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Abstract

:

Currently, the issue of creating decarbonized energy systems in various spheres of life is acute. Therefore, for gas turbine power systems including hybrid power plants with fuel cells, it is relevant to transfer the existing engines to pure hydrogen or mixtures of hydrogen with natural gas. However, significant problems arise associated with the possibility of the appearance of flashback zones and acoustic instability of combustion, an increase in the temperature of the walls of the flame tubes, and an increase in the emission of nitrogen oxides, in some cases. This work is devoted to improving the efficiency of gas turbine power systems by combusting pure hydrogen and mixtures of natural gas with hydrogen. The organization of working processes in the premixed combustion chamber and the combustion chamber with a sequential injection of ecological and energy steam for the “Aquarius” type power plant is considered. The conducted studies of the basic aerodynamic and energy parameters of a gas turbine combustor working on hydrogen-containing gases are based on solving the equations of conservation and transfer in a multicomponent reacting system. A four-stage chemical scheme for the burning of a mixture of natural gas and hydrogen was used, which allows for the rational parameters of environmentally friendly fuel burning devices to be calculated. The premixed combustion chamber can only be recommended for operations on mixtures of natural gas with hydrogen, with a hydrogen content not exceeding 20% (by volume). An increase in the content of hydrogen leads to the appearance of flashback zones and fuel combustion inside the channels of the swirlers. For the combustion chamber of the combined-cycle power plant “Vodoley”, when operating on pure hydrogen, the formation of flame flashback zones does not occur.
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1. Introduction


At present, the global problem of the decarbonization of power systems is manifested with particular urgency in combustion engines of various types: internal combustion engines (ICE) [1,2], gas turbines (GT) [3,4], gas engines (GE) [5,6] as autonomic ones [7,8] or as driving engines in integrated energy systems (IES) [9,10], and trigeneration plants (TPG) [11,12]. They are used in stationary applications [13,14] for the combined cooling, heat, and power supply (CCHP) for building and district purposes [15,16], as well as in ship [17,18] and railway applications [19,20].



There are several general directions for the greening of power plants as a whole and for the ecologization of the engines; for example, through distributed energy generation in IES [21,22] and TGP [23,24] or CCHP [25,26], by conditioning cyclic intake air [27,28] and charged air [29,30], or by its intercooling in GT [31,32]. The latter is achieved in proportion to fuel saving. However, very often the ecologization of engines is accompanied by an increase in fuel consumption, as in the method of the reduction of nitrogen oxides, formed during combustion at high temperatures in exhaust emissions, through exhaust gas recirculation (EGR), which reduces the amount of oxygen at the inlet of the engine cylinders by replacing it with exhaust gases, forming an inert gas [33,34]. In this case, the waste of fuel that covers the energy spend for recirculation and the heat lost when exhaust gas cleaning the scrubbers can be offset by cyclic air-cooling the engines [35,36] which uses the heat of the recirculated gas, as well as the rest of the gas leaving the exhaust boilers [37,38].



Most fuel saving technologies that lead to ecologization are based on engine exhaust heat utilization and energy conversion [39,40]. Deep exhaust gas heat utilization can be provided by the application of low temperature condensing surfaces [41,42]. Efficient heat recovery is implemented in heat recovery chillers (WHCh) on low-boiling refrigerants and circulation circuits [43,44] in special heat exchangers [45,46] by intensifying heat and mass transfer [47,48].



The advanced technologies [49,50] and methods used to determine the necessary values of the thermal loads for ambient air moderate and deep cooling [51,52] in two-stage air coolers [53,54] were developed to match actual loading through the rational distribution of the installed refrigeration capacities [55,56] in hybrid cooling systems [57,58]. Such combined in-cycle trigeneration technologies provide the maximum fossil fuel saving accompanied by the minimum nitrogen oxides and sulfur oxides in the exhaust gas.



The quite promising trend in reducing the harmful emissions from power plants to the environment is associated with the part-replacement of fossil fuels by water-fuel emulsion (WFE) [59,60]. The combustion of WFE is accompanied by microexplosions that enhance the fragmentation of WFE droplets, which intensifies the combustion processes. The reduced particles are involved in the exhaust gas flow, which leads to a decrease in their deposition on the condensing economizer surfaces and their thermal resistance.



The transformation of energy systems based on the use of fossil fuels into a sustainable and decarbonized system is one of the main tasks of our time [61]. Achieving energy decarbonization requires decisive action in sectors of the economy that are heavily dependent on hydrocarbons. In this regard, the role of solar, wind, geothermal, and other renewable energy sources is seriously increasing [62,63,64], and its share in electricity generation in the EU will reach 60% by 2030. Many of the systems listed above can be actively used in the production of “green” hydrogen for various heat engines and installations [65]. The prospects of solar, wind, and hybrid-powered electrolysis technologies in producing hydrogen are noted.



Carbon-neutral technologies are becoming one of the defining directions in the development of gas turbine engines and the installations based on them [66]. Well-known gas turbine companies (GE Power, Mitsubishi Heavy Industries, Ansaldo Energia, Siemens Energy, etc.) have extensive experience in creating and operating hydrogen plants [67,68].



The insufficient combustion stability of premixed mixtures of hydrogen and air was noted in [68]. For the high-quality combustion of pure hydrogen, the authors proposed a new Micro-Mix combustion system [69].



