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Abstract. It is shown in the work that the wells-fluid are extracted from rocks by heat-retaining 

fluid from the open geothermal reservoir as from object with distributed cross-sectional 

parameters. This is due to the fact that the actual temperature distribution of the geothermal 

reservoir in dynamics affects the thermal properties of fluid-retaining rocks, which in turn affect 

the coefficient of heat exchange and heat transfer along the cross-section between the moving 

fluid, the fluid-retaining layer and adjacent rocks. The static temperature field of the original 

geothermal gradients in the case of outflow injection of the circulating coolant changes from the 

sides of the reservoir to the wellbore. A model of geothermal reservoir of gas-condensate well 

has been developed, which takes into account changes of thermal conductivity of rocks from the 

reservoir counture to the well bottom. The model includes refined equations of thermal energy 

balance for radial filtration of well production, containing convective and conductive 

components of heat exchange and heat flow. This allows, in comparison with the known 

methodological approaches, to clarify by 12-14% the forecast of heat extraction from a 

geothermal reservoir with a circulating coolant thrue  the bottom and productive layer of a gas-

condensate well. 

1. Introduction 

Today, a number of authors have proposed [1] and tested [2] the dual operation of a gas condensate well 

- for the simultaneous extraction of fluid and heat. The flush section of the productive layer is also 

considered as a geothermal fluid reservoir. In most cases, the thermal conductivity and heat transfer of 

the rocks of a productive reservoir significantly affect the prediction of heat and fluid production of gas-

condensate wells [3]. Wells debit may vary in parallel with their mode of operation or after thermobaric 

intensification of hydrocarbon inflows. Much research has been done to theoretically consider the 

relationship between fluid extraction and thermal physical parameters of rocks, heat exchange between 

the extracting fluid and rocks. The above indicates the scientific relevance of the problem [4]. 

   At the same time, well-known models do not take into account the changes in thermal conductivity of 

rocks from the sides to the bottom of the well, and also do not take into account the convective and 

conductive components of heat exchange and inflow heat in the conditions of use of the circulating 

coolant [5]. Therefore, it is important to formalize the relevant problem of clarifying the estimation of 

gas condensate wells production with substantially non-isothermal mode of operation and to develop 

new scientific approaches. 

2. Purpose and formulation of research objectives 



 
 
 
 
 
 

The purpose of the research in the scientific work is to develop a refined mathematical model of non-

isothermal radial heat inflow with the extracting production fluid of gas-condensate well in conditions 

of contouring injection of the circulating coolant. 

   To achieve this goal, you must perform the following task: 

- take into account the dynamic coefficient of thermal conductivity of rocks Kt (r), which is determined 

by the geothermal gradient along the radius of the conditional-disk geothermal reservoir and the 

temperature difference of the mountain mass - fluidized bed under operating conditions. In this case, it 

is necessary to take into account the convective and conductive component of heat exchange and heat 

flow in the geothermal reservoir. 

   After obtaining the refined mathematical model of the geothermal reservoir of gas-condensate well, a 

comparative analysis of simulation results should be performed with the developed theoretical 

refinement or without taking into account the specified general influence T (r), Tpl (r) -T (r) on Кt(r) 

and Dj(r)  and the simultaneous action of convective and conductive heat transfer. 

3. Methods of scientific research 

The methodology of the study is a comparative analysis of gas condensate fluid extraction options: with 

and without the effect of throttling Dj (r) and alternating heat exchange Kt (r) along the way of moving 

the mixture in the geothermal reservoir. This calculates the thermobaric parameters of the hydrocarbon 

production mixture according to the flow rate of the well Mq. 

   To solve this problem, the authors applied a mathematical method of introducing artificial coefficients 

of annihilation of effects (throttling and variable heat transfer), which made it possible to make a 

comparative analysis under the same conditions in other technical parameters. Nomenclature of 

parameters and range of application of their values in the scientific research are shown in the Table A1. 

   The system of nonlinear equations of the developed mathematical model was solved by the fourth-

order Range-Kute method and the Quasinewton method. The equation for heat transfer and heat inflow 

is calculated by the Darcy, Newton, Fourier and Fourier-Kirchhoff equations. 

4. Results of the research and discussion 
Consider a model of a geothermal reservoir of gas-condensate wells operating from one productive 

reservoir and having one column of tubing. The geothermal depth gradient remains unchanged for 

remote zones. The heat exchange takes place in the plane of productive lyer with conditional isothermal 

lifting. In this case, the heat and hydraulic calculations take into account the heat flux removal and flow 

"of adjacent rocks", depending on the actual pressures and temperatures in the dynamics at different 

distances from the borehole in the radial direction (in the coordinate from the bottom to the reservoir 

boundary - r). 

