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ABSTRACT 

To optimize the heat transfer performance of heat exchangers, this study explored the flow properties and heat 

transfer of cosine-wave-shaped runners with different structural parameters (wave amplitude, focal distance, and 

circle radius). The effects of the changes in these structural parameters on the flow and temperature fields of 

specially shaped channels were analyzed. The partial synergy angles of cosine runners were obtained using 

user-defined programs in CFD software. The synergy of the entire channel was evaluated using the average field 

synergy angle as an evaluation index. This study investigated the problem of distribution nonuniformity of the 

temperature differences during the medium flowing process to provide a theoretical foundation and guidelines for 

optimally designing the structural parameters of specially shaped channels. 

Introduction 

Heat exchangers are indispensable to heat transfer applications. Heat exchangers provide advantages, such as 

convenient processing, compactness, and mature technology, and a conventional structure is generally used for their 

heat transfer surfaces. However, this conventional section structure leads to inevitable drawbacks, such as impeding 

the heat transfer to the cooling medium and sharply decreasing the condensing efficiency. Accordingly, scholars 

worldwide have investigated the heat transfer surfaces of specially shaped channels for heat exchangers to remedy 

the shortcomings observed of the conventional structure. 

Manson first reported the correlation between the heat transfer and flow resistance of serrated fins; however, 

he used different serrated fins, which included three serrated cores and four modular experimental cores1. Using 

Kays and London’s experimental data2, Manglik and Bergles performed a simulation and confirmed the correlation 

between heat transfer and flow resistance3. Suzuki et al. and Xi et al. calculated flow characteristics in unstable 

regions by using two-dimensional numerical simulation4,5. Their results revealed apparent secondary flow 

phenomena and self-driving vibrations in unstable regions. Ricardo et al. researched a tubular flow channel by 

using three-dimensional simulation and analyzed the effects of fin pitch on heat transfer and flow properties 

through particle image velocimetry6. The investigation of trapezoidal runners began in 1931. By using the 

similarity solution method, Falkner et al. first derived the partial differential equations of velocity in a wedge 

structure7. Hartree and Stewartson delved into this method in more detail and found no inflection point in the 

velocity profile when the flow accelerated8, 9; however, an inflection point appeared when the flow decelerated. 

Moreover, boundary layer separation appears when β = −0.199π. Kuo et al., Rush et al., and Rainieri and 
Pagliarinnihave studied numerical simulations of periodic trapezoidal structures10−12. In studies on fluid undergoing 

substantial temperature changes in the inlet section of spiral-grooved pipes, the tested Reynolds numbers have 

ranged from 90 to 800. On the basis of the corresponding state theory of friction coefficients, Obot et al. analyzed 

the critical Reynolds number of enhanced heat transfer pipes formed by cold processing smooth pipes as well as the 

heat transfer state under laminar and transient flow13. The results revealed that the lower the critical Reynolds 

number was, the more enhanced was the heat transfer effect. 

Numerous studies have investigated the heat transfer performance of traditional heat exchangers; however, 

certain deficiencies and shortcomings, such as differences in the theoretical and practical structure characteristic 

parameters of heat exchangers, have been observed in these results. Therefore, to improve the design of heat 

exchangers, systematically investigating their heat transfer performance is necessary. 

Physical model and structural parameters of the cosine channel 

In an independent runner, a large loss of local pressure occurs when the fluid flows through a suddenly 

changing cross-section; however, a cosine-shaped channel provides a smooth and continuous heat transfer surface, 
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which alleviates resistance loss. Therefore, a half period of a cosine curve with an x-coordinate range of [0, π] was 
selected for the design of the heat transfer surface of a runner structure. Zhu et al., Li et al., and Zhang et al. 

reported that gradually expanding the structure and variation in curvature is more effective for condensate drains14–

16. 

A simulation was performed to investigate the specific structural parameters of the heat transfer surfaces of 

cosine channels with wave amplitudes (2A = 5, 7, and 9 mm). The specific structural parameters of the heat transfer 

surface of the cosine channel were set as follows: Sf = 2.5 mm, hf = 8.0 mm, and Lf = 53 mm. The working 

conditions were set as follows: Hot water in a tube with a constant inlet temperature and various flow rates was 

used to heat the air outside the tube by using the heat exchange surface and fins of specially shaped channels. Heat 

can be transferred from water to air. Because the air velocity at the entrance areas can be distributed uniformly, the 

fin length was extended by 1.5-fold in front of the entrance. To prevent the backflow phenomenon and extend the 

fin length by 1.5-fold at the back of the exit, the extended computational area was not repeated. (Fig. 1) presents a 

three-dimensional sketch of the cosine channel structure. The equation is y=Acos(Bx), where Ais determined from 

the height (2A) of the cosine curve and B is the runner length determined as λ = 2π/B, where one-half of the 

wavelength of the cosine curve equals the fin length (Lf = λ/2). 

