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The article is devoted to the investigation of the characteristics of a gas turbine combustion chamber with a steam injection when
operating on hydrogen-containing mixtures and pure hydrogen. The parameters of a cannular combustion chamber with a
separate injection of ecological and energy steam were studied to ensure the stable and ecologically clean chamber’s operation
without the formation of flashback zones. The injection of ecological steam in the area of the vane swirler of the flame tube for the
diffusion-type combustion chamber makes it possible to provide low emissions of nitrogen oxides at significant concentrations of
hydrogen in its mixtures with natural gas, even if the maximum gas temperature in the primary zone of a combustion chamber
increases. For the investigated chamber’s operating modes, the calculated carbon monoxide emission does not exceed 18.1 ppm.
Emissions of nitrogen oxide when the hydrogen content changes from 0 to 50% initially decrease from 36.1 to 17.8 ppm due to
increased steam injection to the combustion zone and then increase to 38 ppm when operating on pure hydrogen. An increase in
the nonuniformity of the temperature field at the combustion chamber outlet with an increase in the hydrogen content in the

mixture with natural gas was noted.

1. Introduction

The use of environmentally friendly gas turbine energy
modules operating on hydrogen-containing gases and hy-
drogen is one of the world’s promising areas for improving
the efficiency of transport and stationary decarbonized energy
systems. This is especially relevant today for the creation of
promising gas turbine plants for floating production storage
and offloading (FPSO) vessels and autonomous mobile en-
ergy means for complex and rapid supply of electricity, heat,
and cold to various industrial facilities, as well as for trans-
portation of gaseous hydrocarbon resources, including pure
hydrogen. The creation of modern decarbonized gas turbine
modules involves the development of fundamentally new
design schemes of low-emission combustion chambers op-
erating on hydrogen-containing gases and hydrogen.

To improve the efliciency of gas turbine units, various
methods are proposed for complicating their thermal
schemes. One such method is the use of a complex
thermodynamic cycle with steam injection into a com-
bustion chamber. The steam generated in the waste heat
boiler is fed into the high-pressure path after the com-
pressor. Such steam-injected gas turbines (STIG) have
high efficiency and specific power [1], which allows them
to be used competitively in various fields, including FPSO
vessels. The steam, together with the combustion prod-
ucts, is usually released into the atmosphere, which leads
to the loss of heat from the evaporation of this water and
the water itself. In installations of the “Aquarius” type
[2, 3] this shortcoming is eliminated by the introduction
of a special contact condenser, which condenses the vapor
contained in the exhaust gases, and the water returns to
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the installation cycle. The “Aquarius” gas-steam turbine
units are the most promising units for use in places where
there are difficulties in preparing large amounts of boiler
water, as they allow not only to return the boiler water to
the cycle but also to obtain excess distilled water due to
condensation of moisture produced by fuel combustion.

The development of decarbonized energy systems
leads to the potential possibility of using gas turbine units
of the “Aquarius” cycle operating on hydrogen-containing
mixtures and pure hydrogen. It is known that low-
emission gas turbine combustion chambers operating on
the principle of a lean pre-prepared air-fuel mixture have
a significant drawback. This disadvantage is associated
with the possibility of the formation of a flashback zone in
the region of preliminary mixing of fuel with an oxidizer.
This disadvantage is especially significant at high hy-
drogen contents in the mixture and when operating on
pure hydrogen.

The destabilizing effect of hydrogen additives on the
flame propagation of pre-mixed mixtures was Micro-Mix,
as described in [4]. It was noted [5] that the known
structural schemes of combustion chambers of gas turbine
engines cannot be used for hydrogen combustion without
modification. This paper proposes a special Micro-Mix
technology to prevent flame flashback. The same con-
clusion was presented in [6], where it was shown that the
basic design of a fuel-burning device cannot be reliably
operated on pure hydrogen, since the flame penetrates the
premixing channels and causes damages. As a result of the
studies carried out in [7, 8], it was concluded that it is
expedient to modify the modern Dry Low NOx (DNL)
low-emission burning system when converting gas tur-
bine combustion chambers to use hydrogen-containing
fuel and pure hydrogen. For this, an interesting DLN
micromix method of fuel combustion is proposed, which
is based on the use of a large number of miniaturized
diffusion-type burners. The authors emphasize that the
diffusion type of combustion of hydrogen-containing
fuels is preferable since the probability of the formation of
flashback zones sharply decreases. Dispersion of the hy-
drogen injection along the length of a combustion
chamber led to an improvement in the temperature level
of the walls and significantly reduced the coefficient of
nonuniformity of the temperature field at the combustion
chamber’s outlet.