   Equation of hydrodynamic steady-state inflow of gas-condensate mixture (fluid) from the reservoir to 

the wellhead using filtration coefficients A, B, C (which generally determine the well production volume 

per time unit) have offered in [6-7] in the form of 
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   Comparison of the results of the values of heat flux, using thermal conductivity [8], shows that the 

neglect of the influence of formation pressures and temperatures on the thermal conductivity of 

sedimentary rocks leads to an overestimation or decrease of the heat flux to 13-30%. Therefore, there is 

a logical need to add thermodynamic equations to (1). 

   During the motion-filtration of the hydrocarbon mixture through the reservoir and the introduction of 

the circulating coolant, there is a heat-mass transfer process and a throttling effect, which can be 

described in simplified form by equations [9]: 
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𝑇𝑝𝑙 − 𝑇𝑏ℎ = 𝐷𝑗(𝑃𝑝𝑙 − 𝑃𝑏ℎ) + 𝛥 𝑇ℎ𝑒      (3) 

 

   The mathematical equations (2-3) complement the dependence (1) to form a general thermodynamic 

model of a geothermal reservoir with the movement of a circulating coolant. 

After passing through the permeable zone thicker than the productive layer, the gas-condensate mixture, 

together with the acquired heat, is evacuated through the elevator column, as can be seen from the typical 

schematic representation of the system "rock-disk reservoir-well" in Figure 1. 

   Two-sided red arrows on Figure 1. shows the heat exchange between the adjacent rocks and the 

moving fluid in the reservoir. 

   In the elevator column, which is usually played by the tubing of the tubing, the heat exchange between 

the adjacent rocks and overcoming their extraction fluid continues (Fig.ure 1), but in the study, the well 

flow was considered constant and evacuation through the pipe was considered isothermal. 

 

 
 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 1. The scheme of movement of the gas-

condensate mixture and heat exchange with 

rocks in the system «rock-disk reservoir-well».  

 

 

   The system of equations (1-3) is closed and is used to calculate the flow of gas condensate wells in 

the case of non-isothermal processes of radial inflow of the extracting fluid from the reservoir and 

removal into the well column [5, 7]. The disadvantages of the above-mentioned modern studies are in 

particular: equalization to 0 parameter of heat inflow due to heat exchange mountain-layer ΔThe failure 

to account for changes in the efficiency of heat exchange at different markers on the radial inflow path 

to the bottomhole zone of the reservoir, which is hydrodynamically-exposed at a certain depth. 

   The complete or partial elimination of these shortcomings of modern scientific theories is an actualized 

important task, which will lead to the improvement of the modeling accuracy of the gas condensate well 

and the prediction of the extraction of fluids and heat as a whole, provided the use of a circulating 

coolant. 

   In rocks along the horizontal axis of the disc-shaped geothermal reservoir, the temperature has a static 

distribution without any perturbations, but the temperature of the mobile gas-condensate mixture in the 

reservoir with reversible coolant is characterized by a dynamic temperature distribution over the 

P wh

T wh

P pl P bh

T pl T bh



 
 
 
 
 
 

productive area. Accordingly, the thermal conductivity from fluid to rocks also receives a dynamic 

character by radial coordinate. When a certain time passes after the start of the well, the dynamic 

distribution of the thermal conductivity parameter will acquire a certain fixed value, which is suggested 

to be taken into account in the calculations of the estimated production flow and the heat of the well. 

   The temperature of the rocks at each individual distance from the well column will be different, the 

layer is considered thin (R >> h) and the radial thermal conductivity is negligible  (𝜆𝑥 ∙
𝜕2𝑇

𝜕𝑥2 = 0), so 

Equation (2 -3) for the steady-state current  (𝐶𝑟 ∙ 𝜌𝑟
𝜕𝑇

𝜕𝑡
= 0) are transformed (after integration and 

substitution (3) into (2)), taking by the above thermodynamic laws to the form: 

 

𝑀𝑞𝐶𝑝(𝑃𝑎𝑣, 𝑇𝑎𝑣) (
𝑇𝑏ℎ − 𝑇𝑖𝑛𝑔 −

−(𝑃𝑝𝑙 − 𝑃𝑏ℎ) ⋅ 𝐷𝑗(𝑃𝑎𝑣, 𝑇𝑎𝑣)
) = 2𝜋 ∫ [(𝐾𝑡𝑠(𝑟) − 𝜆𝑟]𝑟 (𝑇𝑝𝑙 − 𝑇(𝑟)) 𝑑𝑟

𝑅

0
 (4) 

 

   Equation (4) is the balance of thermal energy transmitted from the surrounding rocks to the geothermal 

reservoir (right side) and carried out by fluid to the bottom hole (left side). 

