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The article is devoted to investigation of the possibilities of creating highly efficient and competitive Ukrain-

ian gas turbine engines (GTEs), which correspond to modern environmental requirements for new genera-

tion energy modules. One of the most important directions of solving this problem is considered, namely, the 

possibility of realizing a complex thermal circuit of a gas turbine unit (GTU) - the scheme "Aquarius" with 

the utilization of exhaust gases heat and the injection of ecological and energy water steam into the flowing 

part of a combustor.  The possibilities of reducing emission of harmful components, in particular, of nitrogen 

oxides, are analyzed, while organizing the process of a 25 MW gas turbine combustor with the supply of wa-

ter steam to the primary and secondary chamber’s zones. Three-dimensional calculations of the aerodynam-

ic structure of chemically reacting flows in a gas turbine combustor were performed with the help of methods 

of computational fluid dynamics (CFD). The results of theoretical investigations of gas turbine combustor’s 

emission characteristics at different ratios of the ecological and energy steam consumptions are presented, 

their rational values are revealed. The main results of the work can be used at power engineering enterpris-

es for upgrading and modernizing existing and designing models of low-emission combustors of GTE. 
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1. Introduction 
 

An important direction of raising the efficiency 

of using hydrocarbon fuel and reduction of its con-

sumption, increasing the operation and environmental 

parameters of up-to-date stationary and transport 

power systems is usage of modern methods of upgrad-

ing operation in the combustors. Task-oriented usage 

of environmental friendly technologies is urgent 

which allow mitigation of the main pollutants emis-

sion.  

Applying of gas turbine units is one of the pro-

spective directions of upgrading power systems, in-

creasing their economical efficiency, environmental 

compatibility and reliability. Due to this, the latest 

decade shows special intense development of gas tur-

bine engineering in the technically developed coun-

tries, including Ukraine.  

The main requirements for modern GTUs apart 

from economical efficiency, reliability and long ser-

vice life are also a significantly low level of pollutants 

emission and high stability of combustors.  

Nitrogen oxides (NOx) have the highest toxicity 

and their part can reach 90-95% in the total toxicity of 

exhaust gases of GTUs in the nominal mode. Depend-

ing on the formation mechanism nitrogen oxides can 

be divided into the following types [1, 2]: thermal (at 

atmosphere nitrogen oxidation in afterflame process-

es), overbalance (due to fast reactions in the flame 

front) and fuel (at oxidation of nitrogen in the fuel). 

Their absolute amounts and correlations can differ 

depending on the factors which influence the oxida-

tion processes and on fuel nitrogen content.  

One of the most perspective methods for de-

creasing the thermal nitrogen oxides emission is the 

water steam injection into the primary flame zone, 

which reduces the flame temperature. In the other 

way, decreasing of the temperature inevitably causes 

the destabilization of the burning processes, especially 

for the partial modes of the gas turbine work.  

The development of a new generation of gas tur-

bine combustors should be based on better under-

standing of the physical and chemical processes of 

turbulent combustion in highly recalculating flows 

and ability of such combustors modeling taking in 

account complicity of their 3D geometry and variety 

of operation modes [3, 4]. Due to intensive develop-

ment and achieved progress in numerical solutions of 
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the fluid dynamics and chemical kinetics equations it 

is now possible to model the main physical and chem-

ical processes inside combustors that are difficult to 

study experimentally. That could dramatically reduce 

expenses required for research and development of 

perspective combustors. 

The goal of the presented article is to investigate 

the emission characteristics of the combustor of a 25 

MW gas turbine unit with the utilization of exhaust 

gases heat and the injection of ecological and energy 

water steam into the flowing chamber’s part. 

 
2. Research object 
 

An efficient method of hazardous emission sup-

pression in GTE combustors is supply of a small 

amount of water or steam to the combustion zone. 

There are so called combustors with a “wet” way of 

toxic components emission suppression (wet low 

emission WLE). Combustion zone cooling and signif-

icant (by 30-40%) reduction of nitrogen oxides emis-

sion take place [5-7]. This method is especially urgent 

in the diagrams of gas turbine units with a heat recov-

ering loop when a part of steam (so called ecological 

steam) is supplied to the primary zone of the combus-

tor for suppression of nitrogen compounds formation.  

