = 124.0 K.

The total enthalpy ht in Equation (3) can be expressed as

ht = h +
uiuj

2
(7)

and the heat flux vector qj can be expressed as

qj = −λ
∂T
∂xj

+
Ns

∑
m=1

ρYmVj.mhm (8)

where λ is the thermal conductivity, Ym is the mass fraction of the components, and Vj.m is
the molecular diffusion rate.
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The source terms Sm, Sui, and Sh respectively denote the changes in mass, momentum,
and energy between the droplet and gas phases. The source term SYm represents the rate of
creation by addition from the dispersed phase, while the source term

.
ωm represents the

generation rate of the chemical reactions.
The state equation of ideal gas was finally added to solve the above RANS equations:

p = ρT
N

∑
m=1

YmRu

Mm
(9)

Here, Ru = 8.314 J/(mol·K) is the universal gas constant, and Mm is the molar mass of
component m.

2.1.2. Turbulence Model and Combustion Model

The turbulence model used in this manuscript is the realizable k− ε model [34]. The
model constants are C1ε = 1.44, C2 = 1.9, σK = 1.0, and σε = 1.2.

The flamelet-generated manifold (FGM) method is adopted as the combustion model.
The method can be considered as a combination of two approaches to simplify flame
calculations, i.e., a flamelet and a manifold approach. The FGM method shares the idea
with flamelet approaches that a multi-dimensional flame may be considered as an ensemble
of one-dimensional flames.

The FGM model [35] assumes that the thermochemical states in a turbulent flame
are similar to the states in a laminar flame, and parameterize these by mixture fraction
and reaction progress. Within the laminar flame, reaction progress increases from the
unburnt reactants to the burnt products, over a nonzero flame thickness. A point within
the turbulent flame brush has contributions from both fluctuating flame fronts, as well as
intermediate reaction progress.

The FGM model assumes that the local state in the flame is a set of canonical flames
described by just a few independent variables. These states are stored in look-up tables
that are used in the calculation of the flame to be investigated. They are dependent on two
independent variables, mixture fraction and progress variable. The FGM model uses a
presumed PDF of which the details have been described in this work [36].

The detailed reaction mechanism GRI Mech 3.0 [37] is adopted for numerical calcula-
tion. GRI Mech 3.0 is an optimized mechanism used to simulate the combustion of methane
and hydrogen, including 53 species and 325 chemical reactions. The model has been widely
verified based on the experimental data of oxidation, ignition, flame propagation speed,
and flame structure of the laminar flame of hydrogen, methane, and other hydrocarbons
and their mixtures.

2.1.3. NOx Model

ANSYS Fluent solves the mass transport equation for the NO species, taking into
account convection, diffusion, production, and consumption of NO and related species.
This approach is completely general, being derived from the fundamental principle of mass
conservation [38]. The effect of residence time in NOx mechanisms (a Lagrangian reference
frame concept) is included through the convection terms in the governing equations written
in the Eulerian reference frame. In this manuscript, thermal and prompt NOx mechanisms
are adopted.

For thermal and prompt NOx mechanisms, only the NO species transport equation
is needed:

∂

∂t
(ρYNO) +∇ ·

(
ρ
→
v YNO

)
= ∇ · (ρD∇YNO) + SNO (10)

where YNO is mass fraction of NO in the gas phase, and D is the effective diffusion coeffi-
cient. The source term SNO is to be determined next for different NOx mechanisms.
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The formation of thermal NOx is determined by a set of highly temperature-dependent
chemical reactions known as the extended Zeldovich mechanism. The principal reactions
governing the formation of thermal NOx from molecular nitrogen are as follows:

O + N2 
 N + NO (11)

N + O2 
 O + NO (12)

A third reaction has been shown to contribute to the formation of thermal NOx
particularly at near stoichiometric conditions and in fuel-rich mixtures:

N + OH 
 H + NO (13)

It is known that during combustion of hydrocarbon fuels, the NOx formation rate can
exceed that produced from direct oxidation of nitrogen molecules (that is, thermal NOx).
Prompt NOx is most prevalent in rich flames. The actual formation involves a complex
series of reactions and many possible intermediate species. The route now accepted
is as follows:

