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Abstract

:

The presented paper, which is the first of two parts, shows the results of numerical investigations of a heat exchanger channel in the form of a cylindrical tube with a thin insert. The insert, placed concentrically in the pipe, uses the phenomenon of thermal radiation absorption to intensify the heat transfer between the pipe wall and the gas. Eight geometric configurations of the insert size were numerically investigated using CFD software, varying its diameter from 20% to 90% of the pipe diameter and obtaining the thermal-flow characteristics for each case. The tests were conducted for a range of numbers Re = 5000–100,000 and a constant temperature difference between the channel wall and the average gas temperature of ∆T = 100 °C. The results show that the highest increase in the Nu number was observed for the inserts with diameters of 0.3 and 0.4 of the channel diameter, while the highest flow resistance was noted for the inserts with diameters of 0.6–0.7 of the channel diameter. The f/fs(Re) and Nu/Nus(Re) ratios are shown on graphs indicating how much the flow resistance and heat transfer increased compared to the pipe without an insert. Two methods of calculating the Nu number are also presented and analysed. In the first one, the average fluid temperature of the entire pipe volume was used to calculate the Nu number, and in the second, only the average fluid temperature of the annular portion formed by the insert was used. The second one gives much larger Nu/Nus ratio values, reaching up to 8–9 for small Re numbers.
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1. Introduction


There are many ways to intensify the heat transfer in heat exchanger channels, e.g., by using ribs of different shapes or special tabs on the inner wall [1,2,3]. They aim to increase the fluid’s turbulence in the laminar boundary layer and increase the heat transfer surface. Another, also quite a popular method to improve heat transfer is to disturb the flow in the whole pipe cross-section, which can be achieved by, e.g., introducing special disturbing inserts, twisted tapes, or wire coils into the duct. A common feature of this type of turbulisers, regardless of their shapes, is the strong influence of some geometrical parameters on the heat-flow characteristics (e.g., the rib angle, its height or thickness) [4,5,6,7,8]. However, any such turbuliser, in addition to a local increase in heat transfer intensity, simultaneously causes a significant increase in flow resistance, which involves an obvious power increase to pump the working fluid.



This paper presents testing channels with an insert that does not turbulise the flow as most such elements do, but instead uses an additional heat transport mechanism, thermal radiation. Obviously, due to the necessary radiation transmittance of the working fluid, it is only applicable to gases.



The insert presented in this article is made in the form of a thin, smooth pipe and placed parallel and concentrically to the exchanger channel’s walls (Figure 1). Apart from the standard, convective method of heat transport between the wall and the fluid, the heat transfer intensification mechanism additionally uses the phenomenon of thermal radiation between the pipe wall and the insert. During the fully developed fluid flow, the insert placed in the centre of the tube does not mix the fluid and has a different temperature than the wall. Due to the temperature difference, heat is transferred by radiation between the wall surface and the insert. Assuming that the working gas is completely transparent and does not absorb radiation, the total radiant heat flux is transferred to the insert, increasing its temperature and becoming an additional heat transfer surface while transferring heat to the fluid on both sides by convection.



Unfortunately, no papers describe this type of insert in the available literature, making it impossible to refer directly to the presented research. Therefore, the articles that describe the most similar cases using turbulence inserts and with radiation heat transfer were analysed.



There is quite a lot of research on solar collectors in the literature, where the phenomena of radiation and convection occur together. In such a collector, solar radiation penetrates through a transparent glass tube and, by heating the absorber, will transfer heat to the fluid by convection. However, it is only in the absorber (inside the channel) that the heat transfer is intensified by placing various inserts that turbulise the flow [9,10,11].