Figure 1 shows a diagram of a combustor by 

General Electric GE Frame 6B with injection of pre-

liminary prepared fuel and steam mixture via fuel 

nozzles and power-generating steam via specific 

steam nozzles. These nozzles are installed in the inter-

tube space [5]. It should be mentioned that there is 

additional supply of cooling steam to jet vanes of the 

first turbine stage. In order to control the parameters 

of the contact unit the steam temperature and pressure 

are controlled in all the piping of its supply. Such 

diagram provides stable parameters of combustion, a 

low noise and vibration level and significantly de-

creases hazardous components emission.  
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Figure 1 – Diagram of a combustor GE Frame with 

steam injection 

 

The gas-pumping aggregate GPU-16K installed 

at the Stavischens'ka compressor station (Cherkasy 

region, Ukraine) is equipped with 16 MW gas turbine 

unit with water steam injection. A combustor of the 

GTU of the “Aquarius” type produced by Gas Turbine 

Research and Production Complex “Zorya”-

“Mashproekt” (Mykolayiv) is a diffusion combustor 

of a pipe-annular type (Fig. 2) with 10 combustion 

liners [6-7]. The main special feature of this design is 

supply of ecological water steam to the primary com-

bustion zone and power-generating steam to the mix-

ing zone which allows increasing the specific engine 

power and significant improving of ecological param-

eters.  

For the investigation of the ecological character-

istics the thermal scheme of the “Aquarius” type gas 

turbine unit (Fig. 2) was selected which allows to 

separate moisture from the exhaust gases for its reuse 

in the thermodynamic cycle.  

 

 

 
 

Figure 2 – GTU combustor with water steam injec-

tion:  

1 – ecological steam supply; 2 – power-generating 

steam supply; 3 – gas supply; 4 – air input after a 

high-pressure compressor 

 

Note that earlier at the National University of 

Shipbuilding theoretical investigations of the working 

process in a gas turbine combustor with water steam 

injection were carried out [7], and they were also veri-

fied according to model and full-scale physical exper-

iments.  

The modeling of physical and chemical 

processes in a gas turbine combustor with steam 

injection was based on the averaging of systems of 

equations using partial derivatives which describe the 

mass, energy, momentum and chemical component 

conservation laws in the multicomponent reacting 

turbulent system [3, 7]. 

Diagrams of the exit NOx concentrations as a 

function of the relative power eN  (Fig. 3) were 

constructed [7] to show the results of the numerical 

and full-scale experimental tests. The essential 

difference between the calculations and the 

experimental data can be seen only for the operating 

modes with energy steam injection. The use of 

proposed chemical mechanisms [7] gave good 

agreement with experimental data for the operating 
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modes with ecological and energy steam injection. 

That is very important because these modes are basic 

ones for gas-and-steam turbine power plants.  

 

 
 

Figure 3 – Calculated and measured NO emission: 

 – without steam injection (experiment);  – energy steam 

injection (experiment);  – ecological and energy steam 

injection (experiment);  , ,  , ,  – 

calculation with different mechanism for CO formation  

 
Calculations [7] were carried out for the gas tur-

bine unit GTU-16K with relatively low parameters of 

the working fluid (the maximum gas temperature at 

the turbine inlet is 1374 K and the total air pressure 

after the compressor is 1.88 MPa). Therefore, when 

designing novel gas turbine engines with increased 

inlet turbine gas temperatures and pressure ratios, it is 

necessary to determine the influence of the ratio of 

ecological and energy steam flow rates on the main 

combustor’s ecological characteristics, namely the 

nitrogen and carbon oxides in the exhaust.     

 
3. Research results 

 
Using the methods of computational fluid 

dynamics (CFD) three-dimensional calculations of the 

working process inside the combustor of a promising 

gas turbine unit with power of 25 MW and water 

steam injection were carried out. The initial 

parameters of the working medium: the maximum gas 

temperature at the turbine inlet is 1600 K and the total 

air pressure after the compressor is 2.50 MPa.     

For numerical calculations a geometric model of 

the 1/16 part of the internal space of a gas turbine 

combustor with injection of water steam into the 

flame tube flowing part was created (Fig. 4).  

The combustor has an annular design with ten 

flame tubes. The main feature of its design is feeding 

ecologically-beneficial water steam into the primary 

combustion zone and energy-beneficial steam into the 

mixing zone, which allows an increase in specific 

engine power and considerably enhances the 

ecological characteristics. 

On the basis of the geometric model a finite-

element model of the 1/16 part of a gas turbine com-

bustor was created (Fig. 5). 