Note that in recent years, computer simulation princi-
ples are often used to predict the characteristics of the
working process in combustion chambers operating on
hydrogen-containing gases and hydrogen. For example, in
[9], computational fluid dynamics (CFD) calculations of the
thermal behavior of combustion chamber casings when
operating on hydrogen and a comparison of their charac-
teristics when operating on natural gas are carried out. The
results of full-scale tests are used to verify the models. In [10],
three-dimensional CFD calculations of a fuel-burning device
operating on hydrogen and methane are carried out. It is
noted that when working on hydrogen, there is an increase
in the velocity of the working fluid inside the chemical
reaction zone.

International Journal of Chemical Engineering

Article [11] reviewed the issue of reducing the proba-
bility of flashback formation when hydrogen is used as a fuel.
Three types of burners are considered, differing in the air
flow swirling rate. It was found that with a decrease in the
rate of swirling, the probability of flashback decreases.
However, in this case, an increase in the instability of the
flame front position in a combustion chamber and the
occurrence of undesirable parameter fluctuations is possible.

One way to reduce the flashback risk is to inject steam to
the chemical reaction zone. Combustion of various mixtures
of natural gas with hydrogen in dry and steam-diluted
operating modes for rich-quench-lean (RQL) and pre-mixed
combustion chambers is studied in [12]. Steam dilution is
very effective in reducing nitrogen oxides for both natural
gas and pure hydrogen. Steam reduces the reactivity of
hydrogen and even relatively low steam content can prevent
flashback.

Thus, one of the significant problems that arise when
converting gas turbine combustion chambers to hydrogen-
containing fuels and pure hydrogen is the potential possi-
bility of flashback into the fuel-air mixture preparation zone.
This problem can be solved most simply by using the well-
known principle of diffusion fuel combustion when sepa-
rated flows of fuel and oxidizer are injected into the chemical
reaction zone. But such combustion chambers have a sig-
nificant drawback, determined by the high emission of ni-
trogen oxides in the main operating modes of a gas turbine
engine.

The novelty of the proposed technical solution is the
combination of (a) the principle of diffusion combustion of
fuel with separate supply of components, which provides a
sharp decrease in the probability of flashback zone forma-
tion when using hydrogen-containing gases and hydrogen
and (b) the principle of operation of a combustion chamber
of the “Aquarius” type gas turbine unit with a two-stage
sequential injection of superheated steam to a chamber.
Note that the first part of this steam is injected into the
primary zone of a combustion chamber to reduce the
combustion temperature of hydrogen-containing mixtures,
suppress the formation of nitrogen oxides, and further
suppress the possibility of a flashback zone. Let’s call this
part the steam ecological, because diluting the combustible
mixture with this steam in the primary zone of the gas
turbine combustion chamber leads to a decrease in the rate
of formation of the main environmentally harmful pollut-
ant-nitrogen oxides according to the Zeldovich thermal
mechanism. The second part (energy steam) is separately
injected into the dilution zone of a combustion chamber to
increase the mass flow rate of the working media and raise
specific engine power. Thanks to this proposed distribution
of steam flows, it is possible to ensure stable combustion of
various fuel-air mixtures in a wide range of changes in their
physicochemical properties.

The article aims to investigate the energy and ecological
characteristics of a combustion chamber of the “Aquarius”
type gas turbine unit with steam injection operating on
hydrogen-containing mixtures and hydrogen, as well as to
determine the operating modes that ensure stable com-
bustion of fuel without the formation of flashback zones.
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2. Object of Investigation

A combustion chamber of a 16 MW “Aquarius” type gas
turbine unit [2, 13], which is a cannular diffusion chamber
(Figure 1) with 10 flame tubes, was chosen as the object of
research. The main feature of this design is the injection of
ecological steam into the primary combustion zone and
energy steam into the dilution zone, which makes it possible
to increase the specific power of the engine and significantly
improve its environmental performance.