The intensification of the heat transfer in the channel, resulting from the turbulence of the fluid through various methods, has been analysed by many researchers. The variable value was often some geometrical feature of the insert, influencing the flow resistance and heat transfer. For example, Eiamsa-ard and Promvonge [12] studied diamond-shaped turbulence inserts with their ends touching each other. The variable parameters were the length of a single element and the angle of inclination of the diamond face. The highest Nu numbers were observed for the shortest elements and those with the highest inclination angles. Kongkaitpaiboon et al. [13] experimented with an insert consisting of round rings attached to a pipe wall. He analysed two geometric variables: the rings’ inner diameters and the distance between them (three diameters and three longitudinal distances) in a small range of Reynolds numbers (4000–20,000). The study showed that the best heat transfer occurred with the ring’s smallest inner diameter and the smallest distances between the rings. Durums [14], on the other hand, in their study, presents the influence of the conical nozzle angle on the pressure drop and heat transfer intensity. The presented results show that as the turbuliser nozzle angle increases, the Nusselt number and friction coefficient also increase nonlinearly. In papers [15,16,17], Jasiński presented a comprehensive experimental and numerical study of a ball insert, with varying ball diameters and longitudinal distances between them, at a fairly large range of Re numbers 5000–300,000. It turned out that the largest coefficient of thermal efficiency was obtained by the inserts with the smallest diameter and largest longitudinal distance, and additionally, at large Re numbers. One example of twisted tape inserts research was presented in [18] by Bas and Ozceyhan. The highest efficiencies were obtained for the smallest Re numbers 5000–10,000 with a small gap between the pipe wall and the insert for all the insert geometries they studied.



This work’s originality is based on the use of an additional heat transport mechanism, which is radiation from the pipe wall to the absorption insert. The presented results were obtained for a relatively small temperature difference ∆T = 100 °C, as is standard for radiation processes. Further work will focus on research for developing such inserts at greater temperature differences to improve the thermal efficiency of various devices, such as solar air ducts, heaters, and heat exchangers. The concept of this type of insert may be of great importance, especially for high-temperature combustion and heat recovery processes, where thermal radiation is the dominant method of heat transfer.




2. Geometry of Insert and Principle of Operation


The principle of operation of such an insert is based on the fact that the total heat flux supplied to the outer wall of the channel is partially transferred by convection to the fluid, and at the same time, a part of this flux is transferred to the insert by radiation, Figure 1. Because the insert does not cause turbulence and mixing of the fluid, its temperature mainly depends on the radius on which it is located. Since the temperature field in the cross-section changes as a function of the radius during a fully developed flow in the channel, there is some temperature difference between the pipe wall and the insert. If the flowing gas is transparent and going through convection, there is also a mechanism of heat transport through radiation     Q ˙   rad     between these surfaces. The absorption of radiation by the insert causes its slight heating, and thus the temperature difference between the wall and the insert is decreased, which in turn reduces the radiative heat flux. Simultaneously, the insert is washed on both sides by a working gas that flows both in the annular space and in the insert’s centre space, which also causes convective heat transfer to the gas flowing on both sides. The heat receipt from the insert causes a decrease in its temperature, i.e., an increase in ∆T (between the pipe wall and the insert). The convective heat fluxes     Q ˙    1 conv      and     Q ˙   2 conv     of the insert’s outer and inner surfaces are not equal due to different flow and thermal conditions. As you can see, the mechanism of this process is quite complex and depends on many parameters.



The thickness of such an insert should be as small as possible, and the insert itself should be made of a material that conducts heat well. The thickness can then be neglected, and the temperature can be assumed to be the same on both surfaces of the insert. In order to obtain the highest possible radiative heat flux, the emissivity of both surfaces involved in the radiative heat transfer, i.e., the pipe wall and the insert, should also be as high as possible.



Due to the fact that a boundary condition of constant temperature is assumed on the inner surface of the pipe, we are not really interested in “what happens” in the wall itself. Therefore, the pipe wall was can also be assumed to be negligible in the numerical calculations. Of course, a more realistic case would be with a pipe of a certain thickness, e.g., 1 mm and made of copper, but then the heat conduction resistance through the wall would be so small that the wall temperature would practically be the same anyways.



The use of this type of insert can be justified, especially in high-temperature exchangers, where due to a significant temperature difference, the radiation fraction in heat transfer is significant compared to convection, e.g., heat recovery from exhaust gases in gas boilers, cars, etc.



Nevertheless, the research presented in this article has shown that the use of such an insert, even with small differences in temperatures between the wall and the gas of approx. 100 °C, gives a noticeable effect of intensifying heat transfer. As the gas flow velocity increases, the convective heat flux also increases, and thus the proportion of the radiation flux decreases. Therefore, the channel efficiency with inserts absorbing thermal radiation is the greatest for small Reynolds numbers.




3. Numerical Model


Numerical tests were conducted for various insert diameters di (Figure 2c) and a constant temperature difference ∆T = 100 °C between the wall and the average gas temperature in the pipe cross-section. On the outer wall of the channel, the heat transfer boundary condition of the first kind was applied, i.e., a constant wall temperature equal to 100 °C, while for gas, its mean volume temperature equal to 0 °C was a constant value. The working gas was the air with physical properties that were dependent on temperature.



