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Abstract: The study is aimed at revealing the specific features of the burning of hydrogen with
oxygen in a water-vapor atmosphere. The purpose of the study is to define the optimal values for
diluting the burning mixture with water vapor in the active burnout zone, providing the minimal
values of incomplete combustion. Modeling of burning processes was carried out with the use of
kinetic mechanisms in the Ansys Chemkin-Pro software. The result of the study was the definition
of critical water vapor content in a burning mixture as 60% fraction of total mass with, obtaining
dependencies of key parameters of the burning process within a wide range. The mechanism of
chemical kinetics was selected for further modeling in a three-dimensional setting, and tasks for the
formulation of requirements and methods for the design of efficient hydrogen combustion chambers
were set up for 500 MW gas turbine plants at a supercritical pressure of 20 MPa or higher.

Keywords: hydrogen; vapor superheater; water vapor; normal flame propagation rate; adiabatic
burning temperature; combustion efficiency; degree of dilution

1. Introduction

In compliance with the Energy Strategy of the Russian Federation for the period until
2035 [1] and the Paris Agreement within the United Nations Framework Convention on
Climate Change [2], the reduction of emissions of carbon dioxide is necessary. One of
the ways to achieve this global target is to replace the carbon-containing types of fuel
with totally or partially carbon-free types. Hydrogen, which has a lower specific heat of
combustion at 120 MJ /kg, was selected as the most promising fuel based on the amount of
heat generated during combustion.

The supercritical regime is characterized by high temperatures and pressures, which
affect the flow behavior [3]. When the supercritical parameters are reached, the surface
tension decreases, the constant-pressure specific heat increases, and the density approaches
the values for a liquid under normal conditions [4,5].

Table 1 compares the main thermophysical parameters of steam at temperatures equal
to 813 K and 1173 K at supercritical parameters, subcritical parameters, and with water
at normal pressure, obtained using the NIST REFPROP database [6]. The results of the
comparison show that when operating in a supercritical mode, the parameters of a gas
affecting mixing change significantly. For a correct study, this fact must be taken into
account in the methods used for studying approximate correlations.

One of the methods to intensify the combustion process and increase the efficiency
of combustion is to increase the temperature in the active oxidizing zone in order to
increase the particle evaporation rate. The aspects of hydrogen burning in a water-vapor
atmosphere have been studied in the work of Borzenko V. et al. [7], who obtained results on
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the dependence of superheated steam and the efficiency of fuel combustion on the fraction
of total weight of water vapor and the oxidizer excess factor.

Komarov I. et al. [8] have carried out a similar study for the burning of methane in a
CO, diluter medium, using the Chemkin computer simulation code, and have assessed
the influence of the CO; fraction from 60 to 79% on the burning process at an oxidizer
excess coefficient of 0.7 to 1.4. Rogalev A. et al. [9] reached a conclusion on the considerable
slowing of the burning process with increasing dilution degree as well as the definition of
threshold dilution degree and velocities of gas-fuel mixture for prevention of decay.

Table 1. Comparison of the thermophysical properties of water vapor.

Water Pressure Thermal Diffusivity, e 2 . W Thermal Conductivity, Density,
and Condition &, cm?/s Kin. Viscosity, v, cm?/s Heat Capacity, CPi’ (@) K, (%) o, kg/m3
P=01MPa, T =813K, 1.133 1.25 2.16 72.1 0.27
water vapor
P=5MPa, T =813 K, 0.022 0.024 232 75.6 138
water vapor
P=23MPa, T =813 K, 0.004 0.004 3.18 9.7 72.7
water vapor
P=0.1MPa, T=1173K, 2.386 2.731 241 121.7 0.18
water vapor
P=5MPa, T =1173 K 0.048 0.0543 245 123.8 9.29
water vapor
P=23MPa, T=1173K 0.010 0.0119 2.6 135.6 43.6
water vapor
P=0.1MPa, T =293 K, 0.010 0.0014 418 598.5 998.2

liquid water

Water vapor, in turn, also works as an inhibitor of the burning process, and its mass
content in the mix is significant. The conditions of hydrogen burning in a water vapor
atmosphere are considerably different from the operating conditions of conventional gas
turbine plants (GTP). When the burning mixture is diluted with water vapor, it may possibly
decay due to flameout at a low flame propagation rate or stop burning due to insufficient
heating temperatures of the fuel and oxidizer.

The authors of [10-14] deal with studies of the burning process, the definition of kinetic
mechanisms [7], and the quantitative determination of combustion discharge parameters.