The work of [70] was devoted to the investigation of the capability of replacing natural gas with a part of pure hydrogen. To determine the optimal geometric and operating parameters of a fuel-burning device, the authors of [71] studied the characteristics of a combustion chamber working on methane–hydrogen mixtures.



Modeling a gas turbine combustion chamber using Computational Fluid Dynamics (CFD) methods [72] revealed the features of such a combustion chamber, consisting of the impossibility of safe operation on pure hydrogen due to flame propagation into the middle of the premixer.



In [73], the defining parameters of a turbine with a power of 30 kW, which operated on natural gas and hydrogen, were considered.



The study [74] showed that the so-called “dry” low-emission devices for burning hydrocarbon gaseous fuel (natural gas) cannot be directly used when converting it to hydrogen. The influence of the main parameters of the combustion chamber on the features of the propagation of a hydrogen flame and the formation of pollutants—nitrogen oxides— was analyzed in [75] based on a promising device of the Micromix type. Using modern methods of Computational Fluid Dynamics, the theoretical study of a combustor working on methane–hydrogen mixtures was carried out [76].



To reduce the overheating of the structural elements of the combustion chamber, an original nozzle design was proposed in [77]. Mathematical modeling based on modern computer systems was used in the study of the patterns of hydrogen–air mixture burnout inside a gas turbine combustion chamber.



The results of theoretical studies on the features of chemically reacting flows in the combustor of a gas turbine engine were given in [78]. Using the Ansys Fluent computer system, the authors of [79] analyzed the behavior of a gas turbine combustor that runs on hydrogen and methane.



In [80], it was also concluded that it is necessary to modernize the design scheme of the gas turbine combustion chamber when it is transferred from traditional gaseous fuel to pure hydrogen.



An effective method is known to reduce the possibility of a flashback of the hydrogen flame by supplying steam to the first combustor’s zone. The work of [81] analyzed the efficiency of the combustion of pure hydrogen and mixtures of hydrogen with natural gas for rich-quench-lean (RQL) and premixed combustion chambers.



The role of gas turbine technologies in the development of low-carbon energy systems is great and, of course, is determined by the efficiency and reliability of their operation. The most tangible results can be achieved using complex thermodynamic cycles for gas turbine plants. The use of a gas–steam cycle with the injection of superheated steam into the combustion chamber of a gas turbine engine has been promising. In the heat recovery circuit of the installation, the steam of appropriate parameters is generated, which is fed into the combustion chamber. Similar installations, which are called steam injected gas turbines (STIG), have high technical and economic indicators [82] and are used in various energy sectors.



In a gas–steam turbine plant of the “Aquarius” type [83,84], it has been proposed to use a special condenser installed at the exhaust of the gas turbine engine, which condenses moisture and returns it to the energy circuit. The implemented gas–steam power plant [83] uses a contact-type condenser for effective operation. As in conventional cogeneration plants, the energy from the exhaust gases is used to generate steam in a waste heat boiler.



Such installations with the generation of excess distilled water are very promising, especially when operating in areas with a lack of fresh water and a hot climate. The development of stationary energy systems leads to the need to use similar “Aquarius” type power plants operating on pure hydrogen.



The problems that arise during the combustion of hydrogen fuel in the combustion chamber of a gas turbine engine were considered above: the probability of the generation of a flashback (especially for combustion chambers with components preliminary mixing), the possibility of increasing the emission of nitrogen oxides due to an increase in temperature in the reaction zone, an increase in the flame tube wall temperature, and in some cases the occurrence of thermoacoustic instability. These problems are more pronounced with an increase in the amount of hydrogen mixed with other hydrocarbons.



In this study, we propose to solve the problem of flashback, which occurs when pure hydrogen is burned in a combustion chamber, using the “Aquarius” technology and the principle of the diffusion combustion of components. To suppress the generation of nitrogen oxides in high-temperature areas, it is proposed to divide the steam flow supplied to the chamber into two parts, one of which (so-called ecological steam) is fed to the primary chamber’s zone, and the other (so-called energy steam) to the dilution zone.



The aim of this investigation is to improve the ecological efficiency of gas turbine power systems by combusting pure hydrogen and natural gas–hydrogen mixtures using the principles of (a) the preliminary mixing of components and (b) diffusion combustion with steam injection into the burning zone, as well as to find the operating modes that provide stable fuel combustion without the formation of flashback zones.




2. Materials and Methods


The methodology followed included three main phases. First, a mathematical model was first developed for calculating the aerodynamics and kinetics of flows in the combustion chambers of gas turbines. At the same time, the features of the organization of the operation process (a) of gas turbine combustion chambers with reagent premixing and (b) diffusion-type combustion chambers are taken into consideration (Section 2.1). Secondly, the scheme of a gas turbine plant with steam injection into the combustion chamber is presented in Section 2.2. This concept is promising from the point of view of efficient combustion of hydrogen-containing mixtures and pure hydrogen. Thirdly, a comparison of the calculated and experimental data of serial gas turbine engines was carried out to verify the developed mathematical models (Section 2.3). Based on the developed models and schemes, theoretical investigations of the effectiveness of the burning of pure hydrogen and mixtures of natural gas with hydrogen in gas turbine combustion chambers of various types in terms of emissions of toxic components and the presence of a flashback zone have been carried out (Section 3).



