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Abstract. Increased energy efficiency in the extraction and transportation of highly viscous oil is achieved by 

reducing its viscosity through heating. Numerical modeling is a powerful tool for developing and analyzing methods 

to improve heat transfer efficiency and optimize the design of heat exchange devices in the oil and gas industry. To 

solve this problem, the study uses Reynolds-averaged Navier-Stokes equations supplemented with turbulence models 

(k–ε, k–ω SST, and Transition SST) capable of accounting for the transition from laminar flow to turbulent flow 

with variable viscosity. The results of calculations of smooth and spiral pipes are compared, as well as an assessment 

of the reliability and performance of turbulence models used to simulate the operation of heat exchangers with direct 

and reverse heat flow. The dependences of the numbers Nu and Re of the oil flow in a washed by water pipe for all 

three turbulence models are shown in comparison with the corresponding experimental result, indicating the 

qualitative agreement of the numerical calculation results with the experiment. The results of the comparative 

analysis showed that the kw SST model most effectively describes the flow movement in the inter-tube space. The 

Computational Fluid Dynamics calculation data obtained is of practical importance for the design and optimization 

of heat exchanger structures. 
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laminar-turbulent transition, viscosity 
 

1. Introduction 
 

The efficiency of high-speed heat exchangers is achieved due to the intensification of heat exchange, 

which is provided by swirling the coolant flows. This vortex movement radically changes the hydrodynamics 

of currents: it increases their kinetic energy, causes severe turbulence and intense mixing of layers, which 

together significantly improves heat transfer performance. In addition, the vortex motion reduces the hydraulic 

resistance of the device and promotes self-cleaning of heating surfaces from hardened deposits. The twisting 

of the medium in the intertubular space is provided by the spiral seams of the housing, which, in addition to 

their main function, also act as stiffeners. This method of reinforcing the structure is innovative, since 

traditionally, the thickness of their walls is increased to increase the strength of heat exchangers. 

In [1, 2] modeling and calculation of the hydrodynamics of heat carriers (water, oil) flowing through 

smooth pipes were carried out. In these works, empirical formulas were used for heat transfer from [3]. The 

information gathered during numerical modeling is used to determine the best approaches for heat transfer 

intensification [4, 5]. Research indicates that the viscosity of oil has less of an impact on the pipeline's hydraulic 

properties when it is transported in highly turbulent conditions. 
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The curvature of the pipe has a significant effect on heat transfer and flow hydrodynamics [6]. In [7], the 

characteristics of a helicoid tube's movement and heat exchange in heat exchangers of various shapes with 

straight-tube heat exchangers under different operating conditions were compared. A wide range of studies on 

increasing the heat transfer rate and reducing the size and cost of shell-and-tube heat exchangers is presented 

in [8]. Artificial roughness using a corrugated surface improves heat transfer characteristics by destroying and 

destabilizing the thermal boundary layer. 

The coefficient of convective heat transfer in both helicoid and direct tubular heat exchangers under 

turbulent flow conditions was experimentally determined in [9]. The overall heat transfer coefficient in helicoid 

heat exchangers is much higher than in straight tube heat exchangers. Helical fins provide higher heat transfer 

speeds and efficiency than straight pipes due to the development of secondary flow inside the helicoid tube 

[10]. In [11], an analysis of a spiral-wound heat exchanger was carried out taking into account various 

boundary conditions. Setting the boundary conditions of constant temperature or constant heat flow for a real 

heat exchanger does not lead to agreement between the calculated and experimental data. To improve the 

accuracy of calculations, it is necessary to take into account the coupled heat transfer. Studies of the 

characteristics of a spiral tubular heat exchanger with different inner tube geometries have been devoted to 

[12, 13]. [14] presents a numerical study of the characteristics of heat transfer and pressure losses in a vortex 

cooling pipe with five tangential inlet nozzles and recesses on the inner surface of the pipe. The recesses on 

the inner surface of the pipe lead to an intensification of heat transfer (the heat transfer coefficient increases 

by 7.2%) due to the increased heat transfer area and the interaction between the swirling flow and the wall 

with recesses. A numerical study of heat transfer and entropy generation during laminar flow in screw tubes 

of various cross-sections is considered in [15]. 