CH + N2 
 HCN + N (14)

N + O2 
 NO + O (15)

HCN + OH 
 CN + H2O (16)

CN + O2 
 NO + CO (17)

A number of species resulting from fuel fragmentation have been suggested as the
source of prompt NOx in hydrocarbon flames (for example, CH, CH2, C, and C2H), but the
major contribution is from CH (Equation (14)) and CH2, via

CH2+N2 
 HCN + NH (18)

The products of these reactions could lead to formation of amines and cyano com-
pounds that subsequently react to form NO by reactions similar to those occurring in
oxidation of fuel nitrogen, for example:

HCN + N 
 N2+. . . (19)

2.2. Numerical Set and Combustor Structure

The combustor is shown in Figure 1. The swirler consists of a three-stage axial swirler
and a one-stage radial swirler. The dome comprises the main and pilot stages both mounted
concentrically. The main stage composed of the radial swirler and the axial swirler ensures
good mixing of fuel and air and lean burn at high power conditions. In the pilot stage,
a dual swirler is used to enable rapid fuel–air mixing, reliable ignition compacity, and
extending lean blowout limits at low power conditions. Furthermore, to prevent the carbon
deposition in the fuel nozzle caused by the flame reverse diffusion, the dual swirling flow
is separated by a convergent-divergent venturi.



Aerospace 2023, 10, 72 6 of 20Aerospace 2023, 9, x FOR PEER REVIEW 6 of 21 
 

 

 

Figure 1. Schematic diagram of the calculation domain model. 

The maximum volume fraction of hydrogen used was 80%, and the hydrogen mass 

ratio in the mixed gas was 33%. The effect of hydrogen addition on the fuel characteristics 

of natural gas turbines was explored. In the two groups, a constant mass flow of fuel and 

a constant total heat energy input were considered. The following specific working con-

ditions are shown in Table 1: for cases 2–7, a constant fuel mass flow rate, and for cases 8–

13, a constant energy input was employed. 

Table 1. The parameters under the conditions of constant energy input and fuel mass flow rate. 

 
Hydrogen Volume 

Fraction (%) 

Hydrogen Mass 

Fraction (%) 

Fuel Mass Flow Rate 

(kg/s) 

Air Mass Flow Rate 

(kg/s) 

The Total Heat En-

ergy Input (MW) 

Case 1 0 0 0.051 2.273 2.550 

Case 2 10 1.37 0.051 2.273 2.600 

Case 3 20 3.03 0.051 2.273 2.660 

Case 4 30 5.08 0.051 2.273 2.734 

Case 5 40 7.69 0.051 2.273 2.829 

Case 6 60 15.79 0.051 2.273 3.122 

Case 7 80 33.33 0.051 2.273 3.757 

Case 8 10 1.37 0.0500 2.273 2.55 

Case 9 20 3.03 0.0489 2.273 2.55 

Case 10 30 5.08 0.0476 2.273 2.55 

Case 11 40 7.69 0.0459 2.273 2.55 

Case 12 60 15.79 0.0417 2.273 2.55 

Case 13 80 33.33 0.0346 2.273 2.55 

Figure 1. Schematic diagram of the calculation domain model.

The maximum volume fraction of hydrogen used was 80%, and the hydrogen mass
ratio in the mixed gas was 33%. The effect of hydrogen addition on the fuel characteristics
of natural gas turbines was explored. In the two groups, a constant mass flow of fuel
and a constant total heat energy input were considered. The following specific working
conditions are shown in Table 1: for cases 2–7, a constant fuel mass flow rate, and for
cases 8–13, a constant energy input was employed.

Table 1. The parameters under the conditions of constant energy input and fuel mass flow rate.