The injection of ecological steam to the region of the
axial type vane swirler contributes to its good mixing with
the working fluid in the primary (combustion) zone of a
combustion chamber, lowering the maximum combustion
temperature and suppressing the formation of nitrogen
oxides in the flame tube. The injection of energy steam
through a separate pipeline and an annular slot in the area of
the flame tube mixer ensures an increase in the mass flow
rate of the working fluid through a combustion chamber and
the engine turbine part, as well as cooling the combustion
products before being fed into the high-pressure turbine (in
addition to air cooling). It is to be noted that the superheated
steam is generated in the heat recovery steam generator,
which is mounted at the outlet of the gas turbine engine.

The serial combustion chamber is used to burn natural
gas. It is supposed to be modified for burning mixtures of
hydrogen-containing gases and pure hydrogen within the
framework of promising projects for the creation of dec-
arbonized energy systems, including those for FPSO vessels
and stationary power systems.

3. Mathematical Modeling

The modeling of physical and chemical processes in a
combustion chamber of a gas turbine unit of the “Aquarius”
type is based on the solution of differential equations of
mass, impulse, and energy conservation for the multicom-
ponent, turbulent, and chemically reacting system in the
following way [14-16]:

(i) The mass conservation equation,

op -
i = 1
at+V(p1/) S, (D

(ii) The momentum conservation equation,
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(iii) The continuity equation for species,
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(iv) The internal energy equation,
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(v) The turbulent kinetic energy transport equation,
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F1GURE 1: Combustion chamber of the “Aquarius” type gas turbine unit with steam injection: 1-fuel supply; 2-ecological steam injection; 3-
flame tube; 4-energy steam injection; 5-air supply after the high-pressure compressor; 6-gas outlet to the turbine.

TABLE 1: Mechanism of fuel oxidation.

Reaction A E (J/kg mole) B Reaction order
. 2 CHy+3 0,—2 CO+4 H,0 5.012¢+11 2e—08 0 CH, 0.7 0, 0.8
2CO+0,—2 CO, 2.239e+12 1.7e + 08 0 O, 0.25 CO 1.0
2 CH4+3 0,—2 CO+4 H,O 4.64e + 09 1.17e +08 —-0.062 CH, 0.5 0O, 1.066
2 2 CO+0,—2 CO, 3.97e +11 7.68e + 07 0.215 O, 1.756 CO 1.258
2 CO,—2 CO+0, 6.02e +05 1.31e +08 -0.108 CO, 1.357
3 2 H,+0,—2 H,0 9.87¢ +08 3.1e+07 0 H, 1.0 0, 1.0
In most cases, for aerodynamic prediction, the RNG-based . pey (1/4)
k-e-turbulence model was used [17, 18]. In these equations, ¢ § = Ce (ﬁ) >
is the time, p is the mass density of mixture, S, is the mass
added to the continuous phase from the dispersed second Cg =2.1377,
phase and any ui?r—deﬁged sources, p is fluid pressure, 7, is (8)
a stress tensor, g and F are the gravitational and external . y\ (1/2)
body forces, respectively, Y;, R; are the mass fraction and net T = CT(E) )
rate of production of species i by chemical reaction, re-
spectively, ] ; is the diffusion flux of species i, S; is the rate of C, = 0.4082,

creation by addition from the dispersed phase plus any other
source, S;, is the heat of chemical reaction, k and ¢ are the
turbulent kinetic energy and the rate of its dissipation, re-
spectively, u; is the velocity components, y, / , is the effective
viscosity, Gj, represents generation of the turbulence kinetic
energy due to the mean velocity gradients, G, is the gen-
eration of turbulence kinetic energy due to the buoyancy,
Y, represents the contribution of the fluctuating dilatation
in compressible turbulence to the overall dissipation rate, the
quantities a; and «, are the inverse effective Prandtl
numbers for k and ¢, respectively, S, and S, are the user-
defined source terms, C,,, C,,, and Cs, are the constants of
the turbulence model, p,, is the value of the turbulent
viscosity calculated without a swirl modification, Q is the
characteristic swirl number, « is the swirl constant, and f3, S
are the empirical constants.