 

Figure 4 – Three-dimensional geometric model of a 

combustor 
 

 
 

Figure 5 – Finite-element gas turbine combustor’s 

model  

 

For gas turbine combustor with steam injection 

calculation the Eddy-Dissipation-Concept (EDC) 

model (detailed Arrhenius chemical kinetics incorpo-

rated in flames with turbulent fluctuations) has been 

used.  

The EDC model assumes that reaction occurs in 

small turbulent structures, called fine scales. Species 

react in the fine structures over a timescale. Reactions 

proceed over the timescale, governed by Arrhenius 

rates and are integrated numerically using special 

algorithm [8, 9].  

The mathematical model of the nitrogen oxides 

emission used in this article is a system of mass trans-

fer equations that takes into consideration convection, 

diffusion, as well as the formation and decomposition 

of NO and related compounds, and is derived on the 

basis of the law of conservation of mass. The influ-

ence of the reagent residence time in a reactive vol-

ume on the mechanism of NOx formation is taken into 

consideration in the convective terms of the defining 

equations recorded in the Euler reference frame. For 

“thermal” and “fast” nitrogen oxides the transport 

equation for NO is to be solved, written in a vector 

form, based on the equation of mass conservation for 

individual chemical components of the mixture [9]: 

 

      NONONONO SYDYY
t




  , 

 

where  is the density; YNO is the mass concentration 

of NO; D is the diffusion coefficient; 
  is the velocity 
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vector; YNO is the source term, which is determined by 

the mechanism of NOx formation.   

For the prediction of the CO emission, a global 

two-step mechanism of methane oxidation was used 

as well as its modification with an additional third 

reaction for CO2 decomposition. The Arrhenius 

equation was used to calculate reaction rate constants 

for all the 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 carrying out 

numerical experiments with implementation of the 

CFD complex. 

 

Table 1 – Mechanisms of methane oxidation 
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β Reaction order 

OH2COO5,1CН 224   5.12e+11 2e+08 0 СН4 0.7 О2 0.8 
1 

22 COO5,0CO   2.39e+12 1.7e+08 0 О2 0.25 СО 1 

OH2COO5,1CН 224   4.4е+9 1.17е+8 
-

0.062 
СН4 0.5 О2 1.066 

22 COO5,0CO   3.7е+11 7.68е+7 0.215 О2 1.756 СО 1.258 2 

22 O5,0COCO   6.02е+5 1.31е+8 
-

0.108 
СО2 1.357   

 
 

The proposed mathematical model is used for in-

vestigation of the working processes in a gas turbine 

combustor with injection of ecological and energy 

steam. Design features of a considered combustor 

indicate dominance of a diffusive mechanism of burn-

ing. A numerical experiment with different ratios of 

ecological and energy steam was conducted. 

Figure 6 shows the temperature field in the longi-

tudinal section of the combustor of 25 MW "Aquari-

us" type GTU with different ratios of ecological and 

energy steam. With an increase in the amount of eco-

logical steam a decrease in the temperature of the 

working fluid in the primary combustion zone is ob-

served. 

The concentrations of nitrogen oxide in the lon-

gitudinal section of the "Aquarius" type gas turbine 

tube are significantly reduced with the increase in the 

flow rate of ecological steam (Fig. 7), and the concen-

tration of carbon monoxides is slightly changed 

(Fig. 8). 

As a result of numerical three-dimensional exper-

iments with different ratios of the ecological and en-

ergy steam, a graphs of the dependence of NO and CO 

emissions in the outlet section of a gas turbine com-

bustor on the ratio of the flow rates of the ecological 

and energy steam were obtained (Fig. 9). 

There is a decrease in emissions of nitrogen 

oxides NO with an increase in the flow rate of 

ecological steam. So, when the ratio of the mass  flow 

rate of the ecological steam to the energy steam is 

0.45/0.55, the lowest calculated emission of nitrogen 

oxides is 37.9 ppm. 

 
a 

 
b 

 
c 

 

Figure 6 – Temperature field in the longitudinal sec-

tion of the fire tube with different ratio of the ecologi-

cal and energy steam:  

a) 0.15/0.85; b) 0.25/0.75; c) 0.40/0.60 

 
 

 
a 

 
b 

 
c 

 

Figure 7 – Nitrogen oxide concentration in the longi-

tudinal section of the fire tube with different ratio of 

the ecological and energy steam: a) 0.15/0.85; b) 

0.25/0.75; c) 0.40/0.60 
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a 

 
b 

 
c 

 

Figure 8 – Carbon monoxide concentration in the 

longitudinal section of the fire tube with different ratio 

of the ecological and energy steam:  

a) 0.15/0.85; b) 0.25/0.75; c) 0.40/0.60 
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Figure 9 –Dependences of NO and CO emissions on 

the ratio of ecological and energy flow rates 

 
Taking into consideration the mixing of the 

cooling air with the combustion products in the 

turbine flow part (about 12%), the estimated emission 

of nitrogen oxides in the GTU exhaust system will be 

about 30 ppm, which satisfy the modern European 

requirements for gas turbine engines working on 

gaseous fuels. 