Hydrogen Volume
Fraction (%)

Hydrogen Mass
Fraction (%)

Fuel Mass Flow
Rate (kg/s)

Air Mass Flow
Rate (kg/s)

The Total Heat
Energy Input (MW)

Case 1 0 0 0.051 2.273 2.550
Case 2 10 1.37 0.051 2.273 2.600
Case 3 20 3.03 0.051 2.273 2.660
Case 4 30 5.08 0.051 2.273 2.734
Case 5 40 7.69 0.051 2.273 2.829
Case 6 60 15.79 0.051 2.273 3.122
Case 7 80 33.33 0.051 2.273 3.757
Case 8 10 1.37 0.0500 2.273 2.55
Case 9 20 3.03 0.0489 2.273 2.55

Case 10 30 5.08 0.0476 2.273 2.55
Case 11 40 7.69 0.0459 2.273 2.55
Case 12 60 15.79 0.0417 2.273 2.55
Case 13 80 33.33 0.0346 2.273 2.55
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Commercial software Fluent 2020R2 was used for the numerical solutions. ANSYS
fluent meshing completes the mesh generation, and the Poly-Hexcore mesh generation
method was adopted to generate a hexahedral mesh and a polyhedral mesh simultaneously.
The minimum mesh quality was higher than 0.45, and the maximum mesh size of other
parts was controlled at 0.01 mm. The y+ of the first grid layer in the chamber liner region
is about 20 for all cases. In this study, an 18-degree fan-shaped region is chosen, and the
interface on both sides is a rotating periodic boundary. The mass flux difference between
the inlet and outlet is required to be kept within 0.0001 kg/s. Other boundary conditions
can be obtained from Table 2.

Table 2. The boundary conditions.

Parameter Value

Air inlet total pressure (MPa) 1
Air inlet static temperature (K) 600
Fuel inlet static temperature (K) 300

Wall treatment adiabatic wall
Pressure drop of the combustor 4.9%

2.3. Numerical Validation

Figure 2 performs the transversal velocity distribution at the position of the dilution
hole located at 50 mm in the first row for the isothermal flow, which is consistent with the
results of Krieger et al. [39] and Bicen and Jones [40]. The small error in the peak velocity is
acceptable. However, the simulation results were better than those of Tamang et al. [41] and
Krieger et al. [39]. The present simulation is closer to the experimental results especially at
the distance X = 0 to −10 mm. Thus, the numerical method used in this paper is reliable.
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Figure 2. Validation of the numerical model with experimental data [39,40].

To validate the mesh independency, the axial velocity profiles of four cases with
different mesh schemes (2 M, 6 M, and 13 M) are shown in Figure 3. Although there are
some errors in the prediction of axial velocity under the coarse grid condition, the velocity
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distributions with the moderate grid and refined grid are almost the same as shown in
Figure 3. To validate the mesh independency of the flame structure. The smaller geometries
in Ren’s work [36] are used to verify the grid convergence of the flame structure with three
different densities of grid (2 M, 6 M and 16 M). The temperature distributions on the central
axis are shown in Figure 4. It can be seen that the mesh size has little effect on the flame
structure. Hence, the numerical results were supposed to be independent of mesh densities
in this paper.
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3. Results and Discussion
3.1. Velocity Distribution

In both the case of the constant fuel mass flow rate and the constant energy input, it
can be seen from Figure 5 that with an increase in the hydrogen volume fraction in the
mixed fuel, the axial velocity of the recirculation zone decreases gradually. Moreover, with
an increase in the hydrogen volume fraction, the fuel density decreases, so if the nozzle
size is not changed at the same mass flow rate, the fuel outlet speed increases.
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The velocity distribution along the central axis shows that when the hydrogen volume
fraction is 80%, the flow field in the combustion chamber changes greatly. The place where
the maximum reverse axial velocity occurs in the extended flow direction is delayed for a
certain distance compared with other cases. In addition, the average speed at the outlet
gradually increases.

3.2. Temperature Distribution

Because of the lean premixed (LP) technology used in the combustion chamber of this
study, the fuel gas was premixed with air at the swirler before entering the combustion
chamber, and the fuel distribution at the outlet of the swirler was relatively uniform. As a
result, the maximum combustion temperature in the combustion chamber was low, which
appeared behind the nozzle in the pilot stage without local hot spots. However, since
the pilot stage is inherently responsible for stabilizing the flames, generating a slightly
high-temperature zone is acceptable. Due to the good premixing of the complete fuel and
the elimination of the primary and dilution holes in the advanced combustion chamber for
lean fuel combustion, the outlet temperature is fairly uniform.