By facilitating and sealing the tube bundle in support elements made of polymer materials, the maximum 

possible heat exchange surface is achieved in high-speed heat exchangers [16, 17]. The dynamics of fluid flow 

in the inter-tube space of heat exchangers is characterized by a high degree of complexity and is influenced by 

many factors. Heating of oil and petroleum products is a widely used method to reduce energy losses during 

their transportation [18]. Numerical modeling of heat exchange processes in heat exchange devices with 

various designs is presented in [19]. The results of the conducted studies indicate a decrease in the influence 

of the viscosity of the pumped oil on the hydraulic characteristics of the pipeline system under developed flow 

turbulence conditions. The movement of liquid in the inter-tube space of heat exchangers is highly complex 

and is due to a number of factors. Heating of oil and petroleum products is actively used to minimize energy 

losses during their transportation [18]. Numerical modeling of heat exchange processes in apparatuses of 

different configurations is considered in the source [19]. The data obtained indicate that with the developed 

turbulence of the flow, the influence of the viscosity of the transported oil on the hydraulic parameters of the 

pipeline is significantly weakened.  A comparative analysis of the accuracy of various turbulence models used 

to solve the Reynolds equations, the dynamics of heat and mass transfer processes is the object of research in 

the works [20-26]. In computational practice the three turbulent models are typically employed. A sufficient 

agreement between the outcomes of numerical modeling and the data collected during industrial tests can be 

achieved through calculations carried out utilizing these models [2].  

The present study presents the results of numerical modeling analyzing the flow and heat transfer in 

helicoid-shaped pipes. These data are compared with similar indicators for smooth pipes. During the 

calculations, parameters such as the degree of pipe twist, flow rate, and initial oil temperature were varied. 

Special attention is paid to how the geometry of a spiral tube affects hydrodynamics and heat transfer, in 

particular, flow turbulence and its role in increasing heat transfer efficiency. Various approaches have been 

used to model turbulence, including the k–ε, k–ω SST, and Transition SST models (which take into account the 

laminar-turbulent transition). Comparing the results of these models with data from physical experiments and 

semi-empirical calculations allows us to determine the most suitable turbulence model for designing direct-

flow and countercurrent heat exchangers. 

 
2. Model and calculation method 
 
Method of modeling and computation The Navier-Stokes equations modified by Reynolds (RANS) are 

used for numerical simulation of hydrodynamics and thermal transfer of an incompressible fluid with changing 

viscosity. The three turbulence models, which takes the luminaire-turbulent transition into account, are used 

to close the Reynolds equations. 
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2.1. Basic equations  
The equations describing the flow have the following form:  

- the equation of continuity 

𝜕𝜗𝑗

𝜕𝑥𝑗
= 0; 

- the momentum equation 

𝜗𝑗

𝜕𝜗𝑖

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[(𝜈 + 𝜈𝑡)

𝜕𝜗𝑖

𝜕𝑥𝑗
] ; 

- the energy equation 

𝜗𝑗

𝜕𝑇

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[(

𝜈

Pr
+

𝜈𝑡

Pr𝑡
)

𝜕𝑇

𝜕𝑥𝑗
]. 

 

In this equation, 𝜌 stands for density, 𝜗𝑖  for velocity components in the direction of coordinates 𝑥𝑖, 𝑝 for 

pressure, 𝑇 for temperature, 𝜈 for the liquid's kinematic viscosity, 𝜈𝑡 for turbulent viscosity, and  𝑃𝑟, 𝑃𝑟𝑡 for 

the Prandtl number for laminar and turbulent flow regimes. The subsequent equations, which pertain to the 

turbulence models, are sourced from [26].  For the turbulence model k–ε, the dissipation of the turbulent energy 

𝜀 and the cinematic energy of the turbulence 𝑘 are determined using the following set of equations: 

𝜕
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+ 𝑆𝜀 . 

 
Here 𝜗𝑖 is the component of velocity in the corresponding direction, 𝜇  is the dynamic viscosity, 𝜇𝑡 is the 

turbulent viscosity, 𝑌𝑀 is the total dissipation velocity, 𝐺𝑘 , 𝐺𝑏 , 𝐶1𝜀, 𝐶2𝜀   are constants, 𝑆𝑘 , 𝑆𝜀   are user–defined 

initial terms. 

