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Учитывая, что в последнее время активно разрабатывается тема использования метано-

водородных смесей в качестве топлива для газотурбинных двигателей, используемых в составе 

энергетических установок, необходимо иметь инженерные методики по расчету топливной системы 

и камеры сгорания двигателей, работающих на таком топливе. В данной статье предла- 

гается методика, позволяющая выполнить такие расчеты. Для расчета взята газотурбинная  

установка  на базе конвертированного авиационного двигателя НК-16СТ.  

Расчет по данной методике производится в три этапа. На первом этапе выбирается состав и 

определяются теплофизические характеристики рассматриваемого газа. На втором – производится 

расчет топливной системы, строятся расходные характеристики топливной системы двигателя и  

системы камеры сгорания. Производится сравнение расходных характеристик, построенных для 

природного газа и метано-водородной смеси. Данный анализ позволяет выработать рекомендации по 

оптимизации конструкции топливоподводящей аппаратуры и топливных форсунок в части изменения 

объема внутренних каналов. На третьем этапе производится расчет камеры сгорания и 

вырабатываются рекомендации о необходимости изменения фронтового устройства или 

перераспределения воздуха по длине жаровой трубы. С помощью параметра объемной 

теплонапряженности выполняется оценка достаточности имеющегося объема жаровой трубы для 

работы на метано-водородной смеси и определяется средняя температура газа в зоне горения камеры 

сгорания. 

По результатам выполненной работы подтверждена возможность работы газотурбинной  

установки НК-16СТ на метано-водородной смеси, сделаны выводы, что для подвода больших  

объемов метано-водородной смеси, по сравнению с природным газом, требуется увеличить размеры 

топливных трубопроводов, агрегатов дозирования, регулирования и топливных форсунок. 
 

Ключевые слова: газотурбинный двигатель, энергетическая установка, камера сгорания, метано-

водородное топливо, топливная система. 
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Taking into account the fact that recently the topic of using methane-hydrogen mixtures as a fuel for gas 

turbine engines used in power plants has been actively developed, it is necessary to have engineering methods 

for calculating the fuel system and combustion chamber of engines operating on such fuel. The paper proposes 

the methodology that allows performing such calculations. A gas turbine unit (GTU) based on a converted 

aircraft engine NK-16ST was taken for the calculation. 

The calculation according to this method is carried out in three stages. At the first stage the composition is 

selected and the thermophysical characteristics of the gas under consideration are determined. At the second 

stage the fuel system is calculated, the consumption characteristics of the engine fuel system and the 

combustion chamber system are built. The consumption characteristics built for natural gas and for methane-

hydrogen mixture are compared. The analysis makes it possible to develop recommendations for optimizing 

the design of the fuel supply equipment and fuel nozzles in terms of changing the volume of internal channels. 

At the third stage the combustion chamber is calculated and recommendations about the need to change the 

flame tube head or redistribute air along the flame tube length are made. The volumetric heat intensity 

parameter is used to estimate the sufficiency of the available volume of the flame tube for operation on 

methane-hydrogen mixture and to determine the gas average temperature in the combustion zone of the 

combustion chamber. 

The possibility of operation of the NK-16ST gas turbine unit on a methane-hydrogen mixture was confirmed on the 

basis of the results of the work performed. It was also concluded that in order to supply large volumes of methane-

hydrogen mixture in comparison with natural gas, it is required to increase the size of fuel pipelines, metering and 

control units and fuel nozzles. 
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Introduction. It is generally accepted that natural gas should be replaced by hydrogen fuel in the long 

term. Hydrogen is the most efficient and environmentally friendly fuel. Its properties make it possible to 

increase the efficiency of heat engines and power plants, and the real cycle of the engine when operating 

on hydrogen tends to the theoretical one to a greater extent than in case with any hydrocarbon fuel. The 

use of methane-hydrogen fuel helps to reduce the toxicity of emissions by 35–40%. The volume of 

greenhouse gas emissions and the operating fuel consumption are also reduced.  

Therefore, at present in Russia and abroad much attention is paid to the development of technology for 

producing methane-hydrogen mixtures (MHMs) made in the processes of adiabatic conversion of 

methane (ACM). The resulting methane-hydrogen mixture can be used as fuel for ground driven gas 

turbine engines. 

