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Abstract. The issues of natural gas combustion control in the furnace based on the compile mathematical 

model to optimize the combustion process using a frequency-controlled asynchronous electric drive of 

blow fans are considered in this article. 

Natural gas and air are separately supplied to the 

furnace to produce steam in a natural gas steam boiler. 
A gas mixture with theoretically necessary air for 

complete combustion is called a stechnometric mixture. 

However, it is impossible to achieve complete 

combustion of the fuel if only the theoretically 

necessary amount of air is supplied to the furnace. This 

is due to the fact that it is difficult to move fuel with air 

so that the required number of air molecules is supplied 

to each fuel molecule. Therefore, in practice, it is 

necessary to supply more air than is theoretically 

necessary, that is, to work with excess air. At the same 

time, part of the air passes through the furnace without 

reacting with fuel [1-6]. 
The amount of excess or shortage of air is determined 

by the air flow factor �, which shows the ratio of the 

actual amount of air consumed for combustion to the 

theoretically necessary one (fiq.1). 

 
Fig.1. Dependence of the boiler efficiency from the excess 

coefficient 

The excess air coefficient is determined by the ratio: � = ��������.���, 

where Qair - air supply to the furnace, Qair.min - 

minimum air flow required for complete fuel 

combustion. 

The need to burn fuel, at � close to 1.0, is entirely 

caused by the desire to ensure the most economical and 

efficient operation of the unit. The less �, the less heat 

the exhaust gases will take away. In addition, the 

increase � reduces the temperature in the furnace, 

which causes the gas to burn less actively and 

combustion may become incomplete. By achieving 

combustion of gas with the smallest �, it cannot be 

reduced so that combustion becomes incomplete, since 

even a small insufficiency of combustion leads to very 

significant heat losses [7-9]. 

Currently, gas combustion methods are being 

developed and successfully implemented, especially on 

large steam boilers, which, without reducing efficiency, 

drastically reduce the content of harmful substances in 

combustion products. The most effective method is to 

organize a smooth control of the speed of the blow fan, 

which optimizes the combustion process of natural gas 

in the furnace. 

In the furnace, due to the oxidation of air nitrogen, gas 

oxides are formed. Their quantity is determined to a 

decisive extent by the maximum temperature in the 

combustion zone, as well as the concentration of 

reacting substances (nitrogen and oxygen) and the 

contact time between them. A decrease in 

concentration, that is, the possibility of burning gas at 

the proportionality of the theoretical and real value of 

the amount of air in the furnace, leads to a decrease in 

the amount of nitrogen oxides formed. With a 

significant excess of air, the concentration of oxidized 

nitrogen also decreases, since in this case a decrease in 

the temperature in the combustion zone has a greater 

effect [10-12]. 

The following scheme of the fuel-air control system 

(fiq.2) can be used in the operation of a natural gas 

boiler in large steam boilers to optimize the 

combustion process of natural gas. 

 
Fig.2. Block-structural diagram of “fuel-to-air” air control by 

gas and air flow rates: 

Qgas - gas flow; Qair - air flow; R - regulator; A - actuator; C - 

control; SD - setting device 
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In the block-structural diagram, the combustion process 

of the gas in the furnace is controlled by signals 

received from the setting device. To optimize the 

combustion process in the furnace, we compose a 

mathematical model that allows us to maintain gas and 

air in the amount necessary for the complete 

combustion of gas. Taking into account that natural 

methane gas is used in steam boilers, the air flow rate 

required for burning 1 m3 of methane is 9.52 m3 [13-

14]. 

The simplified mathematical model for the block-

structural fuel-air control scheme for natural gas and air 

flow rates is: 	
�� = 9.52	

�. (1) 

Entry conditions: initially we accept that the gas flow 

rate is unchanged 	

� = �����, air flow rate is 

adjustable parameter 	
�� = ���. 

