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Abstract. A mathematical model is offered for conjugate heat exchange 
when gas flows in the section of a vertical well. The motion of the medium 
is described using a two-dimensional axisymmetric stationary formulation 
based on boundary-layer equations. The turbulent gas flowing due to the 
reservoir energy is considered. Natural gas is taken as a travelling medium. 
The numerical simulation results are presented in the form of the 
dependences of the flow temperature and gas density along the radius of 
the well on the external factors of the heat exchange changing along the 
well height. The results describe the thermobaric state of the well in the 
condition of the conjugate heat exchange of the produced natural gas flow 
and tubed well depending on the external thermal conditions. 

1 Introduction 
The reliability of the wells producing raw hydrocarbons is very important in the real 
production conditions. In comparison with an oil well, gas well characteristics are mainly 
determined by the parameters of the travelling gas, which depend on the external factors, 
particularly on temperature. Initially, in the producing layer gas is at the pressure and 
temperature of the layer; as the gas is travelling upwards in the well, the variables of state 
of the gas change. Thus, when gas travels upwards in the well, its pressure, temperature, 
density and, correspondingly, the flow velocity vary. In this connection there is the 
necessity to determine the variation of the above parameters with time and within space. 
This will permit to increase the reliability of the information on the well operation at 
varying external conditions. It is equally applicable both to the underground and to the 
underwater production of gas. 

Thus, the determination of the intensity of the variation of the main parameters of the 
gas flow state in the well under the influence of external factors such as external 
temperature conditions is an important scientific and technological task. 

It is known that the intensity of the variation of the gas flow parameters mainly depends 
on hydrodynamic and thermal parameters which change in the process of the production 
and transfer of gas along the well. In this connection current research works are mainly 
concentrated on finding the criteria for the evaluation of the influence of temperature and 
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hydrodynamic regimes on the well operation conditions. Thus, in [1] the main equations 
and the results of the calculations of the temperature fields of the gas well depending on 
spatial coordinates and time are given for different regimes of the well operation; the 
upward gas movement along the well with constant velocity is considered. The model 
solutions are obtained using the analytical approach. The results of the solution of the 
stationary non-linear problem of the distribution of the gas density over the well shaft are 
presented in [2]. It is shown that the variation of the density for the typical modes of the gas 
flow in the well shaft significantly contribute into the distribution of the thermodynamic 
parameters of the production process. The mathematical simulation of the variation of the 
parameters of the gas flow state in the well due to the influence of the external factors was 
performed in [3]. The distribution of the parameters of pressure and temperature at the non-
isometric filtration simultaneously with the operation of the gas well was obtained for the 
flat radial influx of gas. The modal problems of the gas flow in the well were solved in 
stationary [4] and non-stationary [5] formulation. The mathematical models are widely used 
for describing the turbulent gas flow, for example, in [6 - 8]. In [9, 10] the solutions for the 
problems of conjugate heat exchange are given for the laminar and turbulent flows of 
formation fluid in a well. It is shown that the movement of the formation fluid containing 
heavy hydrocarbons can lead to the formation of paraffin on the inner walls of wells. The 
dynamics of the paraffin formation is mainly determined by the intensity of the temperature 
variation in the conjugate system “well - layer”.  

In the present paper, a mathematical model is offered and the results of the numerical 
investigations are presented of the regularities of the temperature field distribution and the 
variations of the parameters of the produced gas due to the influence of the fields. For the 
formulation and solution of the problem of the gas flow in a well we offer to consider the 
use of a two-dimensional axisymmetric stationary formulation on the basis of the boundary-
layer equations [6]. 

The objective of the present work is the construction of a mathematical model of 
conjugate heat exchange at the turbulent movement of natural gas in a well and the 
estimation of the intensity of the variation of the performance parameters of the travelling 
gas. 