In order to simplify the notation and the possibility of referencing other geometrical dimensions, the insert diameters di are presented in dimensionless form D = dp/di, with reference to the pipe diameter dp = 200 mm. The values of di and D, along with their final dimensions, are given in Table 1.



Due to the axial nature of the flow and the lack of a rotational velocity component in the flow, it is assumed that each tested insert can be considered as a two-dimensional case. Therefore, a computational domain in the shape of a longitudinal cylindrical slice with an aperture angle of 10° and length L = 152 mm was used in the simulations (Figure 2b), and the axial symmetry as the boundary conditions on the sides of the domain was set.



The appropriate method of conducting numerical simulations allowed the obtaining of a fully developed flow in this relatively short domain. In order to achieve this effect, the translational periodicity (as boundary conditions) at the inlet and outlet of the domain was set, and the fluid flow was forced with a pressure gradient. Thus, the computational domain has been reduced to a repeatable, periodic, and axisymmetric geometry representative of the entire channel. By reducing the domain size and the number of computational mesh nodes (up to 2D), it was possible to significantly shorten the computation time while maintaining the mesh’s high quality. This method of study has also been presented in [4,19,20,21], while other, less important details related to this method of numerical modelling are also presented in [15,16,17]. In order to ensure the same static pressure on both sides of the insert, slight gaps of 2 mm length in its continuity (Figure 2a) were applied, constituting about 1.5% of the total length of the insert.



For each insert, nine simulations were performed with different Reynolds numbers, resulting in 72 numerically tested cases, not counting the trial simulations. Based on the obtained results, thermal-flow characteristics of the tested inserts were prepared. Numerical simulations were performed with the ANSYS-CFX v18.2 calculation code.




4. Grid, Turbulence Model and Radiation Model


4.1. Governing Equations


Numerical calculations of the frictional resistance and the heat transfer were performed using the ANSYS-CFX code. During the calculations the basic equations of conservation of mass (1), momentum (2) and energy (3), which have the form [22], were solved:


    ∂ ρ   ∂ t   + ∇ ⋅ ( ρ  U ¯  ) = 0  



(1)






    ∂ ( ρ  U ¯  )   ∂ t   + ∇ ⋅ ( ρ  U ¯  ×  U ¯  ) = − ∇ p + ∇ ⋅  μ e  ( ∇  U ¯  +   ( ∇  U ¯  )  T  −   2 3   δ ∇ ⋅  U ¯  ) + ( ρ −  ρ  r e f   ) g  



(2)






    ∂ (  i  t o t   ρ )   ∂ t   =   ∂ ρ   ∂ t   + ∇ ⋅ ( ρ  U ¯   i  t o t   ) = ∇ ⋅ ( k ∇ T ) + ∇ ⋅ (  U ¯   τ w  ) +  S E   



(3)




where the term   ∇ ⋅ (  U ¯   τ w  )   represents the work of viscous forces, SE is a term of an energy source, and the total enthalpy itot is expressed as:  i +   1 2     U ¯  2   . For the turbulence model used, the governing equations are presented in detail in [16].




4.2. Grid Independence


Before the actual simulations, validation calculations for several geometries at different mesh densities were performed. Table 2 gives an example of the grid under test for one of the insert diameters, D = 0.4 and Re = 18,650. It was observed that the deviation between the grid elements of 25,440 and 49,820 is only 0.9% for the friction factor and 0.22% for the Nu number. Thus, for further calculations, a structural and hexagonal mesh (Figure 3) with 25,440 elements was chosen, which is the quality at which its further densification gives results differing by less than 1.5%.



For further calculations, a structured and hexagonal mesh, shown in Figure 3, was chosen with a quality at which further densification of the mesh gave results varying less than approximately1.5% for the most important flow parameters.



Of particular importance for flow and heat transfer phenomena is the hydraulic boundary layer. In the studied geometries, these layers form at the channel wall and on both sides of the insert, i.e., where the fluid contacts the solid. In these areas, the mesh was further compacted to obtain an appropriate y+ value for the turbulence model that was used [15,16,17,22,23].