For the theoretical analysis of the processes of combustion of hydrogen-containing gases and hydrogen, as well as their influence on the processes of flame propagation, it is recommended to use the global kinetic mechanism of combustion, as well as the method of three-dimensional numerical modeling using Computational Fluid Dynamics (CFD) models.



A general methodological novelty of this research is to combine the principles of environmentally friendly and stable combustion of hydrogen-containing fuels and pure hydrogen (without the generation of a flashback zone) in gas turbine combustion chambers. It is proposed that for the case of operation on a mixture of natural gas with hydrogen, this can be achieved through the use of special radial–axial swirlers located in the front device of the flame tube. For the case of operation on pure hydrogen, it is most expedient to use a diffusion combustion chamber with steam injection.



The novelty of this solution lies in combining the principle of a separate supply of an oxidizer (air) and fuel (hydrogen) into the combustion chamber with a two-stage feeding of superheated steam, which is implemented in the thermal scheme of the “Aquarius” type gas–steam turbine power plant. The first part of this steam (so called ecological steam) is supplied into the combustion chamber’s primary zone to reduce the combustion temperature and suppress the formation of nitrogen oxides and flashback possibility. The second part of this steam (so called energy steam) is separately supplied into the combustion chamber’s dilution zone to raise specific power.



The advantages of this approach are manifested in a sharp decrease in the likelihood of a flashback zone in the elements of the flame tube and low emissions of nitrogen oxides when regulating the supply of ecological steam to the combustion chamber’s primary zone.



2.1. Mathematical Model of the Combustion Chamber


For the purpose of theoretical analysis of the working process in gas turbine combustion chambers of different types, the approach proposed in [85,86,87,88,89,90,91,92,93] was applied.



The mass conservation equation or the continuity equation is written in a form [85].



The equation of conservation of momentum [85]:


   ∂  ∂ t   ( ρ  v →  ) + ∇ ⋅ ( ρ  v →   v →  ) = − ∇ p + ∇ ⋅ (  τ  s t   ) + ρ  g →  +  F →  ,  



(1)




where  ρ  is the flow mass density,     υ →    is the local flow velocity vector,    ρ  g →     and   F →   are the gravitational and external forces,    τ  s t     is the stress tensor,  p  is the static pressure.



Turbulence was taken into account using the RNG k-ε model [88]:


     ∂  ∂ t   ( ρ k ) +  ∂  ∂  x i    ( ρ k  u i  ) =     =  ∂  ∂  x j         α k   μ  e f f       ∂ k   ∂  x j      +  G k  +  G b  − ρ ε −  Y M  +  S k  ,    



(2)






     ∂  ∂ t   ( ρ ε ) +  ∂  ∂  x i    ( ρ ε  u i  ) =     =  ∂  ∂  x j         α ε   μ  e f f       ∂ ε   ∂  x j      +  C  1 ε    ε k  (  G k  +  C  3 ε    G b  ) −  C  2 ε    ρ    ε 2   k  −  R ε  +  S ε  .    



(3)






    μ  t 0   =    C μ  ρ  k 2   ε  ,    μ t  =  μ  t 0   f    α s  , Ω ,  k ε    ,     R ε  =    C μ  ρ  η 3    1 −  η   η 0        1 + β  η 3       ε 2   k  ,     η = S k / ε .   



(4)







In these equations, k is the turbulence energy, ε is the dissipation rate of the turbulence energy,    G k    and    G b    are the generation of a turbulence energy,    Y M    is the contribution of fluctuations to the energy dissipation rate. The quantities    α k    and    α ε    are the inverse Prandtl numbers for quantities k and ε, and    S k    and    S ε    are the additional source terms.



This model takes into consideration the effect of flow swirling on turbulence, which improves the accuracy of calculations in the primary zone of the gas turbine combustion chamber, where significant circulation flows occur, which are caused by the presence of special stabilizers.



The energy conservation equation [85,93]:


   ∂  ∂ t     ρ E   + ∇ ⋅    υ →    ρ E + p     = ∇ ⋅    k  e f f   ∇ T −   ∑  j    J →  j  +      τ =    e f f   ⋅  υ →      +  S h  ,  



(5)




where  E  is the total energy,     J →  j    is the diffusion flux,      τ =    e f f     is the effective viscosity,    k  e f f     is the effective conductivity. The term    S h    represents heat of chemical reaction inside the combustion chamber.



In the general case, the equation for the concentration of components    Y i    of a chemical system has the form [89,93]:


   ∂  ∂ t     ρ  Y i    + ∇    ρ  υ →    Y i    = − ∇ ⋅   J →  i  +  R i  +  S i  ,  



(6)




where    R i    is the rate of generation of the i-th component,    S i    is the level of generation of the i-th element from other sources,     J →  i    is the mass diffusion of the i-th chemical element.



The net source of the i-th component    R i    is calculated as the sum of sources over the    N R    Arrhenius reactions in which the component takes part:


   R i  =  M  w , i     ∑   r = 1    N R     R  i , r   ,  



(7)




where    R  i , r     is the Arrhenius molar rate,    M  w , i     is the molecular weight of the i-th species.