By the power expression of the drive engine, we 

determine the fan air flow rate 

	
�� = ������� = ��(�)��(�)����� , (2) 

where Ps - mechanical power on the shaft; ωs - angular 

speed of the drive motor corresponding to the static 

torque of the fan Ms; η - overall fan efficiency. 

We substitute the expression (2) in the expression (1) 

and write it in a modified form ��(�)��(�)����� = 9.52	

�. (3) 

For a blow fan, the initial static torque at the rotating 

mechanism can be taken as �� = 0.15. Therefore, the 

value of the static torque will change according to the 

law �� = 0.15��� ! + 0.85��� !�"(1 − �)", (4) 

where Msnom - nominal value of fan static torque; � =#$#$�%� - relative frequency value; f1 and f1nom - 

respectively the operating and nominal values of 

frequency; s - slip. 

Based on equations (3) and (4), we compose a system 

of equations of the mathematical model of optimal 

control of the combustion process in the furnace ��(�)��(�)����� = 9.52	

�
�� = 0.15��� ! + 0.85��� !�"(1 − �)"&. (5) 

In the presented mathematical model  (5) of optimal 

control of the combustion process in the furnace, the 

variable parameter is the voltage frequency of the stator 

winding supplying the fan asynchronous motor. During 

the combustion process, non-compliance with the 

condition of proportionality of gas Qgas and air Qair

flow rates is eliminated by adjusting the speed of the 

driving fan asynchronous motor, and thereby the 

proportionality of the flow rates of both components is 

ensured. Therefore, the only correct solution to 

optimize the combustion process is the use of a 

frequency-controlled asynchronous electric drive for 

the fan in the furnace [15-18]. 

Considering that the angular velocity of the drive 

motor is '�(�) = 2*,-, we convert the system of 

equations (5) 0.3��� !*,-� !/� + 1.7*,-� !��� !(1 −�)"/�4 − 9.52	

�6
�� = 0. (6) 

If we enter the following symbols: �- = 1.7*,-� !��� !(1 − �)"/, �" = 0, �4 =0.3��� !*,-� !/, �: = −9.52	

�6
�� , the result is: �-�∗4 + �"�∗" + �4�∗ + �: = 0, (7) 

where �* - optimal adjustable parameter - frequency of 

voltage of the stator winding feeding the asynchronous 

motor of the fan. 

When the order of the algebraic equation in expression 

(7) is high (� ≥ 3), finding an analytical solution is 

difficult, so numerical methods of solving are used. 

This problem can be solved by the following numerical 

method [19-20]. 

To calculate an adjustable parameter �* from an 

algebraic equation, we use one of the numerical 

methods [5]: iteration method, half division method, or 

Newton method. 

Denote the left side of the expression (7) as >?@, �B. >?@, �B = 0, (8) 

where @ = [�-, �", … , ��C-] - algebraic equation 

coefficient vector. 

Newton's method is effective for solving those 

equations for which the value of the modulus of the 

derivative |>�D| near the root is large enough, that is, the 

graph of the function  F in the vicinity of this root has a 

large steepness. To solve the algebraic equation, it is 

advisable to apply the Newton method. The block 

diagram of the algorithm for solving equation (8) 

according to the Newton method is given in Fig.3. 

Fig.3. The block diagram of the algorithm for solving 

equation (8) 

The use of a frequency-controlled asynchronous 

electric drive with a frequency converter for controlling 

fans ensures [21-24]: 

‒ the complete elimination of current overloads of the 

engine; 

‒ reduction of power consumption by 10-50% due to 

failure of gate control; 
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‒ automatic maintenance of temperature in air ducts at 

changes of equipment operation modes; 

‒ possibility of accurate dosing and increased 

efficiency of combustion processes. 

As a result, fuel consumption decreases by 3-10% at 

the same boiler capacity. The combination of fuel 

combustion at low values and the amount of air equal 

to its theoretical value with the recirculation of 

combustion products allows reducing the amount of 

nitrogen oxides formed by 70-90% during gas 

combustion. 
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