The eddy-dissipation-concept (EDC) combustion model
[19] was used to determine the energy and environmental
characteristics of the combustion chamber with steam in-
jection. This model assumes that reaction occurs in small
turbulent structures, called fine scales. Species react in fine
structures over a timescale. Reactions proceed over the
timescale, governed by Arrhenius rates and are integrated
numerically using the special ISAT algorithm. So, to cal-
culate the net source of species by chemical reaction, it is
necessary to find the volume fine scale and time scale. The
length fraction and time scales are

where &" is the size of a small-scale reactor which depends on
the kinematic viscosity v, the turbulence kinetic energy k,
and the dissipation rate of the turbulence kinetic energy ¢,
C; and C, are the constants, and 7* is the time within which
a reaction takes place.

For the prediction of the CO emission global, two-step
mechanism of methane oxidation was used as well as its
modification with an additional third reaction for the CO,
decomposition. To determine the hydrogen burnout in a
combustion chamber, a single-stage global oxidation reac-
tion was used. Arrhenius equations were used to calculate
reaction rate constants for all reactions. Necessary values for
the reaction rates calculation are shown in Table 1.

Presented kinetic mechanisms are included in the
mathematical model of the 3-D reacting flow for the nu-
merical experiments with the implementation of the CFD
complex ANSYS Fluent [20].

The following equation was used to determine the
concentrations of nitrogen oxides in a combustion chamber
[21]:

0
3% (PYno) + V- (pUYx0) =V (PDVYy0) +Sx0r  (9)
where Yy, is the NO mass concentration, D is the diffusion

coefficient, U’ is the velocity vector, and Sy, is the source term
depending on the NO, formation (destruction) mechanism.
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The numerical solution of the system of equations
(1)-(9) was carried out by the finite-difference method
described in [19]. Typical root mean square residuals to
establish the solution convergence are about le—4.

To verify the mathematical model of a combustion
chamber with the sequential injection of ecological and
energy steam, the appropriate tests were carried out at the
“Zorja”-“Mashpoekt” Gas Turbine Research & Production
Complex [2, 22]. The experiments were carried out on the
“Aquarius” type gas-steam turbine unit under bench con-
ditions. Unit parameters at nominal operating mode are
power 16 MW, natural gas flow rate 2775 kg/h, air flow rate
through a combustion chamber 32.9 kg/s, air temperature at
the inlet of a combustion chamber 713K, total steam flow
rate 5.256kg/s, steam temperature 583K, and total air
pressure behind the compressor 1.883 MPa. The parameters
of a gas turbine combustion chamber are shown in Table 2
for nine engine operating modes. It should be noted that at
the beginning, the operating modes only with the injection
of energy steam into a combustion chamber were investi-
gated and then with the combined injection of ecological and
energy steam.

To take into consideration, the influence of the number
of nodes of the finite-difference mesh of the 1/10th part of
the combustion chamber of the “Aquarius” type on the
workflow parameters and preliminary calculations were
carried out on a “rare” mesh consisting of 1.8 million tet-
rahedrons and a “dense” mesh consisting of 4.5 million
tetrahedrons. At the same time, the surface meshes for the
corresponding modifications remained unchanged.

As a criterion for comparing the efficiency of the cal-
culation procedure, the total pressure losses inside the
combustion chamber were taken, which were also deter-
mined experimentally. At the nominal operation mode of
the combustion chamber working on natural gas, the total
pressure loss, measured experimentally, was 5.8%. When
using the RNG k-¢ and standard k-e turbulence models, the
total pressure loss for the “rare” mesh was 3.68% and 3.05%,
and 5.7% and 4.9% for the “dense” mess, respectively. It is to
be noted that in all cases, the deviation of the calculated
average temperature in the outlet section of the combustion
chamber did not differ from the experimentally determined
(1374K) one by more than 0.9%. Thus, further in all cal-
culations, the “dense” grid shown in Figure 2 and the RNG k-
¢ turbulence model were used.

Three-dimensional calculations were carried out using
the kinetic schemes presented in Table 1. A comparison of
the calculation results for the proposed model and experi-
mental data is shown in Figures 3 and 4.