The temperature field in the outlet section of the 

combustor’s flame tube is shown in Fig. 10.  

The nonuniformity of the temperature field is 

significantly affected by the inequality of water steam 

supply into the fire tube, which arises due to the une-

qual flow of water steam through the holes in the pri-

mary and secondary combustor’s zones when passing 

 
 

Figure 10 – Temperature field in the outlet section of 

the flame tube   

 

through the steam collectors. This issue must be given 

considerable attention when modifying combustor 

design during experimental tests. 

     

4. Conclusions  
 

1. The analysis of the main directions of toxic 

components emission reduction in combustors of gas 
turbine engines working on hydrocarbon fuels has 

been carried out, as well as a promising means of min-
imizing nitrogen oxides emissions due to implementa-

tion of the thermal scheme "Aquarius" with waste heat 
utilization and injection of ecological and energy wa-

ter steam into the combustor’s flowing part. 
2. A three-dimensional mathematical model of 

turbulent chemically reacting flows in combustors of 

the gas turbine engines, which is based on the numeri-
cal solution of the system of differential equations 

describing the basic laws of conservation of energy 
and the transport of chemical components in a turbu-

lent chemically reacting system, has been further de-
veloped. 

3. For the first time theoretical investigations of 
influence of the distribution of ecological and energy 

water steam flow rates on the ecological characteris-
tics of 25 MW gas turbine unit operating on gaseous 

fuel have been carried out. 
4. It was found that the nonuniformity of the 

temperature field at the combustor’s outlet is signifi-
cantly influenced by the unevenness of water steam 

supply into the fire tube, which arises due to the une-
qual flow of water steam through the holes in the pri-

mary and secondary combustor’s zones 

5. Taking into consideration the mixing of the 
cooling air with the combustion products in the tur-

bine's flow part, the estimated emissions of nitrogen 
oxides in the gas turbine exhaust system will be about 

30 ppm, which satisfy the modern European require-
ments. 
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Дослідження емісійних характеристик газотурбінної камери згоряння 
з впорскуванням водяної пари  
 
К. С. Бурунсуз, В. В. Кукліновський, С І. Сербін  

Національний університет кораблебудування ім. адм. Макарова, просп. Героїв України, 9, Миколаїв, 54002, 

Україна 

 

Стаття присвячена дослідженню можливостей створення високоефективних і конкурентоспро-

можних вітчизняних газотурбінних двигунів (ГТД), що відповідають сучасним екологічним вимогам 

до енергетичних модулів нового покоління. Розглянуто один з актуальних напрямків вирішення цієї 

проблем, а саме можливості реалізації складної теплової схеми газотурбінної установки (ГТУ) – 

схеми “Водолій” з утилізацією теплоти відпрацьованих газів та впорскуванням екологічної та енер-

гетичної водяної пари в проточну частину камери згоряння. Проаналізовано можливості зменшення 

викидів шкідливих компонентів, зокрема повітряних оксидів азоту, при організації робочого процесу 

камери згоряння газотурбінної установки потужністю 25 МВт з подачею водяної пари в первинну 

та вторинну частину камери. За допомогою методів обчислювальної гідродинаміки (CFD) проведено 

тривимірні розрахунки аеродинамічної структури хімічно реагуючих потоків в газотурбінній камері 

згоряння. Представлено результати теоретичних досліджень емісійних характеристик газотурбін-

ної камери згоряння при різних співвідношеннях витрат екологічної та енергетичної пари, виявлено 

їх раціональні значення.  Основні результати роботи можуть бути використані на підприємствах 

енергомашинобудування при доводці й модернізації існуючих і проектуванні перспективних зразків 

низькоемісійних камер згоряння ГТД. 

 
Ключові слова: Камера згоряння, Газотурбінна установка, Токсичний компонент, Оксид азоту.     
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