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Abstract. The technology of flue gas heat recovery has been reviewed. 
The mathematical model requirements were analyzed and determined. The 
mathematical model of the installations, that implement this technology, 
was developed and described in paper. As a result, the software application 
that implements a mathematical model has allowed to design the different 
installations and can be useful to design organizations in the energy 
industry. 

1 Introduction 

The increased interest of industrial and energy enterprises in energy saving defines the 
development and introduction of new technologies. 

The flue gas heat recovery from the natural gas combustion can provide an additional 
15÷20% of the boiler thermal capacity [1] or, respectively, reduce the gas flared amount. 
Scientists develop the recovery technologies and improve the heat transfer calculation 
methodologies with water vapor condensation contained in the flue gases [1-3]. The 
technology developed allows to increase the flue gas heat recovery depth through the use 
air as a heated medium [4, 5]. For designing the installations, that implement this 
technology, are required the mathematical model that allows to carry out the thermal and 
constructional calculations of the entire system, including the component parts. The 
mathematical model must include the heat balance calculations of elements and the heat 
transfer calculations through the heat exchange surfaces. The balance equations in joint 
solution allow to find the thermal power of the elements and the flows temperatures. The 
heat transfer equations associate the thermal power of each element with its heat exchange 
area. 

The proposed installation scheme (Fig. 1) [4] consists of a recuperative heat exchanger 
and condensing heat recovery unit. Gas-gas surface plate heat exchanger provides pre-
cooling the initial flue gas and simultaneous heating cooled and dried flue gas in order to 
prevent possible condensation of residual moisture in the flues and chimney. Heat recovery 
unit (gas-air surface plate heat exchanger) constructive single device is conventionally 
divided into two parts: cooler (dry zone) and the condenser. Air is fed to the condenser by 
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fan unit. Additional exhauster compensates aerodynamic resistance of the gas path in the 
heat exchanger and condenser. 

2 Mathematical model 
The mathematical model requires to preset the heat exchangers geometry. The heat 
exchanger and the heat recovery unit are compiled of the heat exchange modules 
(packages). The sheet length, width and thickness, the thermal conductivity coefficient, the 
number of sheets and the clearance between them are determined for each package. The 
number of packages and heat-carrier passages are set for each heat exchanger. The package 
geometry can be different for heat exchanger and heat recovery unit, however, for high-
power installations (more than 1 MW) it is advisable to use the unified packages. So, the 
unified package has been developed for power installation 10 MW (flue gas flow 33 m3/s), 
consisting of 72 sheets, size 2500�1250 mm and weight about 1.2 tons [4]. The number of 
packages for such a flue gas flow amounted to 16 for the heat exchanger and 24 for the heat 
recovery unit. 

 
Fig. 1. The technology of flue gas deep heat recovery.  

The input data for the mathematical model are the cold air temperature txv and flue gas 
mass flow consisting of a dry flue gas Gs and water vapor Gw with the temperature t0. The 
flue gas outlet temperature t2 from cooler assumes to be equal to the water vapor dew point 
at the initial humidity. Other parameters are calculated by successive approximations. A 
block diagram of the model structure is shown in Figure 2. 

Block 1 contains the source data input and setting the initial values of the unknown 
parameters in the first approximation. This block also calculates the heat transfer surface 
area in all the elements Fp, Ft and the equivalent diameter of passage sections in the heat 
exchangers. The flue gas temperature at the condenser outlet t3 is defined in a first 
approximation as a minimum (close to 0°C for negative air temperatures). 

Block 2 is designed to calculate the flue gas composition Gs, Gw and expected 
condensate flow Gk. The heat transfer coefficient ktp for heat exchanger is set in the first 
approximation, based on the gas flow velocity, and will be further refined by the simple 
iterations method.  
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Block 3 calculates the thermal balance of the recuperative heat exchanger. The log 
means temperature difference is defined by as a first approximation and refined by the 
dichotomy method. 

Block 4 calculates a heat transfer process in the recuperative heat exchanger and finds 
the corrected value (next approximation) of heat transfer coefficient ktp. If the relative error 
of the next approximation exceeds 0.1 % then there is a return to block 3. Otherwise, it is 
considered that heater has been conditionally calculated at a specified flue gas temperature 
at the outlet of the condenser t3. 

Block 5 calculates the thermal balance in the cooler and condenser to determine the air 
temperatures tgv and tpv. The heat transfer coefficient ktox for cooler is found from heat 
transfer equations and then the dry zone area can be calculated. 

Block 6 calculates the condensation zone heat transfer process. From the air flow side 
the heat transfer coefficient depends on the Reynolds number. The main difficulty is 
determining the heat transfer coefficient �1 from a wet flue gas to the heat exchange surface 
with the water vapor condensation. Most of the known methods are based on experimental 
data processing and offer the dependences in rather narrow limits changes in the physical 
parameters. Applicability of a calculation method for functionally similar heat exchangers 
requires analysis and study [6]. Reviewed model allows to choose different methods to 
calculate the heat transfer coefficient from wet flue gas to the heat exchange surface. 

  

 
Fig. 2. A block diagram of the mathematical model structure.  

Condenser power capacity Qk is calculated by the heat transfer equation. If it is less the 
same power calculated from the balance equations, the final flue gas temperature at the 
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condenser outlet t3 is adjusted upwards by 0.01 �C, or downward by the same amount. Then 
return to the block 2. The algorithm prevents the transition to negative temperatures with 
the message about the condensate freezing possibility at the given parameters. The outer 
loop terminates when the thermal power capacity relative error lower 1 %. This cycle 
implements the gradient method. Other methods do not give a sustainable solution because 
the results are high sensitive to parameters value change. 

Block 7 completes the necessary calculations. The pressure losses of air and flue gas are 
calculated for the heat recovery unit and the heat exchanger.  

3 Results 

The developed mathematical model is implemented as a software application that allows to 
choose the optimal geometric parameters of the installations for various capacities and 
verify their work. 

A number of installations were designed by the calculations results [7]. The calculations 
were performed for the average temperature of the winter months in Siberia. At lower 
temperatures, the heat recovery will be more deep and the final flue gas temperature at the 
condenser outlet will decrease. The initial flue gas temperature is sufficiently high, 
resulting in a large dry zone in the heat recovery unit, reaching up to 45 % of heat exchange 
area. This decreases the condensation zone and reduces the heat recovery depth. 

When installing the heat recovery unit is expedient to reduce the flue gas temperature at 
the boiler outlet to 100 °C by embedding additional surface for heating water in the boiler 
flue. This will increase the recovery depth and will reduce the final flue gas temperature 
below 20 °C. 

4 Conclusion 

A mathematical model of the condensing plate-type heat recovery unit using air as a heated 
medium contains the necessary heat balance equations and the heat transfer equation with 
selection different calculation methods. Equation systems are solved by various numerical 
methods that provide acceptable result accuracy. 

The software application that implements a mathematical model allows to design the 
different installations and carry out verification calculations. The application will be useful 
to design organizations in the energy industry. 
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