   For the conditions of the Novotroitsky oil and gas condensate field wells (Sumy region, Ukraine) we 

will find the dependence of thermal power on the bottom of the well from the operational radius of the 

well drainage. The initial calculated data are accepted in the study: mass flow of fluid on the bottom Mq 

= 4.63 kg / s; the temperature of the fluid at the bottom Tbh = 360 K; outlet coolant temperature at the 

boundary of the geothermal reservoir - Tinj = 300 K; reservoir temperature - Tpl = 400 K thermal 

conductivity of adjacent rocks λ = 2 W / m ∙ K; rock pressure - Ppl = 8 MPa; Pbh = 6 MPa; well drainage 

radius - R = 300 m; thickness of geothermal reservoir - h = 5 m. Other parameters and data can be 

understood according to Table A1. 

   For the illuminated conditions, we consider the individual components in Equation 4, including the 

Joule-Thomson coefficient Dj, the temperature distribution over the geothermal reservoir T(r), and the 

thermal conductivity for the operating temperature range Kts(r). 

   It is clear that the dynamics of heat transfer in a thermodynamic system depends on the influence of 

the throttle effect and the total (convective and conductive) heat transfer Кts(r)   and the radial thermal 

conductivity λr of the reservoir on the distribution of temperatures in the fluid extraction and motion of 

the fluid fluid. 

   The Dj(P,T) is shown in Figure 2. Figure 2 shows a significant drop in Dj (P, T) from the increase in 

the dynamic values of pressure and temperature on the radial axis of the formation. But when the 

pressure drop for the well in question from the boundary of the reservoir to the bottom of the well ~ 2 

MPa, the change in temperature (𝑃𝑝𝑙 − 𝑃𝑏ℎ) ⋅ 𝐷𝑗(𝑃𝑎𝑣, 𝑇𝑎𝑣)   in (4) was compared with 𝑇𝑏ℎ − 𝑇𝑖𝑛𝑔 (in 

fact -(𝑃𝑝𝑙 − 𝑃𝑏ℎ) ⋅ 𝐷𝑗(𝑃𝑎𝑣 , 𝑇𝑎𝑣)   << 𝑇𝑏ℎ − 𝑇𝑖𝑛𝑔). 

   Figure 3 a shows the temperature dependence in the T (r) layer, which can theoretically be considered 

and analyzed as Tc (r) -const, linearly falling Tl (r) = Krr, and also as nonlinear Tr (r) = fr ( r). When 

pumping liquid liquid (reservoir water) with the intensification of oil production, this dependence is 

really close to linear [10, 12], but with mixed water and steam injection (two-phase state of coolant) 

shows a significant nonlinearity fr (r) at the edges of the axis r [11, 13-15]. 

 



 
 
 
 
 
 

 
Figure 2. Function Dj(P,T). 

    

   In the developed and improved mathematical model (1) and (4), unlike the famous models [13-16], 

we use the explicit nonlinear dependence of the total convective and conductive heat transfer Kts(Tr(r))  

under variant longitudinal thermobaric conditions in the thin layer Tr(r) of the form: 

 

𝐾𝑡𝑠(𝑇(𝑟)) =
𝜆

ℎ
+ 0.05 ∙ (𝑇(𝑟) − 𝑇𝑝𝑙)0.25.    (5) 

   Therefore, the temperature and the overall thermal conductivity coefficient, as shown in Figure 3, will 

also depend on the temperature difference between the fluid in the productive horizon and the mountain 

range (fluctuations of up to 10% both in temperature and in the resultant heat transfer). Thus, in industrial 

practice for the specific purpose of estimating heat production to the nearest 10%, we are encouraged to 

use formulas (4) - (5). 

   It can be seen from Figure 4 that taking into account the nonlinear temperature distribution along the 

radial coordinate of the geothermal reservoir leads to a clarification of the inflow power P(r) and the 

corresponding heat extraction by a well of at least 12-14% at the average wells known for the drainage 

of oil wells. In this case, increasing the drainage radius by 50-100 m (more than 250 m) when breaking 

up the bottomhole zone or changing the viscosity of the extracting fluid (after thermal intensification 

measures) increases the difference in the estimate of heat flow to 22-27%. 

 



 
 
 
 
 
 

 

 
 

 

Figure 3. Options for temperature distribution functions T(r)  and Kts(T(r)). 

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 

 
Figure 4. Comparative dependence 

of the heat extraction capacity from 

the geothermal reservoir P(r) 

according to the proposed 

temperature distribution model 

(Pt(r)) and linear variants  (Ptl(r), 

Ptc(r)). 

 

   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Thus, it is shown that the practical value of the developed mathematical model can be especially 

tangible in the case of using known thermobaric methods of intensification of hydrocarbon production. 