4.3. Turbulence Model


Due to the assumed turbulent fluid flow, the SST k-ω (Shear Stress Transport) turbulence model was used in all of the numerical simulations. It is one of the most frequently used models in CFD applications due to its much better mapping of the flow-thermal phenomenon in calculations than the standard k-ε model [16,22]. The SST model’s main advantage is taking the viscous boundary sublayer into account by applying the k-ω model near the wall and using the standard k-ε model in the turbulent core region. A special function (the so-called blending function) implemented in the SST model [22] is responsible for selecting an appropriate model during the calculations.



One of the criteria for the numerical solution’s uniqueness was to achieve the appropriate convergence for the residues: momentum, energy, and turbulence. In all of the simulations, a convergence of 10 × 10−4 for the maximum residues and an order of magnitude lower (10 × 10−5) for mean residues (RMS—Root Mean Square) were obtained, both for the solutions of hydraulic equations and the energy equations. The second criterion for the solution’s uniqueness was stabilizing the flow-thermal parameters, such as velocity, pressure, and temperature, which were monitored both as average values and in several selected points in the computational domain. The computation process was terminated if the above parameters did not change for several consecutive iterations.




4.4. Radiation Model


For the radiative heat transfer calculations, shown in Figure 2c, the geometry of the tube with the insert can be treated as two infinitely long concentric cylinders with surfaces A1 and A2, emissivities ε1 and ε2, and temperatures T1 and T2 (where index 1 is referred to the smaller surface, i.e., the insert, and index 2 to the bigger surface, i.e., the pipe wall). For the tested geometries, where the outer cylinder completely surrounds the inner cylinder, it is assumed that the outer surface will intercept all radiation from the inner surface. Hence, considering the Stefan–Boltzman law for grey bodies, the net radiative heat flux transferred between these surfaces is described by Equation (4).


    Q ˙   r a d   =   σ ⋅  (   T 2    4  −  T 1    4   )     1   ε 1    +    A 1     A 2    ⋅  (   1   ε 2    − 1  )    =  ε  12   ⋅ σ ⋅  (   T 2    4  −  T 1    4   )   



(4)




where:   ε  12   =  1   1   ε 1    +    A 1     A 2    ⋅  (   1   ε 2    − 1  )     —interchange factor.



The above equation is the basic formula describing the radiative heat transfer for the studied geometry, and its derivation can be found in many literature sources, e.g., [24,25].



Using (4), a validation test for the selected insert geometry was performed, comparing the results obtained from the analytical calculations and numerical tests. The investigated quantity was the radiation heat flux exchanged between these surfaces for different pipe wall temperatures. The inner surface (Figure 4a) was kept at a constant temperature of 0 °C, while the outer surface temperature was changed every 50 °C. Both surfaces’ emissivities, both for this test and further numerical simulations, were the same and amounted to ε1 = ε2 = 0.9, while there was a vacuum between the surfaces to eliminate the effect of convection on heat transfer.



Due to very similar results, which would not be visible in the ordinary comparative chart, in Figure 4b, only the percentage difference of the heat fluxes in the form of the relative error calculated from (5) is shown.


  δ =     Q ˙   t h e o r y   −   Q ˙   n u m e r i c a l       Q ˙   t h e o r y     ⋅ 100 %  



(5)







As shown in the diagram, the discrepancy in the value of the radiative heat flux transferred between the surfaces is within the limits of ±1% for the six temperature differences tested.



Several radiation models are available in the ANYS-CFX calculation program, such as Rosseland, P1, Discrete Transfer, and Monte Carlo. In a situation where the thermal energy of radiation is transferred between two surfaces, and the medium is transparent to radiation with wavelengths, which is where most of the heat transfer takes place, the Monte Carlo model is the only one that applies—and onlythis model was used in the simulations [20].





5. Hydraulic Characteristics—Friction Factor


5.1. Data Processing


The use of any insert in the flow channel always results in an increase in flow resistance. The situation is similar in the tested insert case, where the resistance increase is caused by the friction of the fluid against its two additional surfaces—outer and inner. As mentioned before, this kind of insert does not cause swirling and turbulisation of the fluid, which means that the flow resistances are much lower than in the case of inserts with a different construction and operation. These resistances mainly depend on the average gas velocity flow in the channel for a given insert diameter.