Consider chemical reactions r that proceed in this way:


    ∑   i = 1  N   v  i , r  ′   Μ i     ⇔   k  b , r        k  f , r       ∑   i = 1  N   v  i , r  ′   Μ i  ,  



(8)




where  N  is the quantity of chemical species,    Μ i    is the chemical symbol,    k  f , r     is the forward rate constant,    k  b , r     is the backward rate constant,    v  i , r  ′    and    v  i , r    ″      are the stoichiometric coefficients.



The molar rate of generation for the i-th component [89]:


   R  i , r   = Γ    v  i , r   ″   −  v  i , r  ′    ⋅    k  f , r     ∏  j = 1    N r          C  j , r        η  j , r  ′      −  k  b , r     ∏  j = 1    N r          C  j , r        η  j , r   ″         ,  



(9)




where    η  j , r  ′    is the rate exponent of the direct reaction,    η  j , r    ″      is the exponent for the reverse reaction,    C  j , r     is the molar concentration.



 Γ  is the net effect of third bodies:


  Γ =   ∑  j N   γ  j , r    C j  ,  



(10)




where    γ  j , r     is the third-body factor.



The forward rate constant:


   k  f , r   =  A r   T   β r     e  −  E r  / R T   ,  



(11)




where    E r    is the activation energy,    β r    is the temperature exponent,  R  is the gas constant,    A r    is the pre-exponential factor.



To investigate the parameters of a gas turbine combustion chamber that works on hydrogen-containing gases, two combustion models were used: (1) the Finite-Rate/Eddy-Dissipation (FR/ED) and (2) the Eddy Dissipation Concept (EDC). Both of these models are implemented in the Ansys Fluent computer system.



Using the FR/ED model, the reaction rate is calculated taking into consideration turbulent mixing [89]:


   R  i , r   =  v  i , r  ′   M  w , i   A ρ  ε k    min  R     Y R     v  R , r  ′   M  w , R     ,          R  i , r   =  v  i , r  ′   M  w , i   A B ρ  ε k      ∑  P   Y P      ∑  j N   v  j , r    ″     M  w , j     ,  



(12)




where  A , B are the empirical constants,    Y P    is the mass fraction of any product,    Y R    is the mass fraction of the reactant R.



The EDC combustion model includes detailed chemical kinetics with allowance for fluctuating parameters [90,91]. This model considers that the reaction takes place in certain turbulent structures called fine scales. To calculate the speed of the chemical reaction, it is necessary to determine: (a) the time scale and (b) the volume fine-scale.



The speed of formation of the i-th component:


   R i  =   ρ   (  ξ *  )  2     τ *  [ 1 −    ξ *   ) 3         Y     i   *  −  Y i    ,  



(13)




where    ξ *  =  C ξ         ν ε     k 2        1 / 4     is the reactor size,    C ξ  = 2.137 ,    C τ  = 0.408   are the constants,    τ *  =  C τ   v / ε    is the chemical reaction time,      Y i *    is the fine-scale mass fraction.



To simulate the processes of combustion of pure hydrogen and a mixture of natural gas (represented by methane) with hydrogen, a global kinetic mechanism is proposed, which is shown in Table 1.



The kinetic mechanism is based on the methane and hydrogen combustion mechanisms presented in the Ansys Fluent database, taking into consideration the CO reaction rate factors proposed in [86,87].



To calculate the formation of nitrogen oxides, the following equation was used [92]:


   ∂  ∂ t     ρ  Y  NO     + ∇ ⋅   ρ  υ →   Y  NO     = ∇ ⋅   ρ D ∇  Y  NO     +  S  NO    



(14)




where    Y  NO     is the NO concentration (by weight),    S  NO     is the source term depending on the NOx mechanism,   D   is the diffusion coefficient.



The method for solving a system of differential equations describing processes in gas turbine combustion chambers is described in detail in [84,93,94].




2.2. Determining the Parameters of the “Aquarius” Type Power Plant


To improve the efficiency of gas turbine plants, it is most expedient to increase the thermodynamic parameters of the engine: the pressure ratio and the maximum temperature of the cycle, as well as the addition of a number of new elements that allow us to utilize the heat of waste gases by complicating the thermal scheme of the power plant. This article discusses the possibilities of the technological scheme “Aquarius” for the transfer of existing power plants to hydrogen-containing fuels.



“Aquarius” units with steam injection into the gas turbine engine flow path are characterized by [95]:




	
a large increase in power—up to 80%;



	
minimum values of NOx and CO emissions;



	
low capital costs per unit of installed capacity.








In principle, there are two types of installations operating according to the “Aquarius” cycle—installations with an unconverted (S1) and a converted (S2) gas turbine engine flow path.



S1 type units can be used with high efficiency both in the cogeneration variant—with the transfer of steam to an external consumer, and for obtaining additional electrical energy when steam is supplied to the engine flow path. At the same time, in both cases, high efficiency of the installation is ensured. Such capabilities of S1 type units can allow steam to be used with maximum efficiency to optimize plant operation. Due to the conversion of the flow path of the gas turbine engine, S2 units provide maximum power and efficiency when operating in the steam injection mode.



An additional positive effect of the installations operating according to the “Aquarius” cycle is a significant improvement in the environmental characteristics of the gas turbine engine. Part of the steam is supplied to the combustion zone of the gas turbine engine combustion chamber. In this case, the fuel combustion process is optimized and the level of emissions of nitrogen oxides NOx is significantly reduced.