Burning in a hydrogen-oxygen steam superheater (HOSS)-combustion chamber (HOCC)
involves going into an atmosphere of water vapor subjected to heating. A mixture of oxygen
and water vapor in various proportions is supplied to the mixing zone as an oxidizer, and
hydrogen is the fuel. On exit from the mixing element, hydrogen is completely mixed with
the oxidizer and then ignited by an electric plug. The remaining vapor is supplied to the
mixing zone to be mixed with combustion discharge.

This study is dedicated to the assessment of the most important parameters of the
working burning process under critical conditions in the hydrogen-oxygen combustion
chamber (HOSS) at high pressure, namely a normal flame propagation rate of U, m/s, an
adiabatic flame temperature discharge of T,;, K, and efficiency of fuel combustion 7.

2. Research Objects and Methods
2.1. A Hydrogen-Oxygen Combustion Chamber

The development of solutions to improve the efficiency of hydrogen combustion was
carried out for an external hydrogen—oxygen combustion chamber (HCC). HCC is used in
the diagram as a power unit operating on high steam parameters. When burning hydrogen,
the majority of the steam is sent after the boiler to overheat. The heat flow diagram is
shown in Figure 1.
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Figure 1. The heat flow diagram of a power unit heated with a HCC; HPT—high-pressure tur-
bine; IPT—intermediate-pressure turbine; LPT—low-pressure turbine; HPH—high-pressure heater;
LPH—low-pressure heater; FP—feed pump; OC—oxygen compressor; HC—hydrogen compressor;
and EG—electric generator.

The initial data for the design of the external combustion chamber due to the operation
of the power unit equipment are shown in Table 2.

Table 2. Power unit net efficiency with the turbine coolant steam taken from the boiler headers at the
initial temperature of 993 K.

Property Units Inlet HCC Outlet HCC
Steam pressure MPa 23.5 22.325
Steam temperatures K 813 1173
Mass flow rate of steam kg/s 184.5 -

Steam with a pressure of 23.5 MPa and a temperature of 813 K is supplied from the
boiler to a hydrogen-oxygen steam superheater (HOSS) to be heated to a higher temperature.
The introduction of HOSS into the plant allows for a reduced consumption of carbon-
containing fuel needed for steam superheating.

During the analysis of designs for hydrogen-oxygen steam superheaters [15-21], a
straight-flow combustion chamber of an energy plant [12] was selected as a prototype in
Figure 2.
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Figure 2. Straight-flow hydrogen-oxygen combustion chamber.

Adjustment of temperature and flame propagation rate is carried out by changing the
fraction of water vapor <y, Equation (1), within a wide range [7].

MH,0

Msm
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where 11p,0—mass consumption of water vapor supplied to the active burnout zone, kg/s;
msy—mass summary consumption of fuel and water vapor components, kg/s.

2.2. Analysis Method for the Hydrogen-Oxygen Combustion Chamber

A parametric study of burning under supercritical parameters, a pressure above
200 bar, and the influence of the degree of dilution of oxidizer by water vapor, was carried
out with the use of Ansys Chemkin-Pro [22] program code.

Modeling of the processes of burning kinetics was carried out with the use of USC
II [23]; a detailed kinetic mechanism. This mechanism is designed to represent different
combustion scenarios. USC II comprises 111 species and 784 reactions, and it is used in the
studies by the authors of [24-26]. The USC II mechanism used has been previously used
to study combustion processes at supercritical parameters of methane with oxygen in a
carbon dioxide environment, considering the oxidation reactions of CO and H; [27]. The
mechanisms use approximating thermophysical properties for the supercritical regime.

The calculation of the adiabatic temperature of combustion discharge was carried out
using the equilirial parameters of the ideal gas model without any account for the influence
of thermodynamic parameters upon the mixing process. The temperature and pressure of
the mixture were defined by component parameters and their proportions in the mix. The
mass fractions of the mixture’s components were used to define the mixture for the study
of the chemical kinetics of burning.

The reactor diagrams were developed, comprising elementary models for the calcu-
lation of adiabatic temperature T,; in an equilibrial reactor and a normal rate of flame
propagation U, with the use of a flame propagation rate counter.

In order to define the efficiency of organizing the hydrogen burning process, an
analysis of a mole fraction of unburned hydrogen after the flameout zone is undertaken,
applying the earlier received parameters from the Ansys Chemkin Pro software.