This issue requires a thorough scientific study, since the use of methane-hydrogen fuel can lead to 

changing the engine design and operational parameters. Therefore, the paper proposes a general universal 

method for calculating the fuel system and combustion chamber for adapting a GTU to work on methane-

hydrogen fuel [1]. 

The calculation is divided into three parts. In the first part of the calculation the thermophysical 

characteristics of the gaseous fuel of the available composition are determined. In the second part the 

calculation of the fuel system is carried out, and recommendations for optimizing its design are formed. 

In the third part the combustion chamber is calculated and recommendations are made both on the need to 

change the fuel nozzles and on the redistribution of the air supply holes along the flame tube length [2; 3]. 

Object of the research. A gas turbine unit based on the NK-16ST engine is considered as the object 

of the research. 



The NK-16ST gas turbine engine (Fig. 1) is designed for the gas production industry and power 

engineering. It is based on the NK-8-2U aircraft engine. It is used in gas-pumping units GPA-Ts-16. 

Natural gas is used as fuel. 

 

  Fig. 1. Gas turbine engine NK-16ST 

 

Рис. 1. Газотурбинный двигатель НК-16СТ 

 

The engine parameters are listed in table 1. 

 

Table 1 

Main parameters of GTE NK-16ST 

Parameter name Value 

Power, MW 16 

Net efficiency, %  29 

Pressure ratio 8.85 

Fuel gas consumption, kg / hour 4240 

Working fluid consumption, kg / sec. 98 

Gas temperature in front of the turbine, K 1100 

Power turbine rotation frequency, rpm 5300 

Temperature of gases at the outlet of the ST, °C 450 

 

Technical solutions that make it possible to implement single-zone diffusion combustion which is 

most acceptable for ensuring the combustion of gases of various compositions [4] are incorporated in the 

serial combustion chamber of the NK-16ST engine.  



 

Fig. 2. Combustion chamber of GTU NK-16ST 

  

Рис. 2. Камера сгорания ГТУ НК-16СТ 

 

The combustion chamber (Fig. 2.) consists of an outer 1 and an inner 2 housing, a gas collector 3, 

pipelines 4 for supplying fuel to the nozzles 5, a flame tube 6 containing casings 7 with holes 8 and mixer 

nozzles 9. Flame tube head 10 contains 32 burners 11. The flame tube is circular, multi-section, providing 

convective-film cooling of the walls [5]. 

Determination of thermophysical characteristics of gaseous fuel. To perform the first part of the 

calculations the composition of the methane-hydrogen mixture serving as fuel is considered. Its net 

calorific value is calculated and the stoichiometric coefficient is determined. The composition of the 

methane-hydrogen mixture adopted for the calculation is given in table 2. 

 

Table 2 

Composition of methane-hydrogen mixture  

Component Molar mass Mi, kg / mol 
 Net calorific value Hu, MJ / 

kg 

Volume fraction 

vi, % 

Ethane C2H6 0.0301 47.5 0.016 

Hydrogen H2 0.002016 119.83 0.299 

Methane CH4 0.016042 50 0.685 

The calculation of the molar concentration of each component is carried out according to the 

formula: 

02404,0

i
iC


  (1) 

where iC  is molar concentration of the i-th component, mol / m3; i  is the volume fraction of the i-th 

component; 0,02404 m3/mol = 0,0224 m3/mol (293,15 К/273,15 К) is molar volume of ideal gas at 20 ˚С 

(293,15 K) and pressure 101325 Pa, where 0,0224 m3/mol is molar volume of ideal gas at 0 ˚С and 

pressure 101325 Pa. 



Knowing the molar concentration iC  and molar mass iM  (Table 2) of each component, we 

determine the mass concentration of each component contained in 1 m3 of methane-hydrogen mixture i , 

kg / m3 [6] 

iii MC  (2) 

where i  is the mass concentration of the i-th component in 1 m3 of coke oven gas, kg / m3. 

The sum of the components masses contained in 1 m3 of methane-hydrogen mixture will be the mass 

of 1 m3 of methane-hydrogen mixture, i.e. its density will correspond to: 


i

i =0,43kg/m3 

(3) 

where ρ is the density of the methane-hydrogen mixture, kg / m3. 