Figure 5 shows the velocity profiles in the symmetry plane (according to the diagram in Figure 2b) for an insert with a dimensionless diameter D = 0.2 and several Re numbers. Similarly, Figure 6 shows the velocity profiles for different dimensionless insert diameters D, but with the same number, Re = 13,500. By analysing the velocity fields shown, it can be concluded that the fluid velocities differ significantly in the inner and outer cross-section of the insert. These differences are due to the flow resistance and, as mentioned earlier, depend on the insert diameter and the Re number. As the flow resistance on both sides of the insert is the same, the gas flows in two streams, “adjusting” the velocity to the flow resistance. It can be assumed that in this way, there is a self-regulation of the amount of flowing medium outside and inside the insert.



To calculate the friction factor obtained from the numerical results, the Darcy–Weisbach Equation (6) was used:


  f =   2 ⋅  d p    ρ ⋅  u 2    ⋅   d p   d x    



(6)




where the Re number is a function of the average velocity u in the pipe cross-section and the pipe diameter dp:


  R e =   u ⋅  d p   ν   



(7)







The set value, forcing the fluid flow, was the pressure gradient dp/dx, while the average velocity in the pipe u resulted from numerical calculations. The friction factor for a smooth pipe was calculated using the Blassius formula (8):


   f s  = 0.3164 ⋅ R  e  − 0.25    



(8)








5.2. Results and Discussion—Friction Factor


A total of nine numerical simulations for each geometry and different Reynolds numbers were performed. As mentioned earlier, the set amount forcing the flow was the pressure gradient dp/dx, and the average velocity in the pipe u was the result of the numerical calculations. In this way, the flow characteristics f(Re) for each insert geometry were prepared, while the friction factor was calculated from Equation (6). Figure 7 shows the characteristics of the friction factor as a function of Re for each tested insert diameter. Logarithmic scales were used on both axes, and the smooth pipe characteristics for comparison, calculated from (8), are also shown. As expected, for all insert sizes, the friction factor decreases as the Re number increases. The characteristics shown in the graph have a similar trend as the smooth pipe, but obviously different values.



Figure 8a presents the ratio of f/fs as a Re number function, showing how many times the friction factor increased for a given insert diameter compared to the smooth pipe. As it can be seen, for all geometries, the largest increase occurs for the smallest Re numbers.



However, for larger Re numbers, from about 20,000 onwards, the characteristics align more or less horizontally or increase minimally, which means that these functions’ trends are similar to those of the smooth pipe. On the other hand, in Figure 8b, which shows the f/fs ratio as a function of the dimensionless insert diameter D, one can observe its effect on the friction factor value, according to several selected Re numbers. You can clearly see the maxima, exhibited by all of the characteristics in the D range from 0.5 to 0.7, which means that pipes with inserts of these diameters have the highest flow resistance.



However, compared to the turbulising flow inserts of other designs, e.g., those described in [26,27], the increase of the friction factor is several times smaller for the same Re numbers, which also translates to much smaller pressure drops.



In the aforementioned works, flow turbulising inserts were studied to improve heat transfer. Such inserts, in the form of twisted tape with cutouts that generate additional vortices during flow, specifically disrupt the flow and thus increase convective heat transfer, but at the same time, the flow resistance increases significantly.



The inserts studied in this paper do not disturb the flow because they have negligible thickness, are not equipped with vortex generators, and are arranged parallel to the flow direction. This design and the arrangement of the insert in the pipe result in much lower flow resistance and pressure drops than other inserts, while heat transfer enhancement takes place only through radiation.





6. Thermal Characteristics—Nusselt Number


6.1. Data Processing


In the simulation, the constant temperature of the pipes’ outer walls was assumed to be 100 °C (as the thermal boundary conditions), and the average gas temperature was assumed to be in the computational domain of 0 °C. This temperature difference was kept for all calculation cases in order to perform the tests under the same conditions. Due to the different flow conditions for each case, a different heat flux transferred to the fluid was obtained.



As mentioned earlier, the presented computational model obtained a fully developed, periodic flow at the inlet and outlet of the domain (forced by a pressure gradient). In order to obtain a fully developed thermal layer, and at the same time to maintain the energy balance in the system, the heat flux supplied by the wall to the gas domain had to be compensated by the use of an additional, equal in value, negative volumetric energy source that was different from the entire domain flow [16]. The working gas properties (air), such as thermal conductivity, viscosity, and density were functions of the temperature.