A standard, calculated design of the combustion chamber of a gas turbine engine was
taken as the basis for the arrangement as shown in Figure 3. The combustion chamber
model was built using the Chemkin-Pro software package and consists of two groups of
reactors. The first group of reactors simulates the area around the flame, and the second
group simulates the afterburning area between the burning zone and the turbine inlet. An
ideal mixing reactor was chosen to simulate the mixing zone since the fuel in this zone is
partially mixed with the oxidizer.

1

Figure 3. Reactor diagram for burning in HOSS as per Ansys Chemkin-Pro; 1—oxidizer entry
(mixture of oxygen and steam); 2—hydrogen entry; 3—mixing zone for oxidizer and fuel; 4—entry
for supply of water vapor; 5—burning zone; 6—outlet collector (afterburn stage); 7—combustion
discharge recirculation zone; and 8—outlet section.

Basic data for studying HOSS are represented in Table 3.

Table 3. Basic parameters for calculation.

Component Name Temg ferla<ture, Mass Consumption of Component, ri1;, kg/s I;e:;\s/lli)rae, Specific Heat Capacity, Cp,, k]J/kg-K
ir 1r
H,O 813 185.5 23.5 3.214
H, 490.6 1.718 24.7 14.67
O, 485.5 13.63 247 1.07
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The calculation of the burning mixture temperature T,,;, [K] was carried out according
to Equation (2):

T — mHzTHchHz +mo, T02CP02 + mHonHzocszo @)
mix — - - - ,
MH, CIZ’H2 +mo, CPOZ + mHzoCPHzo

where mp,, mpy,0, and mp, and—mass consumption of hydrogen, water vapor, and
oxygen accordingly, kg /s;

Th,, Th,0, and Tp,—temperature of hydrogen, water vapor, and oxygen accordingly, K;

Cpry s Cprpor and cp, —specific heat capacity of hydrogen, water vapor, and oxygen
accordingly, kg/s.

The mixture pressure was calculated through the partial pressures of the components

in Equation (3):
Pmx = Zpi = Zpi'xi/ 3)

where P,—the partial pressure of the i-th component;
pi—pressure of the i-th component;
x;—mole fraction of the i-th component in the mix.
Table 4 lists the parameters for a mixture of oxidizers and the results of the calculation

of the mole fraction of unburnt hydrogen, x?{l’z.

Table 4. Basic parameters for the calculation and obtained mole fraction of unburnt hydrogen.

Dilution Degree, Mass Consumption of Mole Fraction of Mole Fraction of Adiabatic Temperature, Mole Fraction of
¥ Oxidizer, 1.y, kg/s Oxygen, X, 0, Water, X, 1,0 T,qs and K Unburnt Hydrogen, x"H”Z
0 13.630 0.889 0.111 3931 1.24 x 1074

0.1 15.335 0.780 0.220 3779 1.15x 1074
0.2 17.467 0.674 0.326 3607 1.17 x 107*
0.3 20.208 0.571 0.429 3405 1.17 x 1074
0.4 23.862 0.470 0.530 3171 1.14 x 107*
0.5 28.978 0.372 0.628 2889 1.02 x 107*
0.6 36.652 0.276 0.724 2547 7.56 x 10~
0.7 49.442 0.182 0.818 2132 7.67 x 1074
0.8 75.022 0.090 0.910 1642 7.77 x 107
0.9 151.762 1.000 0 1.117 1.77 x 1073

The time of presence in the mixing zone is 0.0005 s; in the burnout and recirculation
zone, 0.002 s. The burning process for y above 0.6 failed due to a shorter presence time.

Equation (4) allows for the completeness of combustion by defining the number of
moles n”Hbz of unburned hydrogen in the mixture of combustion discharge products.

b b
ny, = Xp, Ny, 4)

where ny = ny, + ny,0 + no,;
ny—summary number of mole components in the mix;
ny,, nH,0, Mo,—number of moles of hydrogen, water vapor, and oxygen accordingly;
n’g’z—number of moles of unburnt hydrogen in the outlet section of the chamber.
The fuel combustion efficiency of 7, is determined in Equation (5):

Nep. — nnh
Ny = ZH T THy 1009, (5)
nHz

3. Results and Discussion

The parameters of combustion discharge products T,; and U, were defined for the
range 7y from 0 to 0.8 in 0.1 increments and an equivalence ratio from 0.8 to 1.2.

The change in the adiabatic temperature of combustion discharge products with the
ideal gas model is represented in Figure 4.
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Figure 4. Change of adiabatic temperature of combustion discharge products at ¢ = 1.0, ¢ = 0.8, and
e=12.