We determine the mass fraction of each component: 




 i

i  , 
(

4) 

where i  is the mass fraction of the i-th component. 

The results of calculating the mass fractions of the components are shown in table 3. 

Table 3  

Mass fractions of the components 

Component Component mass in 1 m3 i, kg / m3 Mass fraction ωi 

Ethane C2H6 0,020 0,039 

Hydrogen H2 0,025 0,049 

Methane CH4 0,457 0,910 

 

As the mass fractions of the components are known, we can calculate the mass calorific value. For the 

composition under consideration, the net calorific value of the methane-hydrogen mixture HuMH, MJ / kg 

is: 

HuMH 
i

iui H =53,38 MJ / kg =53,38 (5) 

where 
iuH  is the net calorific value of the i-th component, MJ / kg (Table 2). 

The stoichiometric coefficient of the methane-hydrogen mixture L0, kg of air / kg of fuel, is the mass 

of air required for complete combustion of 1 kg of the methane-hydrogen mixture. For this, it is necessary 

to estimate the amount of oxygen required for the combustion of all combustible components of the 

methane-hydrogen mixture, i.e., hydrogen H2, methane CH4, ethane C2H6. 

It is known that 1 kg of C2H6 reacts stoichiometrically with 3.73 kg O2, 1 kg of H2 - with 7.9 kg of O2, 

1 kg of CH4 - with 3.99 kg of O2. Thus, the amount of oxygen 0m required for the combustion of 1 kg of 

methane-hydrogen mixture is: 


i

iimm 00  =4,17kg, (6) 

where im0  is the mass of oxygen, stoichiometrically reacting with the i-th component, kg. 

Taking into account that 1 kg of air contains 0.232 kg of oxygen, we get the stoichiometric coefficient: 



fuel

air

kg

kgm
L 99,17

232,0

0
0   (7) 

When the NK-16ST engine is operating at the nominal mode (NST = 16 MW) natural gas consumption 

is GNG = 1.179 kg / s (see Table 1). The equivalent consumption of the methane-hydrogen gas mixture 

GMH for the same mode will be: 

MHu

NGuNG

MH
H

HG
G  =1,1kg/s, (8) 

where HuMH = 49.84 MJ / kg is the net calorific value of natural gas. 

When the fuel gas consumption is known, it is necessary to perform the second part of the calculation 

and determine whether the fuel system can pass this consumption through itself, that is, whether the 

condition is met: 

GF = Gc (9) 

where GF is the fuel consumption at the outlet of the gas meter, Gc is the consumption through the fuel 

system of the combustion chamber. 

Calculation of the fuel system. The combustion chamber fuel system refers to the fuel manifold, fuel 

lines and nozzles (fig. 2). 

The flow rate through the fuel system of the combustion chamber is determined by the formula [7]: 

 cinnc ppFG   2  (10) 

where μ is the coefficient of consumption of the combustion chamber fuel system; Fn  is the total area of 

the nozzle openings; ρ is the density of the fuel gas; pin is the static pressure of the fuel gas at the inlet to 

the fuel manifold; pc is static air pressure in the combustion chamber. 

The density of the fuel gas is determined by the formula: 
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where RG is the gas constant of the fuel gas; T is the temperature. Substituting the expression for the 

density in (10), we obtain: 
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Substituting (11) into (9) and multiplying both sides of the equality by  
inp

T
  and carrying out the 

necessary transformations, we obtain: 
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where 

c

in

p

p
p  .  



The parameters 
in

F

p

TG
 and 

in

c

p

TG
 will be called the consumption characteristics of the engine fuel 

system and the combustion chamber fuel system, respectively. 