During the operation of a gas turbine plant according to the well-known STIG cycle, after operation in the engine flow path, together with the exhaust gases, the steam is irrevocably carried away into the atmosphere. In this case, a large amount of boiler water is thrown out. To replenish boiler water, it is necessary to have a special water treatment plant. In some cases, the release of large quantities of gas–steam mixture adversely affects the ecology of nearby areas. The original technology “Aquarius” allows for the separation of the steam from the exhaust gases for reuse in the cycle.



As mentioned above, to raise the efficiency of pure hydrogen combustion in a gas turbine combustor, it is advisable to employ the diffusion principle of combustion with a simultaneous supply of steam to the primary zone of the chamber. This can be implemented in a gas–steam turbine plant of the “Aquarius” type [84,95].



The design scheme of the power plant of the “Aquarius” type is shown in Figure 1. Combustion products are formed during the combustion of pure hydrogen or natural gas–hydrogen mixture and mixing them with superheated steam injected sequentially to the primary zone of the chamber and the dilution zone. Next, the mixture of combustion products and steam enters the compressor’s and generator’s turbines.



In a contact type condenser installed at the exhaust pipe of the waste heat boiler, due to irrigation with water, the gas–steam mixture is cooled to a temperature lower than the dew point, water is precipitated, and condensate is collected. The collected condensate enters the collector, is cleaned of impurities, and is fed back to the waste heat boiler. For water regeneration, the design of a contact condenser was developed. To improve the environmental performance of gas turbine engines, part of the steam supplied to the combustion chamber enters directly into the primary combustion zone (ecological steam supply), while the rest (energy supply) is mixed with gas inside the delusion zone.



A positive effect of the operation of “Aquarius” type plants is their ability to generate an additional amount of fresh water, which is formed as a result of a chemical reaction of hydrocarbon fuel oxidation when it is burned in a combustion chamber. Therefore, the amount of water deposited in the contact condenser is greater than the amount of steam produced by the waste heat boiler.



The main parameters of the installation with steam injection into the combustion chamber were determined according to the thermogasdynamic method, described in detail in our previous work [96]. The developed mathematical model consists of two main modules. The first module is a model of a basic gas turbine engine loaded on an electric generator, which is verified according to the manufacturer’s data under ISO conditions. In the second module, the defining parameters of the base gas turbine engine are recalculated for the conditions of its operation as part of a thermal circuit with a waste heat boiler and a contact condenser, taking into consideration changes in the thermophysical properties of the working medium during steam injection into the combustion chamber.



Comparison of the efficiency of a real power plant of the “Aquarius” type with a gas turbine unit and a steam-water heat recovery circuit of similar parameters showed an increase in the efficiency of the plant by 1.5–2.0%, as well as a significant improvement in weight and size indicators due to the absence of a steam turbine in the installation.




2.3. Verification of Calculated Data


To verify the results of numerical calculations, experimental data from tests of serial combustion chambers of gas turbine engines produced by Gas Turbine Research and Production Complex “Zorja”-“Mashpoekt”, Ukraine, were used [95,97].



The first type of chamber (with premixing of components) is shown in Figure 2. The second type of chamber (with steam injection) is shown in Figure 3.



The main element of the combustion chamber with premixing of components for a 25 MW gas turbine engine is a burner, which includes two special radial–axial swirlers, behind which is located an annular mixing chamber. Gaseous fuel is supplied to the flow part of the swirlers through a series of small diameter holes and is mixed there with the air coming after the compressor. A new technical solution in the design in Figure 2 is the supply of gaseous fuel into the interblade channels of two radial–axial swirlers. The fuel supply to the inner channel ensures the stabilization of the flame front at all engine operating modes, and the fuel supply to the outer channel forms the main air–fuel mixture with a high air excess coefficient to minimize the formation of nitrogen oxides.



The combustion chamber of the “Aquarius” gas–steam power plant with a capacity of 16 MW is a diffusion chamber of a tubular-annular type. A characteristic feature of the combustion chamber is the injection of steam into different parts of the chamber, namely the combustion zone and the dilution zone. This increases the power of the plant and reduces concentrations of nitrogen oxides. An innovative design solution in Figure 3 is the dispersed steam supply along the length of the combustion chamber, as well as the ratio of steam flow rates supplied to these zones to reduce nitrogen oxide emissions.



To verify the mathematical model proposed in Section 2.1, we calculated the emission of NO in the combustor with the premixing of components shown in Figure 2, working on natural gas. The results of the estimations were compared with the data of physical experiments obtained at the experimental combustion chamber [91]. The comparison for different working regimes, which differ in the consumption of gaseous fuel (natural gas) through the nozzle    G f   , are shown in Figure 4. Good agreement with the data is seen. The correlation coefficient between the results of experiments and numerical calculations is 0.985. A match was also made between the numerical and experimental data on the combustion product’s temperature at twenty-five controlled measuring points for seven working regimes, which showed that the maximum discrepancy in finding the average temperature did not exceed 3%.



Moreover, a match was made between the numerical and experimental parameters for the combustion chamber with steam injection, shown in Figure 5.