Mesh generation and independence analysis 

As the mesh nears the wall and fin surfaces of the computational domain of the cosine channel, it becomes 

denser, and the calculation area became divided using structured grid partitioning. (Fig. 2a) and  (Fig. 2b) 

illustrates the integral grid structure of an inner channel and a detailed grid structure, respectively. With structured 

grid partitioning, the effects of the heat transfer surface of runners with different curvatures and structures on heat 

transfer and resistance performance can be accurately determined. A three-dimensional model was imported into 

ANSYS ICEM; the model then meshed, and the mesh quality was validated to ensure that the mesh exhibited the 

appropriate orthogonality and aspect ratios. The boundary, initial, and other conditions were the same as those in 

the previous section. 

In general, a moderate number of grids should be used in numerical simulations. Too many grids can result in 

excessive calculation times, and too few grids cannot provide sufficiently accurate results. Therefore, grid 

independence verification is necessary. Considering the heat exchange of a unit with 2A = 5 mm ( tf = 0.4 mm, Lf = 

60 mm, hf = 10 mm, and Sf = 4 mm), grid independence was verified when Re = 3140. Seven numbers of grids 

were simulated: 246,000, 400,000, 546,000, 699,000, 852,000, 997,000, and 1,101,000. The modified RNG k–ε 
model was adopted; the inlet velocity was u = 4 m/s, and the surface temperature of the substrate and fin was tw = 

363.15 K. The simulation results revealed that both the average surface heat transfer coefficient and pressure drop 

of the specially shaped channel decrease with an increase in the number of grids. However, the influence of the 

number of grids on the computational structure weakens with > 699,000 grids. Moreover, according to the 

calculated results of the two models, the differences in the heat transfer coefficient and pressure drop between 

997,000 and 1,101,000 grids are < 0.6%. Therefore, using 997,000 grids can satisfy requirements for convergence 

time, convergence accuracy, and economy. 

Effects of wave amplitude on heat performance, temperature field, and flow field 

(Fig. 3) demonstrates the relation between factors and f of cosine-shaped channels with three different wave 

amplitudes and Reynolds numbers. For each channel, Lf (53 mm), Sf (2.5 mm), and hf (8.0 mm) are the same, but 

their amplitudes (2A) are different. In the graph, factors j and f decrease gradually with an increase in Re for a 

cosine-shaped channel with any wave amplitude. The relative increases in factors j and f primarily remain 

consistent as the amplitude increases and Re changes. This finding reveals that large amplitudes do not cause a 
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drastic change in jor f. With a decrease in the wave amplitude and the same Re, j, and f increase; that is, a small 

wave amplitude facilitates heat transfer but results in high friction resistance. When 2A is 5 mm, the optimal j and 

maximum f are obtained. Compared with the wave amplitude of 2A = 5 mm, j is 6.96% and 12.6% lower for 

amplitudes of 7 and 9 mm, respectively, and f is 29.8% and 50% lower, respectively. 

(Fig. 3) also reveals that the maximal heat transfer factor is reached; however, the friction factor also reaches 

its maximum. For designing the heat transfer surface of the special-shaped channel, both friction and heat must be 

considered. Therefore, factor JF was used as an integrative evaluation index of heat transfer performance. Factor JF 

was used to compare the performance of cosine-shaped channels with three wave amplitudes (Fig. 4). The results 

indicated that, at the same Re, the channel with a wave amplitude of 5 mm has the best heat transfer performance. 

Factor JF is expressed as follows: 
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where the subscript i represents different variables (i.e., wave amplitude in the cosine-shaped channel, focal 

distance in the parabolic channel, or circle radius in the circular arc channel). Subscript 0 indicates the basic 

channel with constant sectioning. Factor JF is similar to a volume-dominant factor. 

Reynolds number and amplitude effect 

 Effect of the Reynolds number on temperature and flow 

For a deeper understanding of the heat and flow of air in the cosine-shaped channel with the different 

Reynolds numbers, numerical analysis was performed using the Reynolds numbers of 1210, 2170, 3140, 4110, and 

5080 with a wave amplitude (2A) of 5 mm. (Fig. 5) shows the temperature programs for different Re values. The 

temperature of the main flow region near the middle fluid area is low, whereas that near the wall is higher, 

irrespective of whether the Reynolds number is small (laminar flow) or large (transitional or turbulent flow). 

(Fig. 6) presents the velocity field programs for the different Re values. In this figure, red and blue 

respectively represent high-speed and static regions and the color range beyond red and blue represent velocities 

between the inlet velocity value and zero. The Reynolds numbers indicate the change from laminar to transitional 

and turbulent flow. The flow velocity in the main flow area near the intermediate flow area is higher, whereas near 

the wall surface is lower. 