Dependencies between the carbon dioxide concentra-
tions at the outlet of a combustion chamber and the relative
gas turbine unit power N, are shown in Figure 3. It can be
seen that the three-stage mechanism 2 (Table 1) gives a
much better agreement between the experimental and
calculated data on CO, concentrations, which can generally
be considered satisfactory. Further calculations of the
energy and ecological parameters of a combustion chamber
with steam injection were carried out for this particular

kinetic mechanism. It should be noted that the greatest
discrepancies occur at partial operating modes of the power
plant.

Diagrams of the exit NO, emission depending on the
relative unit power N, (Figure 4) were built as the results of
the numerical and full-scale tests. The difference between the
calculations and the experimental data can be seen only for
the operating modes with energy steam injection. The usage
of investigated mechanisms gives good agreement with
experimental data for the operating modes with ecological
and energy steam injection. That is very important because
these modes are basic ones for the gas-and-steam turbine
unit.

The dependence of the mass concentrations of carbon
monoxide CO in the combustion chamber’s outlet section
on the ratio of the total steam (ecological and energy)
consumption to the flow rate of gaseous fuel Gg.,,.,/Ggyq 1S
shown in Figure 5. There is a good correlation between
experimental and calculated data.

The presented data indicate the potential of the math-
ematical model used to predict the energy and ecological
characteristics of diffusion-type gas turbine combustion
chambers with steam injection in a wide range of operating
modes. Some discrepancy between the calculated and ex-
perimental data is explained by the complexity of the mixing
and reaction processes under conditions of intense turbu-
lence and swirling flows. The direction of future research is
the application of promising methods of numerical analysis,
such as large eddy simulation [23].

4. Results and Discussion

To calculate the characteristics of the working process in a
promising combustion chamber of the “Aquarius” gas-
steam turbine unit, the corresponding three-dimensional
calculations were carried out using the Ansys Fluent com-
puter complex. When calculating the working process of the
combustion chamber operating on natural gas, hydrogen-
containing mixtures, and pure hydrogen, the following
boundary conditions were used:

(i) For fuel supply 1 (Figure 1), the mass flow rate is
0.07366 kg/s (when operating on natural gas) and
changes with hydrogen additions in proportion to
the change in the net calorific value occur, with fuel
temperature 300 K;

(ii) For ecological steam injection 2, the mass flow rate
varies, with steam temperature 700 K;

(iii) For energy steam injection 4, the mass flow rate
varies, with steam temperature 700 K;

(iv) For air supply 6, the mass flow rate is 2.752 kg/s, air
temperature is 769.3K, and air pressure is
2.383 MPa;

(v) For gas outlet 6, it is pressure outlet.
Note that the total flow rate of steam injected into the

combustion chamber did not change and was equal to
0.455kg/s.
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TaBLE 2: Operating parameters of a gas turbine combustion chamber.

Relative power

Energy steam flow rate (kg/s)

Ecological steam flow rate (kg/s)

0.265 2.130
0.425 2.869
0.485 3.141
0.486 3.150
0.487 2.566
0.589 2.819
0.740 3.152
0.866 3.563
0.868 3.606

FIiGURE 2: Mesh model of the combustion chamber.
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FiGure 3: Calculated and measured CO, concentrations: m-ex-
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(mechanism 2).

Natural gas (a mixture of natural gas with hydrogen or
pure hydrogen) was supplied to the central channel of the
burner device (Figure 1) and then was directed to the pri-
mary zone of a combustion chamber through a system of
holes in the head of the burner device. The air after the high-
pressure compressor entered a combustion chamber diffuser
and was further distributed in the annular gap between
combustion chamber housings (outer and inner) and the
flame tubes and then was directed through the holes into the
flame tubes. Passing through the vane swirler of the flame
tube front device, the air swirled. Due to this, a stable
recirculation zone, as in [24], was formed in the paraxial

ppm

Zl
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FIGURE 4: Comparison of experimental and calculated emission of
nitrogen oxides.
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FIGURE 5: Comparison of experimental and calculated concen-
trations of carbon monoxides.