The dependences of the nitrogen oxide NO content on the relative power of the gas turbine plant (operating mode)    N e    were obtained as the results of the numerical calculations and full-scale tests. A satisfactory correlation of the data is also seen. The correlation coefficient between the results of experiments and numerical calculations is 0.986. The deviation of the calculated data from the experimental values for the concentrations of nitrogen oxides does not exceed 5% for the main operating modes of the combustion chamber.



Thus, the use of the proposed continuum-type mathematical model and a simple global kinetic mechanism of fuel combustion make it possible to predict the parameters of gas turbine combustion chambers of various types. This makes it possible to use it to study the characteristics of fuel-burning devices that differ from the prototypes both in design forms and in the type of fuel.



The tasks of the efficiency analysis of the combustion of hydrogen-containing gases and pure hydrogen are (a) to ensure the stable operation of the chamber without a flashback into the zones of preparation of combustible mixtures, (b) to eliminate unstable self-oscillatory modes in the combustion zone, (c) to increase the completeness of fuel combustion (minimize CO emissions during the combustion of hydrogen mixed with natural gas), (d) c to reduce emissions of nitrogen oxides, (e) to reduce the non-uniformity of the temperature field at the exit from the combustion chamber, etc.





3. Results


3.1. Calculation Grids and Initial Parameters


Serial combustion chambers were designed to burn natural gas. In the first stage of creating decarbonized systems, it is planned to transfer them to a natural gas–hydrogen mixture with pure hydrogen and study the possibility of working on pure hydrogen. For this purpose, the corresponding three-dimensional numerical calculations of the flow and the energy characteristics of combustion devices operating on hydrogen and mixtures of natural gas and a certain part of hydrogen were carried out. The finite volume method is used for the calculation.



Before the calculations, three-dimensional geometric models of gas turbine combustion chambers and the corresponding grids were created, which are shown in Figure 6.



The created computational grids are a set of tetrahedral unstructured elements. For the considered sector 22.5° of the combustion chamber with preliminary mixing, the grid consists of 2.7 million elements. For the considered sector 36° of the combustion chamber with steam injection, the grid consists of 3.8 million elements.



Three-dimensional geometries of combustion chambers were built using the SolidWorks program, finite-difference grids—using the ICEM CFD program, and three-dimensional fuel combustion calculations—using the Ansys Fluent program.



The initial parameters of the working media (per one flame tube) for the combustion chamber with preliminary mixing were as follows: air inlet pressure at 1.505 MPa, air flow rate at 3.31 kg/s, air temperature at 759 K, fuel temperature at the inlet at 310 K, its flow rate when operating on hydrogen was 0.02823 kg/s, and with the addition of natural gas it changed according to the change in net calorific value.



The initial parameters of the working media (per one flame tube) for the combustion chamber with steam injection were as follows: air inlet pressure at 2.383 MPa, air flow rate at 2.7515 kg/s, air temperature at 769.3 K, fuel temperature at the inlet at 300 K, its flow rate when operating on hydrogen was 0.03045 kg /s, and with the addition of natural gas it changed according to the change in net calorific value. For all calculations, the flow rate of ecological steam was 0.205 kg/s, and the flow rate of energy steam was 0.25 kg/s at a steam temperature of 700 K.




3.2. Aerodynamics and Temperature Distribution


Figure 7 shows the contours of velocity magnitude inside the combustor with the preliminary generation of a hydrogen–air mixture inside the swirlers’ channels and in the combustion chamber with ecological and energy steams feeding (for the “Aquarius” type power installation).



For a premix combustor, fuel is supplied through multiple rows with small holes in the blades of the swirlers (internal and external) into the flow path of these swirlers, where it mixes with air. This mixture is supplied into the combustion chamber’s primary zone, where it is reliably ignited due to the recirculating gases. The distribution of fuel consumption inside the inner and outer swirlers was maintained equal to 0.24 (taking into account the recommendations of [97]). For the combustion chamber with steam injection, the volume of the recirculation zone is smaller; however, the stable ignition and combustion of the fresh mixture are ensured by variable local values of the air excess coefficient.



Figure 8 shows how the magnitude of the velocity of the working fluid changes along the length of the flame tube. It can be seen that the premixed combustion chamber operating on pure hydrogen is characterized by a sharp increase in velocity in the channels of the burner device (in the internal cavity of the radial–axial swirlers), which is due to undesirable flame propagation in these areas. In the chamber with steam injection in the area of the nozzle device, a gradual decrease in the velocity is observed.



Figure 9 shows the contours of the temperature inside the combustion chamber with the preliminary component’s mixing and inside the combustion chamber with steam injection.



It can be seen that in the premixed combustion chamber, when operating on pure hydrogen, there is a flashback from the recirculation zone, which is formed in the axial chamber’s sections, into the inner and outer radial–axial swirlers. This is explained by the high velocity of the turbulent propagation of the hydrogen flame compared with the velocity of the hydrocarbon flame. In the channels of the swirlers, chemical reactions occur between the fuel and the oxidizer, which, during engine operation, will lead to local overheating of the material and emergencies. Thus, without a serious modification of the burner device of such a combustion chamber, it is impossible to ensure the satisfactory operation of the entire gas turbine power complex.