𝜇𝑡 = 𝜌𝐶𝜇

𝑘2

𝜀
. 

 

Additional transfer equations for the k–ω SST model have the form 
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Here 𝑃𝜃𝑡 is a derivative of the Reynolds number in terms of the thickness of the pulse loss; 𝑃𝛾 and  𝐸𝛾 are 

the conditions for the formation and dissipation of intermittency; 𝜎𝜃𝑡  and 𝜎𝛾  are the constants of the model, 

𝛾 is the intermittency parameter.  

The traffic sources are defined as follows: 

 

𝑃𝛾1 = 𝐹𝑙𝑒𝑛𝑔𝑡ℎ𝑐𝑎1𝜌𝑆[𝛾𝐹𝑜𝑛𝑠𝑒𝑡]𝑐𝛾3(1 − 𝑐𝑒1𝛾), 

 

where  𝑆 is the strain rate magnitude; 𝐹𝑙𝑒𝑛𝑔𝑡ℎ is an empirical relation that controls the length of the transition 

area; 𝐹𝑜𝑛𝑠𝑒𝑡 is the location of the beginning of the transition, 𝑐𝑎1, 𝑐𝑒1, 𝑐𝛾3 are the constants for the intermittency 

equation.  

The source of destruction/relamination is defined as follows: 

 

𝐸𝛾 = 𝑐𝑎2𝜌𝛺𝛾𝐹𝑡𝑢𝑟𝑏(𝑐𝑒2𝛾 − 1) 

 

where 𝛺 is the amount of vorticity, 𝑐𝑎2, 𝑐𝑒2 are constants for the intermittency equation, 𝐹𝑡𝑢𝑟𝑏  the function 

that determines the fracture coefficient outside the laminar boundary layer. 
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For the Transition SST model, instead of the second equation of the above system, the equation is written 

 
𝜕(𝜌𝜗𝑗𝛾)

𝜕𝑥𝑗
= 𝑃𝛾1 − 𝐸𝛾1 + 𝑃𝛾2 − 𝐸𝛾2 +

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝛾
)

𝜕𝛾

𝜕𝑥𝑗
]. 

 

 The definitions for 𝑃𝛾1, 𝑃𝛾2 representing sources of transition, and 𝐸𝛾1, 𝐸𝛾2 representing sources of 

destruction or relamination, are provided below 

 

𝑃𝛾1 = 𝑐𝑎1𝐹𝑙𝑒𝑛𝑔𝑡ℎ𝜌𝑆[𝛾𝐹𝑜𝑛𝑠𝑒𝑡]𝑐𝛾3,  𝑃𝛾2 = 𝑐𝑎2𝜌𝛺𝛾𝐹𝑡𝑢𝑟𝑏 
 

 

𝐸𝛾1 = 𝑐𝑒1𝑃𝛾1𝛾,  𝐸𝛾2 = 𝑐𝑒2𝑃𝛾2𝛾 

 

2.2. Dependence of viscosity on temperature 
Unacceptable strains on the pipe walls, "solidification" of the oil, and a halt to pumping can result from a 

rise in viscosity and the appearance of non-Newtonian qualities with a drop in the temperature of oil pumping. 

The Walter formula is used in the oil business to determine temperature-dependent kinematic viscosity [3].  

 
𝑙𝑔[𝑙𝑔(𝜈1 + с)] = 𝑎 + 𝑏𝑙𝑔𝑇 

 

where 𝑎, 𝑏  and  𝑐 are the empirical coefficients characterizing the oil under study, which are located at three 

experimental points. In this case, for the possibility of applying the Walter formula based on two experimental 

points,  c = 0.8 is often assumed. 

The coefficients a and b in the above formula are from the relations 
 

𝑎 = lg[lg(𝜈1 + 0.8)] − 𝑏lg𝑇 

 

𝑏 =
lg[lg (𝜈1 + 0.8)] − lg[lg (𝜈2 + 0.8)]

lg𝑇1 − lg𝑇2
 

 

Here 𝜈1 and 𝜈2  are the values of the kinematic viscosity of the liquid at temperatures 𝑇1  and  𝑇2. 
 