Let us define graphically the value of the parameter p for the nominal operating mode of the NK-

16ST engine on natural gas (Fig. 3). To do this, we will build curves 
pp

TG

c

F  and 
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  for different values p and find the point of their intersection. When 

constructing the curves, we consider GF = GNG = 1.179 kg/s, T = 293 K, pc = 941438.4 Pa (from the 

throttle characteristic of the NK-16ST engine), RG = 519 J/(kg ∙ K), µ = 0.731 (by the results of blowing 

the fuel system of the combustion chamber), Fn = 0.000845 m2 (the combustion chamber NK-16ST has 

32 nozzles; each of them has 4 holes with a diameter of dhol = 2.9 mm). From Fig. 3 it can be seen that the 

curves of the consumption characteristics intersect at the point p = 1.25, which corresponds to the 

pressure at the inlet to the fuel system of the combustion chamber pin = 1.25 ∙ 941438.4 Pa = 1176798 Pa 

= 12 kgf / cm2. 

 

 

Fig. 3. Consumption characteristics of the engine fuel system and the combustion chamber fuel system when 

the engine is running on natural gas 

 

Рис. 3. Расходные характеристики топливной системы двигателя и топливной системы камеры 

сгорания при работе двигателя на природном газе 

 

The graphs (Fig. 4) show the curves of the consumption characteristics of the engine fuel system and 

the combustion chamber fuel system, built for the operation of the NK-16ST engine on methane-

hydrogen mixture. When plotting the curves, GF = GMH = 1.1 kg / s, RG = 688 J / (kg ∙ K). The figure 

shows that when using nozzles with standard hole diameters dhol = 2.9 mm (Fn= 0.000845 m2), the 

consumption characteristics curves intersect at point p = 1.25, which corresponds to the pressure at the 

inlet to the combustion chamber fuel system pin = 1. 25 ∙ 941438.4 Pa = 1181505 Pa = 12.05 kgf / cm2. In 



order for the curves of the consumption characteristics to intersect at the point p = 1.28 (as when the 

engine is running on natural gas), it is necessary to increase the diameter of the nozzle openings to dhol = 3 

mm (Fn = 0.0009 m2). 

 

Fig. 4. Consumption characteristics of the fuel system of the combustion chamber system when the engine is 

running on a methane-hydrogen mixture 

 

Рис. 4. Расходные характеристики топливной системы двигателя и топливной системы камеры 

сгорания при работе двигателя на метано-водородной смеси 

 

The following recommendations were developed for the improvement of the fuel system for operation 

on a methane-hydrogen mixture in accordance with the performed calculation: 1) the diameter of the gas 

supply pipelines to the nozzles should be changed; 2) the internal channels of the nozzle and the 

diameters of the holes for the jet gas supply should be increased. 

Combustion chamber calculation. In the third part, the necessity to redistribute the air supply holes 

along the length of the flame tube is calculated. 

The swirling jets of the fuel-air mixture leaving the burners interact with the air supplied from the 

main holes to the combustion and mixing zone [8] in the flame tube of the combustion chamber (see Fig. 

2). 

The depth of penetration of air jets in the holes located in the combustion zone is determined by their 

diameter and the ratio of the gas-dynamic pressures of the air jets and the gas flow. "Secondary" air 

supplied to the mixing zone of the combustion chamber through the inlet mixing pipes determines the 

maximum temperature and affects the formation of the temperature field of the gas flow at the outlet of 

the combustion chamber [9] (see Fig. 2). 

Some assumptions must be made to calculate the air distribution along the length of the flame tube: 

1. The number of air supply belts corresponds to the value of the serial combustion chamber (Table 4). 

1. The relative area of the holes in each belt is determined (Fig. 5.) 

0F

F
f i

i   (13) 



where iF is the total area of the holes in the i-th belt, 0F is the total area of all holes. 

2. Relative distances FTii LLL  , where iL is the distance from the flame tube head to the center 

of the holes or the middle of the mixing pipes, FTL is the length of the flame tube. 

3. Neglecting the difference in the respective coefficients of the flow rate of the holes, we assume 

that the indicated relative areas of the holes will be equal to the corresponding relative values of the flow 

rate of air through them. Thus, the air flow rate along the belts of the combustion chamber is distributed 

in proportion to the total areas of the passage sections of the holes and slots through the belts [10]. 

ii fg    

(14) 

The check of the adopted air distribution is the fulfillment of the condition: 

1 ig  (15) 

4. Air consumption in the i-th section is determined by the formula: 

aii GgG   (16) 

 

 

Fig. 5. Air distribution along the length of the flame tube 

 

Рис. 5. Распределение воздуха по длине жаровой трубы 

 

The graph (see Fig. 5) shows that 70% of the air is involved in the organization of combustion 

processes, and 30% of the air entering the combustion chamber is spent on cooling the flame tube. In this 

connection, it can be argued that the cooling system is acceptable to ensure the required state of the walls 



during combustion of a methane-hydrogen mixture and does not need additional revision [11]. 