In the diffusion combustion chamber with steam injection, there is no flashback zone. Combustion begins at a certain distance from the fuel injector, and the structure of the flame is determined by the aerodynamics of air, fuel, and steam flows.



The maximum gas temperatures inside the flame tube are slightly higher for the gas turbine combustion chamber with premixing (2560 K) compared with the combustion chamber with steam feeding (2330 K).



Figure 10 shows the change in temperature along the axis of the flame tube. The initial sections of the burner with premixing are characterized by a sharp surge in gas temperature in the cavities of the swirlers. It should be noted that serial flame tubes operating on natural gas do not provide for such conditions, which will lead to the overheating of metal surfaces and their possible destruction when operating on hydrogen.



In the chamber with steam injection, a monotonous increase in gas temperatures along the length of the primary zone is observed, followed by a decrease in temperature due to air in the dilution zone.



Figure 11 shows the contours of temperatures in the outlet section of the considered combustion chambers. It can be seen that for the premixed combustion chamber, the uniformity of the temperature field at the outlet is very high, which indicates a very good quality of mixing of the components. At the outlet from the chamber with steam injection in the central part, a higher temperature core is traced, which is a consequence of insufficient penetration of the energy steam jet into the dilution zone.




3.3. Ecological Parameters of Combustion Chambers


One of the most important characteristics of fuel combustion efficiency is the emissions of toxic components, which are strictly regulated by national and international standards. Therefore, of particular interest are emissions of nitrogen oxides (during the combustion of pure hydrogen), as well as emissions of nitrogen oxides and carbon monoxide (during the joint combustion of natural gas and hydrogen).



For the premixed combustion chamber, several calculations were carried out that made it possible to establish that stable combustion in the primary zone of the chamber without the generation of a flashback occurs at a concentration of hydrogen (by volume), in its mixture with natural gas, of up to 20%. For this hydrogen content, calculations of the formation of nitrogen oxides in the chamber were carried out (Figure 12).



It can be seen that the combustion process begins at the outlet of the axial swirlers and does not propagate into their internal cavities. CO is formed only in the areas closest to the burner; then, it is actively further oxidized to CO2 and has almost zero values at the outlet. The zone of the maximum concentration of nitrogen oxides NO corresponds to the areas with the maximum product temperature, which is explained by the thermal mechanism of the generation of NOx from the air. The average calculated NO concentration at the outlet of the combustion chamber is 18.44 ppm.



The results of calculations of ecological parameters for the combustion chamber of the “Aquarius” type power plant with the injection of overheated steam and operating on pure hydrogen are shown in Figure 13.



Nitrogen oxides are formed in the primary zone of the chamber; however, due to the thermophysical properties of hydrogen and its high penetrating power, relatively high concentrations of nitrogen oxide are also observed in the zone of energy steam injection. The average calculated NO concentration at the outlet of the combustion chamber is 37.97 ppm.



The calculated parameters of the combustion chambers with preliminary component mixing and with steam injection are shown in Table 2.





4. Conclusions and Future Work


The global problem of the decarbonization of energy systems leads to the need to use hydrogen fuels. This provision also applies to gas turbine systems widely used in various fields. In this work, theoretical studies of the possibility of the environmentally friendly combustion of pure hydrogen and mixtures of natural gas with hydrogen in gas turbine combustion chambers were carried out. The following schemes were chosen for analysis: (a) the combustion chamber with the mixing of components in the channels of axial–radial swirlers, and (b) the combustion chamber of the “Aquarius” type power plant with a sequential injection of ecological and energy steam into the combustion chamber.



To determine the characteristics of the combustion of the above fuels, as well as to determine the modes of stable combustion without flashback zones, a corresponding mathematical model of the continuum type was developed. A global chemical scheme for the burning of a mixture of natural gas with hydrogen is recommended, which predicts with sufficient accuracy the emission and aerodynamic parameters of various types of gas turbine combustion chambers. When using this kinetic scheme, the deviation of the calculated data from the experimental values for the concentrations of nitrogen oxides does not exceed 5% for the main operating modes of the combustion chamber; the maximum error in determining the integral temperature at the chamber’s outlet does not exceed 3%.



A mathematical model has been developed for calculating the cycle of a gas–steam turbine plant with steam injection, which made it possible to determine the parameters necessary for designing combustion chambers.



An analysis of the presented results allows us to conclude that the considered scheme of the premixed combustion chamber can only be recommended for operation on mixtures of natural gas with hydrogen, and the amount of hydrogen in the mixture should not exceed 20% (by volume). The calculated concentration of nitric oxide NO at the outlet of the combustion chamber in working regimes without the flashback does not exceed 20 ppm, which complies with international requirements for emissions of toxic components. The calculated concentration of CO at the outlet of the chamber does not exceed 1 ppm, which indicates the complete burnout of hydrocarbon components and the high efficiency of the combustion processes. An increase in the concentration of hydrogen in a mixture with natural gas leads to the appearance of flashback zones and fuel combustion inside the channels of the swirlers.



For the first time, to organize the sustainable combustion of hydrogen in a gas turbine combustion chamber without the presence of flashback zones, an approach was proposed that combined two principles of combustion chamber operation: (a) with a two-stage sequential injection of ecological and energy steam and (b) fuel diffusion burning with a separate supply of components, which was implemented in the “Aquarius” type thermal scheme. Ecological steam is supplied into the primary combustion zone to prevent the formation of nitrogen oxides, and energy steam is injected into the dilution chamber’s zone to increase the specific engine power.