For the constant fuel mass flow rate conditions (cases 2–7), as shown in Figures 6 and 7,
the temperature at the combustion chamber outlet increases gradually with an increase
in the hydrogen volume fraction. Hence, the temperature distribution coefficient at the
combustion outlet also increases gradually. This indicates that hydrogen mixing in the fuel
increases the energy density per unit mass. The higher temperature rise of the combustion
chamber requires higher control of temperature distribution at the outlet of the combustion
chamber. However, due to design, the outlet temperature coefficient of the advanced
combustion chamber is quite low and at a very excellent level.
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At the same time, it can be seen from Figure 8 that when the hydrogen volume fraction
reaches 80% (case 7), the hydrogen at some area of the pilot stage exceeds the rich limit of
hydrogen without changing the fuel intake ratio, resulting in the non-combustion of the
pilot stage flame, which should have been steady burning as the pilot flame. Moreover, the
laminar combustion speed of combustible premix decreases, which makes it impossible for
the swirl flame to maintain stably behind the swirler, and the flame is farther away from
the swirler.
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Under the constant fuel energy input (cases 8–13), it can be seen from Figures 6 and 7
that the overall temperature of the combustion chamber does not change significantly, and
the main change is that the high-temperature area gradually moves forward along the flow
direction. This is because the combustion rate of hydrogen is fast. The fuel burns faster
with the increased hydrogen volume fraction, making the high-temperature zone ahead of
time. When the hydrogen volume fraction reaches 80% (case 13), the combustion structure
changes considerably. This is because when the volume fraction of hydrogen is high, the
proportion of fuel grading distribution remains constant. At the pilot stage flame, hydrogen
exceeds the rich combustion limit. In addition, the hydrogen moves to both sides of the
main combustion area along the radial direction without good premixing. Two diffusion
flames can effectively prevent backfire and other problems and cause a high temperature
(2200 K) in the combustion area.

Based on the above two cases, new requirements are proposed for the combustion
chamber design and matching when the hydrogen ratio is too high. First, the fuel nozzle
needs to be optimized to adapt to the low-density mixed hydrogen fuel; otherwise, the
fuel velocity at the nozzle outlet can even exceed 500 m/s. Secondly, the fuel might be
distributed according to the selected proportion of hydrogen. When a high-temperature
rise combustion chamber or even an ultra-high temperature rise combustion chamber is
required, the fuel with a high hydrogen volume fraction can be selected. However, the
intake proportion of the pilot stage needs to be appropriately increased, or the fuel input
of the pilot stage needs to be reduced. At the same time, to prevent flashbacks and other
problems, it may be necessary to modify and improve the structure of the cyclone head to
conduct a part of diffusion combustion.

3.3. Unburned Fuel Emissions

Since the flame propagation rate of natural gas combustion is low, it may result in
higher unburned methane emissions from natural gas turbines. Under a constant fuel mass
flow rate (0.051 kg/s), the specific conditions of fuel residues (methane and hydrogen)
are shown in Table 3. It can be seen from Table 3 that with an increase in the hydrogen
volume fraction, under a constant mass flow rate of the imported fuel, the total fuel surplus
gradually decreases and then increases.
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Table 3. The fuel residue at the combustor outlet under constant fuel mass flow rate.

Methane Mass
Fraction at the

Outlet

Hydrogen
Mass Fraction
at the Outlet

Total Fuel
Mass Fraction
at the Outlet

Relative
Change (%)

Hydrogen
Consumption

Rate (%)

Methane
Consumption

Rate (%)

Case 1 7.4592 × 10−5 7.747 × 10−7 7.5367 × 10−5 0 N/A 99.75
Case 2 6.6058 × 10−5 19.261 × 10−7 6.7984 × 10−5 −9.7 99.54 99.78
Case 3 5.3478 × 10−5 29.753 × 10−7 5.6453 × 10−5 −25 99.68 99.82
Case 4 4.4744 × 10−5 41.254 × 10−7 4.8869 × 10−5 −35.2 99.74 99.84
Case 5 3.5147 × 10−5 53.021 × 10−7 4.0449 × 10−5 −46.3 99.78 99.87
Case 6 2.2152 × 10−5 93.528 × 10−7 3.1477 × 10−5 −58.2 99.83 99.93
Case 7 4.62 × 10−5 5.55 × 10−5 1.0178 × 10−4 +35 99.46 99.77