The highest level of adiabatic temperature is reached at the stoichiometric ratio, and
further results of defining the normal rate of distribution are shown for a specified degree
of oxidizer factor.

A reduction in temperature with the increased share of ballast components in the mix
seems explainable from a physical point of view.

A dilution degree working range is defined by taking into account the limitation of
combustion products on one side and the maximum permissible hot gas temperature on the
inner wall of the combustion chamber on the other, as well as a self-ignition temperature for
sustainable burning. A limiting factor in the development of a burning process shall be the
flame propagation rate U, above the rate-limiting flame propagation rate Uj;,, of 70 cm/s to
provide for stable propagation of a flame front along the length of the combustion chamber.

The results of the definition of a normal flame propagation rate are presented in
Figure 5.
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Figure 5. Changes of normal flame propagation rate at a dilution of mixture with water vapor as per
Ansys Chemkin-Pro at ¢ =1.0.

Taking into account all the requirements for organizing a working process of burning
in the superheater, the maximum dilution degree is 0.6.

The obtained data on the completeness of combustion are reflected in Table 5 and
derive a dependence of combustion efficiency #; on the degree of mixture dilution with
water vapor 7 in Figure 6.

Table 5. Dependence of combustion efficiency on degree of dilution with the water vapor.

D1lut101; Degree, Number of Moles of Unburnt Hydrogen, n}‘};, Mole Efficiency of Combustion, 7, %
0 1.49 99.83
0.1 1.37 99.84
0.2 141 99.84
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Figure 6. Dependence of fuel combustion efficiency on degree of dilution with water vapor as per
Chemkin-Pro.

Among the obtained results, the highest values of the target parameters are achieved
with an oxidizer excess dilution factor of one and a maximum dilution degree when 74«
is 0.6. At this dilution degree, the adiabatic temperature in the burnout zone is close to
values typical for combustion chambers in GTP and GDT. It will be accepted for further
studies of the burning process in a three-dimensional setting to define the influence of
geometrical and thermo-dynamical factors and for the development of measures on the
design of structures and layouts of hydrogen-oxygen combustion chambers.

When analyzing Figures 3-5, a number of conclusions are formed explaining the
dependence of the completeness of combustion on the degree of dilution of the mixture
at the time of its arrival in the zones of recirculation, afterburning, and flame zone. The
residence time of the component T, is 0.0025 s.

As aresult of a decrease in the adiabatic temperature in the flame zone and a change
in the heat capacity and the diffusion coefficient of the mixture, the rate of oxidation of the
fuel and combustion decreases.

A decrease in the rate affects the time of the limiting reactions, thereby reducing the
completeness of hydrogen combustion with an increase in the degree of dilution of the
mixture with water vapor.

4. Conclusions

The results of the study of hydrogen burning in a water vapor atmosphere reveal a high
influence of the degree of diluting the burning mix and define a quantitative assessment in
the operation of HOSS with up to 1 MW of power.

In the result of the study of the burning process under a critical pressure value of 23.5
MPa, dependencies were defined for adiabatic temperature, normal flame propagation rate,
and fuel combustion efficiency relative to the degree of diluting the active burnout zone
with water vapor.

The organization of stable and efficient combustion of hydrogen at high pressure is
possible, taking into account the following conditions:

1.  The highest level of adiabatic temperature was fixed at the stoichiometric mixture
composition ¢ for 1.0 at any degree of dilution 7;

2. Changing the dilution degree 7 from 0.1 to 0.3 reduces the normal flame propagation
rate U, by 60.5% (from 959 to 378 cm/s) under supercritical parameters;

3.  Limiting factors were defined for temperature values of combustion discharge in
selecting the mixture composition as per mass-weight proportions;

4. The maximum dilution degree ¥,y for 0.6 was defined, at which stable burning is
observed, exceeding this value results in a drop of the normal flame propagation rate
U, below 70 cm/s, which may lead to flame decay;

5. The high fuel combustion efficiency #; was achieved at 98.94% assessed as per mole
fraction of unburnt fuel at the outlet section of the chamber.
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Further research requires a study of the qualitative influence of geometrical factors and
mixture parameters on the burning process in a three-dimensional setting, the definition of
numerical values for target parameters, and the definition of measures for the development
of efficient GTP hydrogen-oxygen combustion chambers.

Further three-dimensional modeling of burning may use the kinetic mechanism USC-
II; the results of the calculation thereof match the results of the testing, with errors being
below 5%.
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