region of the flame tube, in which hot combustion products
are located. Due to the presence of this zone, reliable ignition
of new portions of fuel and stabilization of combustion
processes of fuel-air mixtures is carried out in a wide range
of changes in fuel, air, and ecological steam flow rate. Such a
scheme for feeding reagents makes it possible to organize the
diffusion mode of combustion and practically eliminate the
possibility of a flashback inside the burner. The feeding of
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the mixture.
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ecological steam is carried out through a separate pipeline in
the area of the vane swirler. This steam is premixed with the
air entering through the swirler blade and contributes to a
decrease in the combustion temperature and a sharp de-
crease in the formation of thermal nitrogen oxides. The
second part of the steam (energy steam) is fed through a
separate pipeline and injected through special openings in
the flame tubes in the area of the dilution zone of a

combustion chamber to increase the mass flow rate of the
working fluid. Subsequently, the resulting gas-steam mixture
is directed to the engine’s high-pressure turbine to perform
work.

Figure 6 shows graphs of gas temperature at the outlet of
a combustion chamber T, and fuel mass flow rate G on
the volume content of hydrogen in a mixture with natural
gas for one flame tube.
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F1Gure 10: Dependences of temperature (a) and NO mole fraction (b) along the flame tube axis at 0 and 100% hydrogen content in the

mixture.

It should be noted that the decrease in fuel flow rate was
calculated in proportion to the increase in the net calorific
value of the fuel mixture with an increase in the amount of
hydrogen. The average gas temperature at the outlet of a
combustion chamber was maintained at about 1523K
(Figure 6) and remained almost constant with a change in
the amount of hydrogen in the mixture.

The temperature distribution in the longitudinal sec-
tion of a combustion chamber with a change in the hy-
drogen volume content in the mixture from 0 to 100% is
shown in Figure 7. One can see some change in the
structure of the burning fuel flame with the concentration
of zones of high temperatures in the axial sections of the
flame tube. This is due to an increase in the fuel flow ve-
locity with an increase in the hydrogen content in the
mixture due to its lower density.

This is confirmed by the graphic dependences of the
working fluid velocity v along the flame tube axis length [
when the hydrogen content changes from 0 to 100% (by
volume) in the mixture (Figure 8). Closer to the outlet
sections of the flame tube, the velocities of the working fluid
are aligned, because the average temperatures of the com-
bustion products at the outlet are maintained constant,
independent of the type of fuel.

The distribution of mass fractions of nitrogen oxide NO
and steam H,O in the longitudinal section of a combustion
chamber with a change in the hydrogen content in the
mixture from 0 to 100% is shown in Figure 9.

It can be seen that when pure hydrogen is burned, the
mass fractions of nitrogen oxide are the largest, which is
determined by the change in the heat release curve inside a
combustion chamber. In this case, the zone of maximum
nitrogen oxide concentrations moves to the flame tube front
part, which determines higher nitrogen oxide emission at the
outlet of a combustion chamber. When pure hydrogen is
burned, more water vapors are formed and their total
volume in the flame tube also increases.

Figure 10 shows the dependences of the temperature and
the mole fraction of nitrogen oxides NO along the flame tube

axis with a change in the hydrogen content from 0 to 100%
(by volume) in the mixture. With an increase in the hy-
drogen content from 0% (natural gas) to 100% (pure hy-
drogen), the nature of the heat release curve along the length
of the flame tube is transformed in such a way that the
content of nitrogen oxides in cross-sections close to the
outlet increases.

However, this trend is violated at hydrogen contents in
the mixture (by volume) of 25, 50, and 75%. This is evi-
denced by the contours of the mass fractions of nitrogen
oxides NO in the flame tube outlet section for five different
values of the hydrogen content in the mixture (Figure 11), as
well as the distribution of average NO emissions at the outlet
of a combustion chamber (Figure 12).

As expected, carbon monoxide emission with an increase
in the hydrogen content in the mixture constantly falls and
reaches zero values when pure hydrogen is burned (Fig-
ure 10). This is due to the intensification of combustion of
the main fuel-air mixture, some increase in the maximum
combustion temperature inside the chamber’s volume re-
duces the total carbon content in the mixture. When the
hydrogen content changes from 0 to 50%, nitrogen oxide
emission initially decreases from 36.1 to 17.8 ppm due to a
decrease in the oxygen concentration during fuel combus-
tion intensification and the corresponding rise of steam
feeding to the primary zone. Furthermore, the amount of
nitrogen oxides rises to 38 ppm when operating on pure
hydrogen as the result of an increase in the peak temper-
atures of the working fluid.