With an increase in the hydrogen volume fraction, the consumption rate of both
hydrogen and methane increases. It can be seen from cases 1–5 that with every 10%
increase in the hydrogen volume fraction, the improved hydrogen quality only accounts for
about 2% of the total fuel mass. In comparison, the fuel export residue decreases by about
10%. The very low proportion of hydrogen causes a large decline in the residual quality
of fuel exports. This shows that at a low level of hydrogen volume fraction (cases 1–5),
hydrogen causes the combustion of the mixed methane and hydrogen fuel more completely
without much changes in the physical characteristics of the mixed fuel. Although the gas
transport pipeline and combustion chamber nozzle may be improved at the medium level
of hydrogen volume fraction (case 6), even fuel distribution in the combustion chamber
also needs to be improved. At this time, the fuel reached the maximum combustion, and
the fuel quality at the outlet decreased by 58.2%. Compared with pure methane fuel
(without hydrogen), both methane and hydrogen reached the maximum burnout rate.
However, when the hydrogen volume fraction is high (case 7), without changing other
factors, fuel-rich combustion is achieved, resulting in incomplete combustion of many fuels.
On the contrary, the fuel quality at the outlet increases by 35%, and methane and hydrogen
consumption rates are the lowest under all the working conditions.

Under the constant fuel energy input (2.55 MW), the specific conditions of fuel residues
(methane and hydrogen) are shown in Table 4.

Table 4. The fuel residue at the combustor outlet under constant energy input.

Methane Mass
Fraction at the

Outlet

Hydrogen
Mass Fraction
at the Outlet

Total Fuel
Mass Fraction
at the Outlet

Relative
Change (%)

Hydrogen
Consumption

Rate (%)

Methane
Consumption

Rate (%)

Case 1 7.4592 × 10−5 7.747 × 10−7 7.5367 × 10−5 0 N/A 99.75
Case 8 6.9732 × 10−5 17.513 × 10−7 7.1483 × 10−5 −5.2 99.58 99.76
Case 9 5.8619 × 10−5 25.749 × 10−7 6.11932 × 10−5 −18.8 99.71 99.79
Case 10 4.9990 × 10−5 34.012 × 10−7 5.33907 × 10−5 −29.2 99.76 99.82
Case 11 4.1124 × 10−5 41.106 × 10−7 4.52348 × 10−5 −40.0 99.80 99.84
Case 12 2.4253 × 10−5 52.363 × 10−7 2.94885 × 10−5 −60.9 99.89 99.89
Case 13 1.9986 × 10−5 1.099 × 10−5 3.09822 × 10−5 −58.9 99.89 99.86

Similar to the constant mass flow rate, adding hydrogen also makes fuel combustion
more complete, but incomplete combustion occurs at a high hydrogen volume fraction.
Since the energy input is constant, cases 8–13 are lean burn combustion. The higher the
proportion of hydrogen, the lower the fuel residue. The mass fraction of fuel at the outlet
of case 12, reduced by 60.9%, is the lowest under all the working conditions. The fuel
residue of case 13 is increased compared with case 12. Similar to the constant mass flow
rate (case 7), the above might be due to the high volume fraction of hydrogen, which does
not match the fuel distribution ratio, resulting in hydrogen accumulation exceeding the
rich combustion limit. The difference between them is that case 7 is rich combustion, while
case 13 is lean combustion but local diffusion combustion.
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Because all the constant energy input conditions are lean burn combustion, the hydro-
gen consumption rate is higher than under the constant mass flow rate. This indicates that
the combustion of hydrogen is more complete. However, it can be seen that case 6 has a
higher methane consumption rate than case 12 when the hydrogen volume fraction is 60%,
specifying that case 6 inputs more methane but burns more completely. This may be due
to the fuel’s increased mass calorific value as the hydrogen volume fraction increases at
the same fuel mass flow rate. This increases the temperature in the combustion chamber,
increasing the reaction rate and, thus, the complete combustion of methane.