In Figure 9, in accordance with the diagram in Figure 2b, temperature profiles and several Re numbers, for example, the insert with dimensionless diameter D = 0.2, are shown. Similarly, Figure 10 shows the temperature profiles for several dimensionless diameters D of the inserts, but for the same number, Re = 13,500. As it can be seen, the temperature profiles in the inner and outer cross-sections of the insert differ significantly, highlighting the effects of radiation and the separation of the gas streams. The radiative heat flux transferred to the insert causes its heating, which allows this heat to be transferred to the fluid during convective heat transfer on both sides of the insert. To calculate the Nu number from the numerical analysis, the following relationship was used:


  N u =     Q ˙   tot   ⋅  d p    k ⋅ (  T w  −  T b  ) ·  A 2     



(9)







While the Nu number for the smooth pipe without insert was calculated using the Dittus–Boelter correlation (10):


    N u  s  = 0.023 ·   R e  0.8  ·   P r  0.4   



(10)







As mentioned earlier, the insert divides the channel into two hydraulically independent spaces, except for small gaps for equalising static pressures (Figure 2a). This means that the fluids from the annular (outside the insert) and tubular (inside the insert) cross-section do not mix, but instead exchange heat energy among themselves through the insert’s thin wall. This situation significantly complicates the heat transfer calculation, i.e., the Nu number calculation, due to the problem’s two possible approaches.



The Nu number, calculated according to (9), characterises the heat transfer intensity on the flow channel wall—in this case, a round pipe. Therefore, calculating the temperature Tb can be related to either (a) the entire volume of the channel or (b) only the volume of the annular portion that actually contacts the channel wall. Both approaches have their justification.



Ad. (a) Tb calculated as the volume average temperature in the whole duct. This method of calculation is the most commonly used by most researchers, both for empty ducts and those equipped with inserts or other turbulators, e.g., [28,29,30,31,32,33,34]. The heat flux is transferred to the fluid that is in contact with the duct wall, and its average temperature is the result of the heat transfer conditions and the fluid velocity on both sides of the insert. One disadvantage of this approach with the considered insert is the lack of fluid mixing from the annular and tubular spaces. Thus, there are different velocity and temperature fields in these areas, and the temperature gradient in the duct wall layer is quite different from what it would be with a classical insert.



Ad. (b) Tb calculated as the volume average temperature from the annular part only. This approach is justified because the heat flux is directly transferred to the fluid in contact with the channel wall. Obviously, its average temperature is also affected by the amount of heat supplied to the insert by radiation and returned by the fluid’s insert due to convection to the annular and tubular parts.




6.2. Results and Discussion


According to the author, both ways of calculating the Nu number can be considered for this type of insert, even though they give different results. As it will be shown later in the paper, smaller values of Nu number are obtained using calculation method (a), i.e., taking the temperature in the whole volume of the pipe into account. In comparison, larger values are obtained using calculation method (b), i.e., only taking the annular part’s temperature into account.



Figure 11 shows the characteristics of the Nu(Re) number calculated for methods (a) and (b), which additionally include the characteristics for a smooth pipe, calculated according to (7). It is clear that these charts differ quite significantly, both in terms of the value and the position of the curves. A characteristic feature is the values of the Nu numbers smaller than those of the smooth pipe, calculated using method (a), mainly for the largest diameters D = 0.9, 0.8, 0.7 and 0.6 (shown in Figure 11a), and calculated by method (b) in the range of large Re numbers and large insert diameters D = 0.9 and 0.8 (shown in Figure 11b). With normal turbulising inserts, such a phenomenon is unlikely to occur because any insert put into the pipe disrupts the flow by intensifying the convective heat flux while increasing the flow resistance.



Figure 11 shows the characteristics of the Nu(Re) number calculated for methods (a) and (b), which additionally include the characteristic for a smooth pipe, calculated according to (7). It is clear that these charts differ quite significantly, both in terms of the value and the position of the curves. A characteristic feature is the values of the Nu numbers smaller than those of the smooth pipe, calculated using method (a), mainly for the largest diameters D = 0.9, 0.8, 0.7 and 0.6 (shown in Figure 11a), and calculated by method (b) in the range of large Re numbers and large insert diameters D = 0.9 and 0.8 (shown in Figure 11b). With normal turbulising inserts, such a phenomenon is unlikely to occur because any insert put into the pipe would disrupt the flow by intensifying the convective heat flux while increasing the flow resistance.



In the case of the tested inserts, the appearance of Nu numbers smaller than the reference level, which would be for a smooth pipe, can be somehow explained by the creation of additional space between the pipe wall and the insert (annular cross-section). The larger the diameter of the insert, the smaller this space becomes, while at the same time, the average temperature of the gas in it increases, and its velocity decreases. This space gap can be treated as a kind of insulation layer between the pipe wall and the main flowing gas stream.