When operating on pure hydrogen for the combustion chamber with steam injection, a flashback zone is not formed, which proves the advantage of a separate supply of components. The average calculated NO concentration at the outlet of the combustion chamber is 37.97 ppm.



Further studies are needed to expand the zone of stable operation of the gas turbine premixed combustor and to eliminate the generation of a flashback with an increase in the concentration of hydrogen.



For gas turbine combustion chambers with a sequential supply of ecological and energy steam, additional theoretical and experimental investigation is needed to optimize the distribution of steam flow rates in terms of minimizing the emission of nitrogen oxides and organizing the efficient cooling of the walls of a combustion chamber operating on pure hydrogen.



The gas turbines with developed combustion chambers can be used in power plants on the base of a simple [98,99] and combined [100,101], as well as regenerative [102], gas turbine cycle. Considering the great influence of ambient air on the efficiency of gas turbines [103,104], the turbine intake air cooling (TIAC) technologies [105] by inlet fogging [106], the application of compression refrigeration machines [107], and the exhaust gas heat recovery chillers of absorption lithium-bromide [108,109] and aqua-ammonia [110,111] types, as well as the simplest in design ejector chillers [17,112] through hybrid dual-coolant cooling [113] in conventional plate fin and tube heat exchangers [114,115] and advanced high efficient Maisotsenko coolers [116,117], such waste heat recovery engine air cooling technologies have found a widespread application in combined heat, cooling, and power plants [118,119], or trigeneration systems [120,121], in various fields of application [20,122,123,124,125]. Therefore, further studies might be focused on the development of gas turbine green technologies combined with TIAC.
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Figure 1. The scheme of the “Aquarius” type power plant: 1—gas turbine engine; 2—waste heat boiler; 3—steam-gas condenser; 4—electric pump; 5—condensate collector; 6—cooler; 7—power consumer; 8—gas outlet; 9—gas turbine combustion chamber. 
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Figure 2. Combustion chamber with premixing of components: 1, 2—fuel collectors; 3, 4—fuel supply lines; 5—casing of compressor; 6—burner; 7—spacer; 8—frame; 9—flame tube; 10—turbine casing; 11—diffuser; 12—housing. 
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Figure 3. Combustion chamber of the “Aquarius” gas–steam power plant with steam injection: 1—ecological steam supply; 2—energy steam supply; 3—fuel supply; 4—air inlet. 
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Figure 4. Concentrations of NOx at the outlet of the combustion chamber with preliminary mixing of the components. 
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Figure 5. Computed and experimental concentrations of nitrogen oxides in the combustion chamber with steam injection. 
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Figure 6. Calculation grids of the combustion chamber with preliminary component mixing (a) and with steam injection (b). 
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Figure 7. Contours of velocity magnitude, m/s, inside the combustion chamber with preliminary component mixing (a) and with steam injection (b). 
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Figure 8. Velocity magnitude distribution along the flame tube length for the combustion chamber with preliminary component mixing (a) and with steam injection (b). 
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Figure 9. Contours of temperature, K, inside the volume of combustion chamber with preliminary component mixing (a) and with steam injection (b). 
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Figure 10. Temperature distribution along the flame tube length for the combustion chamber with preliminary component mixing (a) and with steam injection (b). 
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Figure 11. Contours of temperature, K, at the outlet of the combustion chamber with preliminary component mixing (a) and with steam injection (b). 
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Figure 12. Contours of temperature (a), mass fraction of CO (b), mass fraction of NO (c) in longitudinal section, and mass fraction of NO at the outlet (d) for the premixed combustion chamber at 20% H2 (by volume). 
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Figure 13. Contours of mass fraction of NO in longitudinal section (a) and at the outlet (b) for combustion chamber with steam injection. 
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Table 1. Rate constants of chemical reactions.






Table 1. Rate constants of chemical reactions.





	
Reaction

	
A

	
E, J/kg Mole

	
β

	
Order of Reaction






	
CH4 + 1.5 O2 → CO + 2 H2O

	
4.64 × 109

	
1.17 × 108

	
−0.062

	
CH4

	
0.5

	
O2

	
1.066




	
CO + 0.5 O2 → CO2

	
3.97 × 1011

	
7.68 × 107

	
0.215

	
O2

	
1.756

	
CO

	
1.258




	
CO2 → CO + 0.5 O2

	
6.02 × 105

	
1.31 × 108

	
−0.108

	
CO2

	
1.357

	

	




	
H2 + 0.5 O2 → H2O

	
9.87 × 108

	
3.1× 107

	
0

	
H2

	
1.0

	
O2

	
1.0
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Table 2. Calculation results.
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	Parameters
	With Preliminary Mixing
	With Steam Injection





	Air pressure at the inlet, MPa
	1.50
	2.38



	Air flow rate per flame tube, kg/s
	3.31
	2.75



	Air temperature, K
	759
	769



	Fuel temperature, K
	310
	300



	Composition: hydrogen/natural gas (by volume)
	20/80
	100/0



	NO content at the outlet, ppm
	18.40
	37.97



	CO content at the outlet, ppm
	0.86
	0.0
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