3.4. Combustion Characteristics
3.4.1. Heat Release Rate

At the beginning of natural gas combustion, the flame propagation rate is slow, and
the heat release rate is low. After mixing with hydrogen, the ignition delay shortened, the
blended fuel’s combustion rate increased, and the maximum heat release rate’s position
advanced. It can be seen from Figure 9 that with an increase in the hydrogen, the end
position of the area with a high heat release rate gradually moves forward along the flow
direction. In contrast, the area with a high heat release rate gradually reduces. Cases 1 and 2
exhibit a longer high heat release area and are in contact with the upper and lower walls.
From case 3 onwards, the area with a high heat release rate no longer touches the upper
wall, and from case 6 onwards, it no longer touches the lower wall. It can also be seen
that the maximum heat release rate increases with the volume fraction of hydrogen due to
the increase in the combustion rate after mixing with hydrogen. The local maximum heat
release rate is three times for case 1 and case 6, and two times for case 1 and case 12. This
also reduces the loss of combustion time.
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Combined with the OH distribution mentioned later, it can be concluded that the
flame length decreases with the increase of hydrogen volume fraction. This may be due
to H2 having a substantially high laminar flame speed when compared to other fuels [42].
This leads to potentially high laminar flame velocity for syngas and hydrogen-rich fuel
blends [1].

Density distribution affects the combustion efficiency of the combustion chamber [43].
High-density air (oxidizer) enters the combustion chamber through the swirler and is
governed by the gas equation. After combustion, the gas is heated, and the density
decreases. As indicated earlier, this is due to the mixing of hydrogen in the fuel and the
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earlier location of the fuel’s high heat release rate, allowing the air entering the combustion
chamber to heat up faster.

3.4.2. Emissions of Combustion

Hydrogen is not a hydrocarbon, it has no carbon atom, and the combustion does
not contain CH2O, C2H2, CO, and other products. Therefore, the use of hydrogen to add
natural gas will inevitably lead to a decline in the production of these products.

As the molar fractions of H, O, and OH radicals in the flame are increased by mixing
with hydrogen, the reaction rates of all these elementary reactions increase. The consump-
tion reaction rate of CH2O increases more than the generation reaction rate, so the molar
fraction of CH2O decreases with an increase in the hydrogen volume fraction. CH2O is a
harmful pollutant emitted from the combustion of hydrocarbon fuel, which is harmful to
the environment. In the actual combustion equipment, CH2O emissions mainly arise from
the incomplete combustion of fuel. Using H2 instead of CH4 will reduce the emission of
CH2O, because the combustion of H2 does not contain CH2O. Furthermore, with reference
to case 5 and case 1 in Tables 1 and 5, it can be seen that the mass of fuel methane in case
5 is 93% of that in case 1, and the C2H2 generated after combustion in case 5 is only 15%
of that in case 1. The molar fraction of CH2O decreases significantly with an increase in
the hydrogen volume fraction, indicating that mixing with hydrogen has the potential to
reduce CH2O emissions from methane combustion.

Table 5. Emissions level of combustion chamber’s outlet.

CH2O Mass Fraction OH Mass Fraction C2H2 Mass Fraction CO Emission (ppm) NOx Emission (ppm)

Case 1 47.2 × 10−8 2.21 × 10−8 45.5 × 10−10 33.21 0.222
Case 2 36.9 × 10−8 2.57 × 10−8 32.9 × 10−10 36.81 0.375
Case 3 23.0 × 10−8 3.03 × 10−8 19.0 × 10−10 40.45 0.577
Case 4 14.9 × 10−8 3.62 × 10−8 11.9 × 10−10 47.51 1.037
Case 5 9.23 × 10−8 4.45 × 10−8 7.04 × 10−10 58.08 2.207
Case 6 5.11 × 10−8 7.47 × 10−8 3.55 × 10−10 97.87 17.5
Case 7 N/A N/A N/A 400.37 109.94
Case 8 41.9 × 10−8 2.22 × 10−8 34.6 × 10−10 30.49 0.249
Case 9 32.5 × 10−8 2.23 × 10−8 22.6 × 10−10 26.27 0.250