By calculating the air flow rate in the estimated zone, one can determine the excess air ratio in this 

area of the flame tube: 

F

a

GL

G




0

  (17) 

where 0L is the stoichiometric coefficient for the fuel under consideration. 

If we take into account that the total area of the flame tube opening is F0 = 164474 mm2, and the air 

flow rate at 16 MW mode Ga = 98 kg / s (see Table 1) and consider three belts in the flame tube 

participating in the combustion process (flame tube head and two air supply belts), then in these belts it is 

possible to determine the parameters discussed above [12; 13]. 

 

Table 4 

Parameters in the design sections of the flame tube 

Flame tube 

head 

Outer casing of the flame tube 

(belts of holes) 
Inner casing of the flame tube (belts of holes) 

IO IIO IIN IIIN 

Hole area Fi, mm2 

12829 9286,55 12363,75 6649 6181,9 

 relative hole area 

0,0780 0,0564 0,0752 0,0404 0,0375 

 air flow rate in the section, kg/s 

7,644 5,527 7,370 3,959 3,675 

α excess air ratio 

Use of natural gas as fuel 

0,387 0,279 0,372 0,200 0,186 

Total excess air ratio for the combustion zone 

1,424 

Use of methane-hydrogen mixture as fuel 

0,386 0,279 0,372 0,199 0,185 

Total excess air ratio for the combustion zone 

1,421 

 

From table 4 it can be seen that the excess air ratios at the burners’ outlet as well as in the combustion 

zone of the combustion chamber operating on natural gas and methane-hydrogen mixture are close in 

their values. This is due to the fact that the stoichiometric coefficient of the methane-hydrogen mixture is 

higher, while combustion occurs at a lower consumption of the methane-hydrogen mixture. 

To determine the gas temperature in the combustion zone, the following expression can be used 

according to the data obtained [14]: 

 0
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  at ηc.z> 1,0. 

(18) 

where срG is the average gas heat capacity at constant pressure; Hu is the net calorific value; η is 



completeness of combustion; α is the excess air ratio in the calculated area; 
*

wT is the temperature in front 

of the swirler, K. 

According to the results of the calculation, the temperature in the combustion zone when burning a 

methane-hydrogen mixture in the combustion chamber is Tb = 2314.5 K, and when burning natural gas, 

Tb = 2213.06 K, which are close values. 

To assess the sufficiency of the flame tube volume for combustion of a given flow rate of the fuel-air 

mixture, the volumetric heat density parameter is used [15]: 

cFT
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PVL

HG
Q

*α

η

0

G




  (19) 

For a serial combustion chamber operating on natural gas, Qv is 3.12 • 106 J / h • m3 Pa, and for one 

working on a methane-hydrogen mixture Qv is 3.14 • 106 J / h • m3 Pa. Whence it can be seen that this 

parameter is within the range recommended for modern GTE combustion chambers: Qv = (1.2 6.5) • 106 

J / h • m3 Pa, and has a guaranteed margin. In this connection, the flame tube volume is sufficient for 

combustion of the gas of the considered composition. The data obtained indicate that changes in the flame 

tube volume and redistribution of holes in it are not required. 

Conclusion. 

1. The calculation of the fuel system and the combustion chamber for the GTU adaptation to operation 

on gases different in composition from natural gas has been performed. 

2. The calculation confirmed the possibility of operation of the gas turbine unit NK-16ST on a 

methane-hydrogen mixture. 

3. To supply large volumes of methane-hydrogen mixture, in comparison with natural gas, it may be 

necessary to modify the fuel system in terms of increasing the size of the fuel pipelines, changing the 

dosing units, regulating and increasing the diameter of the holes in the fuel nozzles. 

4. Changes in the flame tube volume and redistribution of air flow along its length are not required. 
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