At small diameters, the insert is more or less evenly washed by the fluid on both sides. At large diameters, however, the mass flux of the flowing gas in the annular cross-section is much smaller than inside the insert, so the convective heat transfer decreases significantly, and the heat resistance from the conduction of the gas increases.



Figure 12a,b show the ratio of the Nu number of the tested inserts to the Nu number for a smooth pipe for the two above-mentioned calculation methods. Based on the average temperature Tb in the entire pipe (case a), it can be seen that for several inserts with diameters D = 0.9, 0.8, 0.7, 0.6, the values of the Nu/Nus characteristics are less than one. On the other hand, when only taking the temperature Tb for the calculations from the annular cross-section (case b), the curves are arranged in an “ideal” order, i.e., the intensification of heat transfer increases proportionally with the increase of the insert diameter.



Figure 13 shows the Nu/Nus ratio as a function of the diameter D for several selected Re numbers, i.e., it illustrates the effect of the insert geometry on the heat transfer intensification. In Figure 13a, we can see a clear maximum that shows all of the characteristics at D = 0.5, which means that this is the largest increase in Nu number for this insert diameter in relation to the smooth pipe. These characteristics are very similar to the friction factors shown in Figure 8b.



When analysing Figure 13b, it was observed that along with increasing the insert diameter, the value of ratio Nu/Nus also increases, which is similar to what can be observed in Figure 12b.





7. Summary and Conclusions


This work presents numerical investigations for different diameters of an insert that absorbs radiative heat flux while simultaneously not turbulising the fluid. Based on these results, the characteristics of f(Re) and Nu(Re) were prepared and presented in graphs (Figure 7 and Figure 11). The characteristics of f/fs(Re) and Nu/Nus(Re) are also shown (in Figure 8 and Figure 12), i.e., the ratio of the friction factor and Nu numbers obtained from simulations, compared to a smooth pipe.



The velocity and temperature fields in the channel’s symmetry plane are also presented for a few exemplary insert geometries (Figure 6 and Figure 10) and a few Re numbers and constant diameters D (Figure 5 and Figure 9).



The analysis of the results allowed for the formulation of the following conclusions:




	(1)

	
The highest increase in friction resistance (the friction factor ratio f/fs) was observed for inserts with diameters D = 0.5–0.7, while the lowest values were recorded for inserts with the smallest diameter D = 0.2 and the largest diameter D = 0.9;




	(2)

	
The Nu number, which is the intensity of heat transfer, can be calculated in two ways that give different results. As mentioned earlier, there are two methods to determine the temperature Tb in formula (6). At the moment, the author suggests the “classical” way, (a), i.e., calculating the temperature Tb as an average over the entire volume channel. This method gives smaller, or one may say, “safer”, values of the Nu number than method (b). The Nu values obtained using method b) are quite large, up to about nine times larger than for a smooth pipe (for D = 0.9 and small Re numbers), but at relatively small velocities and pressure drops. Comparing the obtained results to the results of other insert geometries described in the available literature, it can be concluded that these are very high Nu numbers. Therefore, these values should be approached with caution, and the issue should still be thoroughly investigated and analysed;




	(3)

	
The influence of radiation on heat transfer is shown in Figure 11 and Figure 12. Compared to a smooth pipe, the highest Nu numbers are noted for their small Re numbers. As the Re number increases, the difference between the Nu number of the tested inserts and that of a smooth pipe decreases quite quickly, and with large Re numbers, the Nu numbers of the values are comparable to those of a smooth pipe. This is a correct phenomenon because as the Re number and the gas flow velocity increase, the convective heat flux also increases, and the fraction of radiative heat flux decreases in the total heat flux, which is transferred from the wall to the fluid;




	(4)

	
For the largest diameters D = 0.9, 0.8, 0.7, 0.6 (Figure 11a), a decrease in Nu numbers below the reference level, which is a smooth pipe, was observed. As previously mentioned, the tested insert does not turbulise the flow and therefore does not increase the convective heat flux. On the other hand, at larger insert diameters, the mainstream of fluid flows inside the insert, and the outer (annular) space becomes thinner, which causes a significant reduction in gas velocity in this region. As a result, the annular part, instead of participating in the heat transport to the gas, due to its low velocities, actually becomes an insulating layer inside the pipe. As it can be seen from the research, this phenomenon causes a deterioration of the overall heat transfer, even when compared to a smooth pipe.
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Nomenclature