Case 10 26.1 × 10−8 2.24 × 10−8 15.8 × 10−10 23.13 0.282
Case 11 20.7 × 10−8 2.25 × 10−8 10.3 × 10−10 19.40 0.306
Case 12 11.5 × 10−8 2.41 × 10−8 3.51 × 10−10 13.31 0.398
Case 13 N/A N/A N/A 9.39 1.028

It is necessary to check whether, at a constant fuel mass flow rate or constant energy
input, the generation rate of C2H2 main generation and consumption reaction decreases
with an increase in the hydrogen volume fraction. Studies show that C2H2 is an important
soot inducer; C2H2 generates HC≡CCH2, which creates a benzene ring through cyclization,
and its polymerization generates soot. Table 5 exhibits that a volume fraction of 20%
(3% mass fraction) hydrogen reduces the outlet mass fraction of C2H2 by about 59%. At
the constant fuel mass flow rate, the volume fraction of hydrogen increases, increasing
the temperature of the combustion chamber, which reduces more generation of C2H2.
The C2H2 mass fraction decreases significantly with an increase in the hydrogen volume
fraction, indicating that mixing with hydrogen can reduce the emission of soot from
methane combustion.

OH is produced in the area where the chemical reaction is most intense, and, generally,
OH represents the area where oxidation takes place. It can be seen from Figures 10 and 11
that the concentration of OH in the combustion chamber increases as the hydrogen volume
fraction increases at the constant fuel mass flow rate (cases 1–7). In cases 1–2, OH mainly
appears at the boundary of the primary zone behind the swirler. From case 3, two high
concentrations of OH are generated in the middle of the combustion chamber and the
area near the outlet, indicating that the combustion area of intense mixing in this LP
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combustion chamber extends towards the outlet with an increase in the hydrogen mixing
ratio. At the same time, with an increase in the hydrogen volume fraction (60–80%), the
high concentration area of OH is closer to the combustion chamber outlet. This may be
due to the high rate of hydrogen combustion, causing the fuel mixture to enter the violent
reaction zone more quickly, thus reducing the distance from the outlet of the swirler to the
violent reaction zone. With a constant energy input (cases 8–13), the hydrogen addition
also causes a slight increase in the OH concentration; however, the increase is less than in
cases 2–7. When the volume fraction of hydrogen reaches 80%, as previously mentioned,
the combustion mode has changed, and the area with severe combustion changes to
diffusion combustion. Therefore, the distribution of OH is different from that before.
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The emission characteristics can be obtained from Figure 12. In this study, at the
constant fuel mass flow rate, CO emission increases with the volume fraction of hydrogen.
CO production is mainly related to the local equivalent combustion ratio and is caused by
incomplete fuel combustion. This study shows that under the constant fuel mass flow rate
(0.051 kg/s), with a gradual increase in the hydrogen volume fraction, hydrogen consumes
a large amount of oxygen, reducing methane’s excess air coefficient and resulting in the
incomplete combustion of methane and, thus, a large amount of CO production. As the
proportion of hydrogen increases gradually, CO emission increases rapidly.
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The fuels are well-lean premixed with a constant energy input (2.55 MW). Adding
hydrogen increases the combustion reaction’s activity and promotes the combustion con-
version of CO in the reaction, thus reducing CO emissions. This is consistent with the study
of Rajpara [24].

NOx emission is the key focus in gas turbines. As an LP combustor with premixed
combustion, its main purpose is to reduce NOx emission. The N element in the air mainly
causes NOx emission. The main influencing factor is the maximum combustion temper-
ature in the combustion zone. The purpose of premixed combustion is to reduce the
maximum gas temperature in the combustion chamber. It can be seen that the maximum
gas temperature in this combustion chamber does not exceed 2000 K at the low mixing
ratio of hydrogen, making the outlet NOx emission at a fairly low level.