2.3. Computational procedure 
The values obtained using the logarithmic average temperature pressure method are compared with the 

results obtained using numerical methods of hydrodynamics. The conditions of stationary and axisymmetric 

flow are accepted. In calculations, oil is assumed to be a Newtonian liquid with constant density and varying 

thermophysical parameters. The modeling and calculations were done using the Ansys Fluent program. This 

is supported, by the consistency and dependability of the flow, which considers mathematical models of 

physical processes, the discretization of space in CFD, which splits continuous real space and the 

computational domain into a discrete set of cells that are constant fields and medium properties.  

The finite volume method, which enables working with grids of different complexity (unstructured), and 

the SIMPLE algorithm, which is intended for pressure correction, are the two primary techniques used to 

discretize the equations. Viscous fluxes are calculated using a centered second-order scheme, whereas inviscid 

flux components are calculated using the MUSCL scheme. By linking centered second-order finite differences 

with a dissipative term, the MUSCL scheme, which was founded on conservation principles, ensures the 

monotonicity of the solution and enhances its spatial accuracy. A flow limiter based on characteristic variables 

is used to accomplish the alternation between these elements. The resulting system of discrete equations is 

solved using an effective geometric multigrid approach. 

 
2.4. Coefficients of friction and heat transfer 
For the laminar flow regime at Reynolds numbers up to 2320, the coefficient of friction λ was determined 

by the Poiseuille formula. 

𝜆 =
64

𝑅𝑒
. 
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Since both laminar and turbulent regimes are possible in the Reynolds number range of 2320 to 4000, no 

comparison was done in this range. There are no well recognized analytical calculation formulas in the 

literature, and the experimental points vary significantly. Within the Blasius formula was used to calculate a 

turbulent flow regime with Reynolds values ranging from 4×103 to 105. 

 

𝜆 =
0.31644

𝑅𝑒0.25
. 

 

The Nusselt number is determined by a semi-empirical formula 

 

𝑁𝑢 = 0.023 𝑅𝑒0.8 𝑃𝑟0.43. 

3. Geometry of the tube and heat exchanger 

When considering a heat exchanger with a continuously varying temperature of the heat carriers, direct-

flow and counter-flow devices are distinguished (Fig.1). Cold oil passes through the central pipe, and the 

surrounding outer pipe is filled with hot water. The heat exchange process is carried out in such a way that oil 

moves inside the system through a narrow channel, and a stream of hot water flows around it from the outside, 

providing the necessary temperature regime. The external surface of the heat exchanger is thermally insulated. 

In a direct-flow type heat exchanger, hot and cold heat carriers flow in the same direction parallel to each other. 

In a countercurrent type heat exchanger, two heat carriers flow parallel to each other, but in the opposite 

direction. 

 

  
a) b) 

Fig. 1. Schemes of direct-flow (a) and counter-flow (b) types of heat exchange devices. 

 
Figure 6 shows the dependences of the Nu number on the Reynolds number (𝑅𝑒) for the cases of smooth 

and helicode tubes. It can be seen from the figure that for Re numbers up to 2.0×104, the heat transfer intensity 

is higher in the case of a smooth tube than for a helicoid tube. And at values of the 𝑅𝑒 number above 2.0×104, 

the heat transfer intensity is higher for the helicoid tube. This can be explained by the fact that with this 

Reynolds number, a laminar-turbulent transition occurs in the flow and it is pronounced precisely in the case 

of a helicoid tube. The inner diameter of the cold coolant pipe is 12 mm, the outer diameter is 14 mm. The 

diameter of the pipe through which the hot coolant passes is 20 mm. The temperatures of the heat carriers at 

the inlet are: cold — 303 K, hot — 423 K. The mass flow rates both of the heat carriers are 0,3814 kg/s and 

0,6386 kg/s, respectively, at an inlet flow rate of 4 m/s in each case. 

Applying the method of variable viscosity for a cold coolant and offering an improved geometry of the 

inner tube, in order to comprehensively apply various turbulence models in direct-flow and countercurrent 

devices, as well as in heat exchangers with a helicoid surface, heat transfer and flow dynamics of coolants are 

studied taking into account the laminar-turbulent transition. The inner tube of the heat exchanger with a smooth 

surface is shown in Fig.2a, and a helicoid tube with coils and a design grid is shown in Fig.2b. The number of 

coils on the surface of the tube is determined by the number of twists N, which in calculations take values from 

5 to 40 with an interval of 5 twists. 