5. Conclusions 

Taking into account the actual change in thermal conductivity of rocks along the cross section, 

depending on their temperature, as well as changes in the temperature of the extracting fluid from 

throttling in the geothermal reservoir leads to a clarification of the prediction of the flow rate of the well 

by 12-14%. 

   The use of the developed mathematical model makes it possible to specify up to 22-27% of the heat 

flow rate of the well in the conditions of implementation of thermobaric methods of intensification of 

gas-condensate well production. 
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Table A1. Nomenclature of parameters and range of application of their values in scientific research 
 

Units name  
 Value 

range 
Units name   Value range 

Сp: specific heat capacity (J/kg K);  
2200-

4200 
P : pressure  (Pa); (10E5-60E6) 

D: pipe diameter (m);  0.073 T : temperature, (К); (200-400) 

Kts: total heat transfer coefficient (W/m2K);  (1-3) μ : dynamic viscosity (Pa·S); 1,00E-04 

Rk:,R fluid drainage diameter across the reservoir (m);  300 M : molar mass (kg/mol);  (17-20) 

k:  permeability of reservoir layer (m2); 3,00E-11 ke : roughness inside the pipe (m); 0.0003 



 
 
 
 
 
 

H : depth of the productive horizon (m);  
(2500-
3500) 

φt : nonisothermal correction factor; 0.8 

Mq: mass flow rate (kg/s);  (1-6) h : high of layer (m); 100 

Pt: power – heat flow rate (J/s); 0.5-4 106 Pat : atmospheric pressure (Pa);  100000 

 Re: Reynolds number;  
(10E5-

10E7) 
Tat : atmospheric temperature (K); 293 

F: cross-sectional area (m2); 1 
A : linear coefficient of reservoir filtration 

resistance ((МPа2)/(Th-nd.m3 / day)); 
(0.6-0.9) 

 t: time (s); - 
B : second coefficients of reservoir filtration 

resistance (((МPа2)/(Th-nd.m3 / day)2)); 
(0.001-0.005) 

 w: flow velocity of the fluid (m/s); (2-20) 
C : constant coefficients of reservoir filtration 

resistance (МPа2); 
(0-1000) 

 λ : λx  λz thermal conductivity of rock (W/m K);  (1-3) Ppc : pseudocritical pressure (Pa);  4.63Е6 

ρ: density (kg/m3); 30 Tpc : pseudocritical temperature (K); 198 

ρst: density under standard conditions (kg/m3); 0.76 Rc : radius off well productive pipe (m);  0.1 

 x: distance (m); (0-3500) Pbh : borehole pressure (Pa); 10000000 

Pwh: absolute upstream pressure (Pa); 1000000 Pwh : wellhead pressure (Pa); 1000000 

Pbh : absolute downstream pressure (Pa); 10000000 ρr: density of rock with fluid (kg/m3); 0 

d : inside diameter of pipe (m); 0.073 
zst :  compressibility under standard 

conditions; 
0.9 

z : factor of compressibility; 
(0.85-
0.95) 

ko : coefficient of accommodation; 0.022 

Δ : specific gravity, relative density; 0.59 
j, n : degree parameters in the Newselt 

number equation. 
0.5 

λ : factor of hydraulic resistance; 
(0.01-
0.03) 

Pav : avarage pressure of rock layer (Pa);  (20Е6-30Е6) 

Ppl : rock layer pressure (Pa); 
(15Е6-

50Е6) 
Tav : average temperature of rock layer (K); (350-360) 

Tpl : rock layer temperature (К); 350 Rair  : gas constant air (J/kg K); 2870 

Dj : Joule-Thomson coefficient (K/MPa); (1-5) Rµ   : universal gas constant (J/Kmol K);  8314 

R :  gas constant (J/(kg·К)); 486 α : coefficient of thermal expansion of fluid; 0.001 

Tinj : inlet temperature of coolant (К); (280-400) S1 : skin factor for coefficient A 0 

 βa : Coefficient of annihilation of change of thermal 

conductivity depending on dynamic temperature (0-1) 
S2  : skin factor for coefficient B 0 

 Kt : Heat transfer coefficient  (1-4)  g :  Accelerating gravity (m/s2) (9.8) 

ΔThe : Temperature change of gas condensate fluid in 

the drained part of the reservoir due to heat exchange 0 

 Nng :  factor in the fluid flow equation to the 

well bore (1-2) 

r : distance from the bottom of the well, radial 

coordinate, (m) (0-300) 

β : Coefficient of macro-rigidity of the rock 

of the productive formation (2.2) 

Cr: specific volume heat capacity of rock (J/K m3 );  

 Ka  : The coefficient of annihilation of the 

effect of throttling (0-1) 

  Сl : specific volume heat capacity of fluid 

(J/K m3);  
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