	A
	heat transfer area (m2)



	di
	insert diameter (m)



	dp
	pipe diameter (m)



	D
	diameter ratio, (di/dp)



	dp/dx
	pressure gradient (Pa/m)



	f
	friction factor



	k
	thermal conductivity (W/mK)



	L
	domain length (m)



	Nu
	Nusselt number



	     Q ˙   tot     
	total heat flux (W/m2)



	     Q ˙   rad     
	radiative heat flux (W/m2)



	     Q ˙   conv     
	convective heat flux (W/m2)



	Pr
	Prandtl number



	Re
	Reynolds number



	Tb
	bulk temperature (K)



	Tw
	wall temperature (K)



	u
	average velocity (m/s)



	ν
	kinematic viscosity (m2/s)



	∆T
	temperature difference (K)



	δ
	relative error (%)



	ε
	emissivity



	ε12
	interchange factor



	ρ
	density (kg/m3)



	
	indexes:



	s
	smooth tube



	1
	for smaller heat transfer area



	2
	for bigger heat transfer area
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Figure 1. A fragment of a pipe with an insert and a schematic view of heat fluxes. 
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Figure 2. Repeatable insert segment: (a) 3D view of the pipe section with insert, (b) computational domain, (c) channel cross-section diagram. 
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Figure 3. Computational mesh with densification areas at the walls. 
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Figure 4. (a) View of the tested geometry, 1-insert, 2-pipe; (b) relative error of radiation fluxes. 
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Figure 5. Velocity profiles in the symmetry plane for dimensionless insert diameter D = 0.2 and different Re numbers: (a) Re = 5500, (b) Re = 13,500, (c) Re = 43,000 and (d) Re = 85,000. 
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Figure 6. Velocity profiles in the symmetry plane for several dimensionless diameters D of the insert and the same number Re = 13,500. (a) D = 0.2, (b) D = 0.5, (c) D = 0.7, (d) D = 0.9. 
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Figure 7. Friction factor f(Re) for dimensionless insert diameters D. 
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Figure 8. (a) f/fs(Re) ratio for dimensionless insert diameters D; (b) f/fs(D) ratio for several Re numbers. 
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Figure 9. Temperature profiles in the symmetry plane for a dimensionless insert diameter D = 0.2 and several Re numbers: (a) Re = 5500, (b) Re = 13,500, (c) Re = 43,000 and (d) Re = 85,000. 
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Figure 10. Schemes follow the same formatting. Temperature profiles in the symmetry plane for several dimensionless insert diameters D and the same number Re = 13,500. (a) D = 0.2, (b) D = 0.5, (c) D = 0.7, (d) D = 0.9. 
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Figure 11. Nusselt number Nu(Re) as a function of Re number, calculated on the basis of the average temperature: (a) from the entire pipe; (b) from the annular section of pipe. 
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Figure 12. The ratio of the Nu number obtained from simulation to the Nu number for a smooth pipe Nu/Nus(Re) as a function of the Re number, calculated on the basis of the average temperature: (a) from the entire pipe; (b) from the annular cross-section. 
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Figure 13. Nu/Nus(D) ratio for several Re numbers, calculated from the average temperature: (a) from the whole pipe; (b) from the annular section. 






Figure 13. Nu/Nus(D) ratio for several Re numbers, calculated from the average temperature: (a) from the whole pipe; (b) from the annular section.



[image: Energies 14 04596 g013]







[image: Table] 





Table 1. Dimensions of the tested insert and the corresponding dimensionless diameters.
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	di [mm]
	40
	60
	80
	100
	120
	140
	160
	180





	D [—]
	0.2
	0.3
	0.4
	0.5
	0.6
	0.7
	0.8
	0.9
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Table 2. Grid independent test for Re = 18,650 and insert diameter D = 0.4.
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	No. of Elements
	f
	Dev. %
	Nu
	Dev. %





	6140
	0.0461
	-
	73.23
	-



	11,960
	0.0508
	9.38
	78.05
	6.18



	18,230
	0.0543
	6.32
	80.13
	2.60



	25,440
	0.0551
	1.45
	80.62
	0.61



	49,820
	0.0556
	0.9
	80.80
	0.22
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