Under the constant fuel mass flow rate (0.051 kg/s), the proportion of hydrogen grad-
ually increases. The energy density of the same fuel mass gradually increases, resulting in
more and more air requirements for fuel, lean combustion gradually approaches the equiv-
alent ratio combustion direction, and the outlet temperature of the combustion chamber
and the maximum gas temperature gradually increase. In case 6, with a 60% hydrogen
volume fraction, NOx emission can also meet the low emission standard. With a hydrogen
volume fraction of 80% (case 7), NOx emission increases 491 times and does not meet the
low emission standard.

At a constant energy input (2.55 MW), NOx emission increases with hydrogen volume
fraction. This is due to the high combustion temperature of hydrogen, resulting in the
formation of thermal NOx. In addition, a diffusive combustion is formed without changing
the nozzle structure and fuel distribution ratio, as discussed in the previous temperature
section, resulting in a rapid increase in the generation of NOx. NOX emissions from case 13
increased by about 363% compared to case 1.

3.4.3. Pattern Factor

To increase the gas turbine efficiency, a higher turbine inlet temperature is required, as
a higher outlet temperature with a uniform distribution can improve the operation of the
turbine section. The uniformity of the outlet flow is typically evaluated by calculating the
pattern factor [39]. Equation (20) defines the pattern factor, measuring the homogeneity of
the temperature field in the exhaust section. When the pattern factor is calculated using
Equation (20), the closer to the unity of the temperature distribution at the outlet, the more
uniform it is.

Pattern factor =
Tout,max − Tin
Tout,ave − Tin

(20)

In the above, Tin, Tout,ave, and Tout,max represent the oxidizer inlet temperature, average
temperature, and maximum temperature calculated for the outlet section of the combustor,
respectively. Figure 13 compares the pattern factor at the combustion chamber outlet with
different hydrogen volume fractions. It can be seen that with an increase in the volume
fraction of hydrogen, the pattern factor increases gradually at the same mass flow rate.
With the constant energy input, pattern factors also increase, but the trend is not as high as
that of the former. This may be due to the rapid combustion rate of hydrogen, the high heat
release rate in a short time, and the advanced area of the high heat release rate, resulting in
the existence of a local high-temperature zone in the combustion chamber. Since there are
no dilution holes in this LP combustion chamber, the already generated high-temperature
zone cannot be rapidly dissipated and flows to the outlet, resulting in uneven temperature
distribution at the outlet.
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4. Conclusions

This study shows that a small amount of hydrogen doping can significantly reduce fuel
residues (the mass fraction of fuel at the outlet is reduced up to 60.9%). Due to hydrogen
mixing, the combustion rate of the blended fuel is increased, and the high heat release rate
and high-temperature area in the combustion chamber are advanced. Hydrogen mixing
reduced the generation of CH2O as well as C2H2 significantly, which can induce carbon
fumes. Therefore, hydrogen mixing can potentially reduce the emission of carbon fumes
from methane combustion. Increasing the volume fraction of hydrogen in the fuel also
reduced CO emissions at the same fuel input power while increasing CO emissions at the
same fuel mass flow rate.

A large hydrogen volume fraction changed the combustion mode in the combustion
chamber. Under constant mass flow rate (case 7), the combustion changed to rich combus-
tion. Under constant energy input (case 13), the combustion showed a certain diffusion
combustion. With hydrogen addition, under constant energy input (cases 8–13), only the
maximum gas temperature in the combustion chamber is increased, and NOx emission is
slightly increased. Under constant fuel mass flow rate (cases 2–7), the combustion cham-
ber’s maximum temperature and overall temperature are increased, and NOx emission
is greatly increased. Adding hydrogen increases the pattern factor, indicating that the
uniformity of the combustion chamber outlet temperature worsens.

Regarding all-around performance and emissions, a hydrogen blending ratio of
30–40% (cases 4 and 5) is most suitable for the natural gas LP combustion chamber under
the constant mass flow rate of fuel. In the case of the constant input power, a higher
hydrogen volume fraction of 60% can be attempted (case 12).

The effects of differential diffusion are not considered in current studies. While the
differential diffusion is sometimes neglected by assuming that the turbulent transport
overwhelms molecular diffusion in intense turbulence [44]. However, the differential
diffusion is important for numerical simulation of hydrogen combustion [45]. In future
research, differential diffusion can be taken into consideration by changing the combustion
model and carrying out experimental research.
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