As part of this task, it is assumed that oil fields are located at a depth of 0.9 to 2.4 km. The density of oil 

is 844-874 kg/m3, viscosity is 3.4–8.15 MPa·s, sulfur content is 0.16–2%, paraffins are 16-22%, resins are 8-

20%. These parameters correspond to the characteristics of the Uzen oil and gas field located in Kazakhstan. 

These parameters make it possible to accept Uzen oil in the form of a Newtonian fluid [26]. Velocity and 

temperature profiles corresponding to laminar flow in a circular tube are set as boundary conditions in the inlet 

section. On the walls of the pipe, sticking conditions are used for speed. In the outlet section of the pipe, mild 

boundary conditions are applied (zero gradients of the desired functions). Boundary conditions of the second 

kind are used as boundary conditions for surface temperature. 
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a) b) 

Fig. 2. View of smooth (a) and helicoid (b) design tubes. 
 

The calculated grid contains 705,795 nodes and 657,696 elements. When y+ is the dimensionless wall 

coordinate, the mesh cells are compressed close to the pipe walls so that y+<2. The following initial parameters 

of the problem were also used for calculation: the radius of the unicode pipe is 𝑅=0.006 m, the radius of the 

groove is 𝑟=0.001 m, the flow velocity 𝜗 =4 m/s, the temperature at the pipe inlet 𝑇=303 K, the heat transfer 

coefficient 𝛼=16685 W/(m2·K). The associated problem of heat exchange and hydrodynamics is solved for 

the heat exchanger. Boundary conditions of the 3rd kind are used on the walls of pipes. The temperature 

profiles of water and oil (cold and hot coolants) along the heat exchanger's length were produced using the 

widely recognized average-logarithmic temperature difference (LMTD) approach, as shown in [26], in order 

to validate the computation findings. 

  

4. Discussion of the modeling results of flow in the helicoid tube 

Based on the calculation results, distributions of hydrodynamic and thermal parameters for smooth and 

helicoid pipes are obtained. Figure 3a shows a graph of the dependence of the average mass temperature of oil 

at the outlet of a pipe with a length of 1 m on the number of coils. With an increase in the number of swirls, 

the oil outlet temperature increases, i.e., heat exchange between the heat carriers intensifies. With a tube length 

of 1 m, the maximum change in oil outlet temperature is approximately 3 degrees.  Data analysis in Fig. 3b 

demonstrates that the heat flow through the surface of the pipe in contact with the washing liquid increases in 

proportion to the number of twists. This indicates that a larger number of twists contributes to increased heat 

transfer.  

  
a) b) 

Fig. 3. Dependence of the average mass temperature of oil at the outlet of the pipe (a) and heat flow (b) on the 

number of twists with a pipe length of 1 m. 

 

The observed increase in the average oil temperature at the pipe's output (Fig. 3a) and a rise in heat flow 

with an increase in the number of twists in the pipe are due to the turbulence of the flow caused by the twisting 

process itself. The turbulence of the flow enhances the diffusion of liquid particles and, as a result, the 

intensification of heat exchange between them. The efficiency of this process is directly proportional to the 

number of twists in the pipe.  In further calculations of oil parameters for smooth and helicoid surfaces, the 

pipe length was assumed to be 4 m, and the number of coils was 40.  The data for a smooth pipe are taken from 
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previous studies [26]. For a helicoid tube, heat exchange occurs more intensively, which is associated with an 

increase in the surface area of the heat exchange (in the presence of coils), and there is also an increase in heat 

exchange due to the diffusion process.  

Figure 4 shows the dependence of the overpressure along the entire length of the tube. In the case of a 

helicoid pipe (line 2), a more drastic pressure drop is observed than in the case of a pipe with smooth walls. 

Additional flow resistance in the helicoid tube is associated with the development of vortex structures and 

increased friction caused by a violation of the linearity of the flow. Such effects are a consequence of the 

curved geometry and are accompanied by an increase in hydraulic losses. The coefficient of friction along the 

pipe was illustrated in Figure 5. It can be seen that the helicoid tube (line 2) exhibits a higher average coefficient 

of friction than the smooth tube (line 1). The flow and heat exchange in a pipe with spiral grooves are 

characterized by a number of distinctive features compared to smooth pipes. The presence of spiral grooves 

on the inner surface of the pipe induces a swirling flow movement, which leads to the formation of stable 

secondary vortex structures.  

