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Abstract 

Heat exchangers are crucial in industrial applications, as improving their working 

performance can significantly reduce carbon emissions and promote economic 

development. The improvement of heat exchangers can be achieved through heat 

transfer enhancement technologies, which aim to optimize heat transfer or minimize 

flow resistance. Among various enhancement techniques, winglets can induce multi-

longitudinal vortices to improve heat transfer under lower pressure drop conditions. 

However, previous studies pay less attention to the variation of vortex interaction. 

Furthermore, unlike the tube side, the shell side has two walls that influence fluid flow 

and vortex interactions. Therefore, a novel self-join winglet vortex generator is 

proposed to investigate the variation mechanism of vortex interactions on both the tube 

and shell sides. In this work, ANSYS Fluent software is used to conduct a steady 

simulation of the effect of winglet structure and arrangement on the variation of vortex 

structures. Meanwhile, experimental studies of thermal performance are conducted to 

verify the reliability of numerical models and to summarize the heat transfer and fluid 

flow characteristics. Results indicate that boundary vortices contribute to enhance 

mixing uniformity of fluid flows. Furthermore, the dissipation intensity of boundary 

vortices increases with increasing included angles. As the curved ratio increases, the 

disturbance distribution in the high-speed region shifts toward the boundary layer, 

because the variation of curved ratio adjusts the region of vortex development. Due to 

wall limitations, the movement distance of boundary vortices increases. Compared with 

plain tubes, the Nusselt number increases by 1.90-2.32 times and 1.40-2.20 times in 

circular and annular tubes, respectively, while the friction factor increases by 2.23-5.10 

times and 2.64-3.91 times in circular and annular tubes, respectively. The maximum 

thermal enhancement factor reaches 1.63 and 1.52 in the circular and annular tube, 

respectively. The novel winglet exhibits significant improvement in heat transfer and 

flow structure. These findings provide valuable guidance for the efficient application 

of novel winglet vortex generators in heat exchangers, thereby providing strategies to 

enhance working performance and improve flow fields on both tube and shell sides. 
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Chapter 1: Introduction 

1.1 Background and significance 

Over the past 30 years, energy consumption has gradually increases alongside industrial 

production and scientific development [1]. As essential industrial equipment, heat 

exchangers are widely used in fields such as refrigeration, chemical engineering, and 

food processing [2]. This is especially true in the chemical industry, where heat 

exchangers account for approximately 20 % to 40 % of the total equipment investment 

[3]. Hence, improving the working efficiency of heat exchangers is of great significance 

for industrial development [4]. 

 

As the main component of heat exchangers, heat exchange tubes can be optimized 

through heat transfer enhancement methods. Compared with traditional heat transfer 

methods, enhanced heat transfer technology can achieve better thermal performance [5]. 

Based on power sources, heat transfer enhancement techniques can be categorized into 

active, passive, and compound methods. Furthermore, passive techniques are widely 

used due to their ease of operation and low cost. Considering these advantages, this 

thesis concentrates on passive techniques. 

 

1.2 Research problem and questions 

Based on previous studies about winglet vortex generators, novel self-join winglet 

structures are proposed in this work. This study aims to provide novel insights for 

efficient applications of winglets in heat exchangers. The goal is to enhance the working 

performance while lowering both manufacturing costs and pressure drop. For more 

details about the winglet structures in this work, it can be referred to the literature 

review section. 

 

Currently, the flow theory has not fully explained the generation and interaction of 

longitudinal vortices induced by winglets in circular and annular tubes. The similarity 

correlation between structural parameters and flow field characteristics is crucial for 
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summarizing and understanding the longitudinal vortex effect. Additionally, revealing 

the variation mechanism of vortex interaction helps offer valuable guidance for 

improving mixing uniformity and flow disturbance. Consequently, the heat transfer and 

fluid flow mechanisms in tubes enhanced by novel self-join winglets are investigated 

numerically and experimentally in this work. Based on these mechanisms, a parametric 

study is performed to propose optimization strategies for winglet designs and vortex 

structures. Furthermore, the further development of novel winglet designs has the 

potential to balance manufacturing costs and working performance. Thus, the following 

research problem and questions are proposed. 

 

Research problem:  

What is the effect of vortex interactions induced by novel self-join winglet vortex 

generators on heat transfer and fluid flow in the tube and shell sides of double-pipe 

heat exchangers? 