 Effect of wave amplitudes on temperature and flow field 

To study the heat transfer and flow characteristics of air in the cosine channel at different wave amplitudes 

with Re = 3140, channels with wave amplitudes of 5, 7, and 9 mm were numerically analyzed. (Fig. 7) illustrates 

the temperature field programs corresponding to different wave amplitudes. For all amplitudes, the temperature in 

the main flow region near the intermediate fluid region is low, and that near the wall surface is higher (Fig. 7). 

(Fig. 8) delineates the velocity field programs for different wave amplitudes. The flow rate is high in the main 

flow region for the three-wave amplitudes because the air is affected by the viscous boundary force when flowing 

over the wall. Furthermore, a comparison of the three subgraphs reveals that the velocity boundary layer thickens as 

the wave amplitude increases. Neither backflow nor boundary layer separation occurs inside the channel, despite 

the increases in wave amplitude because the maximum inclination angle in the channel, corresponding to the 

maximum amplitude of 9 mm, has a gap creating boundary separation. 

Heat transfer enhancement principle for the cosine channel 

For single-phase flow, three main methods can improve heat transfer: curtailing the thickness of the thermal 
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boundary layer, reducing the thickness of the velocity boundary layer, and increasing the capacity of fluid 

perturbation through active or passive methods. Thickness reduction methods are not sufficient to provide 

compelling theoretical interpretations. Therefore, field synergy theory was adopted to analyze the mechanism by 

which heat transfer changes with the different Reynolds numbers and amplitudes. The field synergy theory 

integrates the heat transfer characteristics related to the aforementioned three enhancement mechanisms. The fin 

surface or structure could influence the field distribution characteristics, and this is mainly achieved by changing 

the degree of synergy between the velocity and temperature gradient vectors, which in turn changes the field 

synergy angle (FSA) in the whole flow field or local flow field areas. By minimizing the FSA and maximizing the 

integral value, the highest convection coefficient can be obtained while all other parameters of the flow field are 

held constant. 

Therefore, the parameters were obtained to quantitatively analyze the degree of synergy between the 

temperature and velocity fields. 
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In these formulas, u, v, and w are the velocities of x, y, and z, respectively. U is the velocity vector, ∇T is the 

temperature gradient, and V is a microcontroller in a discrete fluid region. 

(Fig. 9) illustrates the distribution of air in cosine channels with different wave amplitudes and the same inlet 

air velocity of u = 4 m/s (Re = 3140). Moreover, the position of the profile is consistent with those of the 

temperature and velocity field profiles. This similarity results from the cosine channel structure; therefore, different 

wave amplitudes do not affect this similarity. To some extent, this similarity indicates that the degree of synergy 

between the velocity and temperature fields in the cosine-shaped channels with three different amplitudes is similar. 

The same conclusion has been drawn in other experimental studies 17−19. 

A simple FSA measurement cannot be used to quantitatively analyze the average angle in the overall 

calculation, but an average FSA could directly influence heat intensity in some aspects. Therefore, (Fig. 10) shows 

the curve of the average angle in the overall calculation region with different wave amplitudes. At the same Re, the 

average angle increases with an increase in the wave amplitude (Fig. 10). 

Conclusions 

In brief, three conclusions were drawn as follows: 

 For a cosine channel with dimensions 5 mm ≤ 2A ≤ 9 mm, the comprehensive heat transfer performance 
improved with a decrease in the wave amplitude; at 2A = 5 mm, the cosine channel attained the maximal JF 

value. 

 With the same wave amplitude, the thickness of both the thermal and velocity boundary layers decreased 

with an increase in Re. 

 At the same Re, the average FSA gradually decreased with the wave amplitude. Therefore, a channel with a 

smaller wave amplitude had superior field synergy. 
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Figure 1. Three-dimension sketch graph of cosine channel. 

 

             

(a) Whole mesh                       (b) Local mesh 

Figure 2. Mesh generation of cosine channel.  
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(a) j factor 

 

(b) f factor 

Figure 3. Comparison of heat transfer and resistance properties of different wave amplitudes. 

 

Figure 4. Comparison of enhanced heat transfer effects of three different wave amplitudes. 



9 

 

    

Figure 5. Influence of different Re (1210, 2170, 3140, 4110, and 5080) on the temperature field. 

 

Figure 6. Influence of different Re (1210, 2170, 3140, 4110, and 5080) on the velocity field. 

 

Figure 7. Influence of different wave amplitudes on the temperature field. 
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Figure 8. Influence of different wave amplitudes on the velocity field. 

 

Figure 9. Local field synergy angle distribution for different 2A (5, 7, and 9 mm). 



11 

 

 

Figure 10. Comparison of average field synergy angles (FSAs) at different amplitudes. 
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