 

  
Fig. 4. Changes in oil overpressure along the length of a 

pipe with a smooth (line 1) and a helicoid (line 2) 

surface. 

Fig 5. Changes in the coefficient of friction of oil along 

the length of a pipe with a smooth (line 1) and a helicoid 

(line 2) surface. 
 

These vortices disrupt the laminar flow structure and contribute to a more uniform temperature 

distribution across the pipe section. An increase in the level of turbulence is already observed at relatively 

small values of the Reynolds number, which provides an increase in the intensity of heat transfer between the 

pipe surface and the moving medium. The grooves create the effect of pseudo-vortex mixtures, enhancing heat 

transfer and destroying the thermal boundary layer. The flow and heat exchange in a pipe with spiral grooves 

are characterized by a number of distinctive features compared to smooth pipes. The presence of spiral grooves 

on the inner surface of the pipe induces a swirling flow movement, which leads to the formation of stable 

secondary vortex structures. These vortices disrupt the laminar flow structure and contribute to a more uniform 

temperature distribution across the pipe section. As a result, turbulence increases significantly, even at 

relatively low values of the Reynolds number, which contributes to the intensification of heat exchange 

between the pipe wall and the flowing medium. The grooves create the effect of pseudo-vortex mixtures, 

enhancing heat transfer and destroying the thermal boundary layer. However, along with the increase in heat 

transfer, there is an increase in hydraulic resistance due to increased friction and vortex formation losses. Thus, 

the use of pipes with spiral grooves requires optimal design of the geometry of the grooves (depth, pitch, angle 

of inclination) in order to achieve maximum efficiency with acceptable energy consumption.  

Figure 6 shows the dependences of the Nusselt number on the Reynolds number (𝑅𝑒) for the cases of 

smooth and helicode tubes. It can be seen from the figure that for Re numbers up to 2.0×104, the heat transfer 

intensity is higher in the case of a smooth tube than for a helicoid tube. And at values of the 𝑅𝑒 number above 

2.0×104, the heat transfer intensity is higher for the helicoid tube. This can be explained by the fact that with 

this Reynolds number, a laminar-turbulent transition occurs in the flow and it is pronounced precisely in the 

case of a helicoid tube. 
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Fig 6. Dependence of the Nusselt number on the Reynolds number for the inner tube with oil.  

1 - smooth tube, 2 - helicoid tube. 

 

5. Comparison of the model and experimental analysis of the flow in the heat exchanger 
 
Figures 7 and 8 show changes in the temperature of the heat carriers along the tubes. The graphs are 

constructed for three turbulence models, covering the forward and countercurrent flow patterns in smooth 

pipes. Triangular markers indicate calculations performed by the LMTD (Log-Mean Temperature Difference) 

method [26]. 

 

  
a) b) 

Fig.7. Temperature changes of water (a) and oil (b) along the axial coordinate in a direct–flow heat exchanger for 

models k–ω SST (lines 1), k-ε (lines 2), Transition SST (lines 3). 

 

  
a) b) 

Fig.8. Temperature change of water (a) and oil (b) along the axial coordinate in a countercurrent heat exchanger 

for models k–ω SST (lines 1), k–ε (lines 2), Transition SST (lines 3). 

 

In the case of direct flow (Fig. 7), all three turbulence models demonstrate a similar pattern of temperature 

changes: the temperature of the hot coolant (water) decreases, and the temperature of the cold coolant (oil) 

increases in the axial direction. An analysis of the results shows that for all the turbulence models studied, the 
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temperature differences between the heat carriers become more pronounced as they approach the outlet section. 

In particular, the k–ε model demonstrates a lower heating temperature of the cold coolant along the pipe 

compared to the other two models. On the other hand, the most intense cooling of the hot coolant is observed 

when using the Transition SST model. For the counterflow circuit (Fig. 8), the temperature of the cold coolant 

increases along the pipe in the direction from the inlet section to the outlet for all three turbulence models. 

However, stronger heating occurs for the Transition SST model compared to the direct-flow case. Unlike direct 

flow, the flow of hot coolant is directed from the outlet section of the heat exchanger towards its inlet section, 

therefore, cooling of this coolant occurs from the outlet section towards the inlet section. In this case, cooling 

occurs more slowly for the k–ε model, whereas for the direct current, such a change occurs for the SST model. 