In all cases, for the investigated operating modes, the
calculated CO content at the combustion chamber outlet
does not exceed 18.1 ppm, which corresponds to the Eu-
ropean requirements for emission from gas turbine engines
[24]. When the hydrogen content in the mixture is from 25
to 75%, the calculated emission of nitrogen oxide NO does
not exceed 20.7 ppm, which also meets the requirements of
[25]. Some excess nitrogen oxide emissions when operating
on pure hydrogen can be compensated by the redistribu-
tion of the amount of ecological and energy steam injected
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F1Gure 11: Contours of mass fraction of NO at the outlet section of a combustion chamber for different volume content of hydrogen in the

mixture: 0% (a), 25% (b), 50% (c), 75% (d), and 100% (e).

into a combustion chamber, which requires additional
studies.

Another unfavorable moment that occurs when a com-
bustion chamber of the considered design is converted from
natural gas to hydrogen is an increase in the nonuniformity of
the temperature field at the flame tube outlet. Figure 13 shows
the dependence of the coeflicient of the overall nonuniformity
of the temperature field at the outlet of a combustion chamber
0 on the hydrogen content in the mixture.

It should be noted that the coefficient of the overall
temperature nonuniformity was determined by the fol-
lowing formula:

6 — max av) (10)

max

where T, and T,, are the maximum and average tem-
peratures at the flame tube outlet, respectively.

With an increase in the hydrogen content in the mixture
from 0 to 100%, the coefficient of the overall nonuniformity
of the temperature field increases from 6.74 to 13.64%. This
is explained by an increase in the fuel velocity at the burner
outlet in the axial sections of the flame tube during the
transition from natural gas to pure hydrogen. This unde-
sirable phenomenon can be eliminated by changing the
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volume content of hydrogen in the mixture.

distribution of secondary air in the region of the flame tube
mixer and by modifying the geometry of the mixer itself.

It should be noted that for all the investigated operating
modes, no flashback zones were observed in the volume of
the burner device, which once again confirms the advantages
of the diffusion scheme of fuel combustion.

5. Conclusions

To determine the effect of the hydrogen content in a mixture
with natural gas on the energy and emission characteristics
of a gas turbine combustion chamber with steam injection,
the three-dimensional CDF design method was used. For the
first time, a technical solution has been proposed that
combines the principle of diffusion combustion of fuel and
the organization of the operation of a combustion chamber
of gas turbine plants of the “Aquarius” type with a two-stage
sequential injection of superheated steam to a chamber.
Ecological steam is injected into the primary zone of a
combustion chamber to suppress the formation of nitrogen
oxides and reduce the maximum combustion temperature of
hydrogen-containing fuel, and energy steam is separately
injected into the dilution zone of a combustion chamber to
increase the mass flow rate of the working mixture.

An increase in the hydrogen content in the mixture for the
investigated combustion chamber with the separate injection
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of ecological and energy steam leads to a decrease in carbon
monoxide CO emission due to the intensification of the
combustion of the fuel-air mixture in the primary zone of a
combustion chamber and reducing the total carbon content
in the mixture. For the investigated chamber’s operating
modes, CO emission does not exceed 18.1 ppm, which cor-
responds to modern European requirements for emissions
from gas turbine engines. Emissions of nitrogen oxide NO
when the hydrogen content changes from 0 to 50% initially
decrease from 36.1 to 17.8 ppm due to increased steam in-
jection to the primary zone; and then increase to 38 ppm
when operating on pure hydrogen. Further work is required
to redistribute the flow rates of ecological and energy steam
injected to a combustion chamber to minimize emission.

For all the investigated modes of operation of a com-
bustion chamber with sequential steam injection, the for-
mation of flashback zones in the volume of the burner device
was not observed, which once again confirms the advantages
of the chosen diffusion scheme of fuel combustion.
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