2 Problem statement 
Figure 1 shows the design diagram of the production section of the gas well. The section is 
presented in the form of a vertical tube with the length L, inner radius r1 and outer radius 
r2. Let us assume that the external temperature Tw and the conditions of the heat exchange 
given via the heat-exchange coefficient αw are known. Through the metal wall of the well, 
there is heat exchange between the hot gas flow and the ambient; water is taken as the 
ambient. For the gas flow, the heat-transfer properties, initial values of pressure pl, 
temperature Tl and flow rate ρu l are specified. 
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Fig. 1. Design diagram of the production section of the well 

3 Mathematical model 
The mathematical model of the gas flow movement in the two-dimensional axisymmetric 
formulation based on the boundary-layer equations has the following form [10]: 
momentum equation: 
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The connection between the parameters of the gas flow state is taken as that for the ideal 
gas: 

RTp ρ=           (4) 

The turbulence one-parameter model [6, 11] is written using kinematic turbulent viscosity 
tν  : 
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  (5) 
Here, ξβγαχ ,,,,  are empirical coefficients of the turbulence model. The initial and 
boundary conditions are taken as those in [10, 10]. The system of equations (1) – (5) is 
solved using the finite-difference method [12]. The velocity and pressure fields are 
calculated by L.M. Simuni algorithm [13]. The values of the coefficient αw of the heat 
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exchange between the outer wall of the well and the ambient, which is assumed to be water, 
is determined as in [14]. 

4 Results of the numerical calculations 
The section of the vertical well with inner radius r1 = 80 mm and outer radius r2 = 100 mm 
are taken as initial data. The temperature of the ambient is determined by the natural 
convection of water relative to the vertical surface of the considered section. The material 
of the tube is alloy steel. The heat-transfer parameters of the travelling gas are taken as for 
methane. The initial pressure pl = 100 MPa, the temperature Tl = 80, Tw = 0°C. The 
calculations are made for the sections of the vertical well with L: 1 -10 m, 2 – 50 m, 3 – 
100 m, 4 – 200 m. The initial velocity of the fluid flow is 10 m/s. Figure 2 shows the 
temperature distribution along the well radius. 
 

 
Fig. 2. Profile of the temperature distribution along the radius of mating media 
 

It can be seen that when the gas flow moves upwards in the well the temperature 
decreases from the initial value. The temperature of the gas flow and inner surface of the 
well wall remains almost unchanged on the first section. When the gas flow passes 50 m the 
temperature drops by almost three degrees. On the section 100 m the temperature drops by 
four degrees. On the section 200 m from the beginning of the movement, the gas 
temperature decreases by seven degrees at the inner surface of the well wall. Thus, it can be 
seen that the average gradient of the temperature decrease is about 3.5 °C/ 100 m. The 
obtained temperature distribution is mainly determined by the conditions of the external 
heat exchange. 

Figure 3 presents the value of the heat exchange coefficient αw between the outer 
surface of the well wall and the ambient along the length of the calculation tube section. 
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Fig. 3. The coefficient αw value of the heat exchange between the outer surface of the well wall and 
the ambient along the length of the calculation section 
 

Figure 4 shows the distribution of the gas flow density along the radius of the well for 
the calculation sections. 
 

 
Fig. 4. The distribution of the gas flow density along the well radius 
 

Thus, as the gas flow is moving upwards, the density value is determined by the current 
values of the pressure and temperature. The obtained density distribution is explained by 
that the flow density decreases faster than the temperature. Consequently, as can be seen 
from the obtained results, the gas density value decreases at the upward movement of the 
gas flow. Due to the temperature influence, the gas density has a larger value at the inner 
surface of the well wall. In general, on the calculation section the density value decrease is 
small. 
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5 Conclusion 
In the present paper a mathematical model of the conjugate heat exchange is offered for the 
natural gas flow moving in the well. The obtained results describe thermobaric state of the 
well in the condition of the conjugate heat exchange between the gas flow and the wall of 
the vertical well. The presented model permits to analyze the intensity of the variation of 
the thermophysical parameters depending on the channel geometry and thermophysical 
properties of the substances, to determine the distribution of the velocity, temperature and 
density of the gas flow at the specified parameters of operation.  
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