A comparison the cold coolants’ (oil’s) temperature variation for two instances of coolant flow shown in 

Figures 7 and 8 shows that for the considered turbulence models, the oil heating temperature is higher in the 

countercurrent case than in the direct-flow scheme with a relatively uniform cooling rate of the hot coolant. 

The temperature field in a pipe with grooves is characterized by reduced unevenness compared to a 

smooth pipe. Due to the intensified mixing, a more efficient destruction of the thermal boundary layer is 

observed, which leads to a significant increase in the heat transfer coefficient. This effect is especially 

pronounced in laminar and transient flow regimes, where grooves play the role of an active element of heat 

exchanger.  Figure 9 shows comparative graphs of the calculated and experimental dependences of the 𝑁𝑢 

number on the 𝑅𝑒 number for three cases of the turbulence model, namely the k–ω SST, k-ε and Transition 

SST models. The calculation results were compared with the experimental results in [27, 28]. This experimental 

work provides an analysis of the thermohydraulic characteristics and energy efficiency of shell-and-tube heat 

exchangers with a longitudinal flow in a counterflow. 

 

 
Fig.9. Comparative graphs of the dependences of the numbers Nu and Re in a tube with oil washed by water for 

all three models and experiment: 1- k-ω SST, 2 - k–ε model, 3 - Transition SST model, 4 - experimental data. 

 

It can be seen from the figure that all three turbulence models give results close to each other, which are 

qualitatively consistent with the recalculated experimental results (due to different fluid densities). Naturally, 

one should not expect a quantitative coincidence of the results here, since the Nusselt tabular number for water 

is an order of magnitude higher than for oil. Nevertheless, the qualitative agreement of the calculated and 

experimental curves indicates an adequate description of the computational model used in this process. 

Despite the physical differences between the cold coolants (water in one case and oil in the other), there 

is a qualitative agreement between the calculated curve and the experimental one. Naturally, one should not 

expect a quantitative coincidence of the results here, since the Nusselt table number for water is an order of 

magnitude higher than for oil. Nevertheless, the qualitative agreement of the calculated and experimental 

curves indicates an adequate description of the computational model used in this process. 

Thus, the presence of spiral grooves makes it possible to significantly increase the efficiency of heat and 

mass transfer, however, this is accompanied by an increase in energy costs for overcoming resistance. 

Optimization of the geometry of the grooves (angle of inclination, pitch, depth) allows to achieve the best ratio 

between the intensification of heat exchange and pressure losses. 

Data Availability Statement: The data presented in this study are available upon request from the author. 
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6. Conclusion 
 
Numerical studies of heat exchange and hydrodynamic characteristics in pipes of various geometries 

(smooth and helicoid) have revealed a number of fundamental features due to the shape of the channel. The 

use of a helicoid tube contributes to a significant intensification of heat exchange. The use of swirled tubes 

with coils leads to a noticeable increase in the oil outlet temperature and the local Nusselt number compared 

to a smooth pipe. The main reason for this is the turbulence of the oil flow caused by windings, which 

intensifies the heat exchange between the liquid layers through diffusion. In addition, a slight increase in the 

surface area of the tube due to the recesses also contributes to an increase in oil temperature, increasing the 

heat flow. These conclusions are confirmed by comparative graphs of the dependence of the oil outlet 

temperature for smooth and helical tubes with swirls. 

The characteristic behavior of temperature curves is observed for the k–ε, k-ω SST, and Transition SST 

turbulence models: along the pipe's length, the hot coolant's temperature drops and the cold coolant's 

temperature rises of the pipe. In the countercurrent mode of movement of heat carriers, intensive heating of oil 

is observed compared to direct flow, which indicates a higher efficiency of the countercurrent circuit of the 

heat exchanger. The Transition SST model shows the greatest heating of the cold coolant in both modes, while 

the k–ε model demonstrates a smooth and linear behavior of the temperature profile. 

In addition, the k-ω SST model most effectively identifies the laminar-turbulent transition that occurs in 

the range of 3-3.5 m from the inlet section and is confirmed by changes in key parameters such as the Reynolds 

number, heat transfer coefficient and coefficient of friction. 
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