Research questions: 

A. What is the optimal flow structure induced by novel self-join winglet structures 

in tube and shell sides? 

B. What is the mechanism by which vortex interactions induced by novel self-join 

winglet structures affect heat transfer and fluid flow in the tube and shell sides? 

C. How can the flow structure and novel winglet design be optimized in the tube 

and shell sides? 

 

1.3 Aim and objectives 

To address the research problem and questions, the research aim and objectives are 

proposed. Furthermore, a detailed statement is provided in this section. 

 

Research aim: 

To reveal the effect of vortex interactions induced by novel self-join winglet vortex 

generators on heat transfer and fluid flows in the tube and shell sides of double-

pipe heat exchangers. 
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Research objectives: 

A. To summarize the heat transfer and pressure drop characteristics and obtain the 

optimal flow structure induced by novel self-join winglet structures in the tube 

and shell sides. 

B. To understand the vortex interaction and vortex flow behaviors in the tube and 

shell sides fitted with novel self-join winglets. 

C. To perform parametric studies and propose strategies for optimizing the flow 

structures and novel winglet designs in circular and annular tubes. 

 

1.4 Thesis outline 

The thesis consists of 8 chapters. The following provides a brief description of each 

chapter. 

 

Chapter 1 presents the background, motivation, research problem and questions, aim 

and objectives, and the outline structure of this thesis. 

 

Chapter 2 provides a detailed review, including various passive techniques, the 

development of winglets applications, and flow mechanisms concerning longitudinal 

vortex flows. 

 

Chapter 3 presents the methodology of this thesis, including fundamental theory, 

numerical simulation, and experimental verification. 

 

Chapter 4 explores the effects of vortex interactions induced by novel self-join winglet 

vortex generators on heat transfer and fluid flow in circular tubes. Furthermore, 

optimization strategies are developed through similarity analysis. Moreover, similarity 

equations relating structural parameters to flow field characteristics are obtained. 

 

Chapter 5 reveals the optimization mechanism of boundary vortices for heat transfer 

and fluid flow within circular tubes.  
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Chapter 6 investigates the flow behavior and heat transfer characteristics in annular 

tubes with traditional delta winglet structures. Furthermore, the variation mechanism of 

flow disturbance and turbulent dissipation within annular tubes equipped with delta 

winglets is revealed. 

 

Chapter 7 demonstrates the optimization effect of the novel self-join winglets on flow 

fields within annular tubes. Furthermore, optimization insights for the application of 

novel winglet designs within annular tubes are proposed. 

 

Chapter 8 concludes this thesis and proposes future work directions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

20 

 

Chapter 2: Literature Review 

2.1 The development of heat transfer enhancement technology 

Heat transfer enhancement technology significantly improves the working performance 

of heat exchangers and provides considerable economic benefits [6-11]. With the 

advances in computational fluid dynamics, research on heat transfer enhancement 

technology has progressed substantially. The time required for investigating heat 

exchangers has been effectively reduced. Currently, improving the heat transfer 

performance of heat exchangers has become the primary focus of heat transfer 

enhancement technology.  

 

Bergles [12] clearly categorized heat transfer enhancement technology into active and 

passive techniques [9, 10, 13]. The distinction between these techniques depends on 

whether external power sources are used. Active techniques include wall vibration [14], 

fluid vibration [15], and the application of electric fields [16], among others. Passive 

techniques include rough surfaces [17], special designed tubes [18, 19], and inserted 

vortex generator [20], etc. In engineering systems, passive techniques are generally 

preferred over active ones due to their simpler operation and lower cost. Furthermore, 

Bergles [12] classified heat transfer enhancement technology into three different modes. 

The first mode focuses on surface treatments, such as rough surfaces[17] and surfaces 

fitted with fins [21]. The second mode primarily involves special configurations 

inserted into or modifications to the entire tube structure, such as twisted tape inserts 

[22], corrugated tubes [23], and fluted tubes [24]. The last mode is compound heat 

transfer enhancement technology [10], which combines two or more heat transfer 

techniques, such as ribbed tubes fitted with helical tapes [25], grooved tubes with 

twisted tapes [26], and helical screw tapes coupled with rib turbulators [27]. In practical 

application, compound techniques typically achieve better heat transfer effects than 

single techniques, though they increase the complexity of heat exchangers [10]. 

 

2.2 Passive techniques 
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2.2.1 Special-shaped tube 

When fluid flows through straight circular tubes or rectangular tubes, large radial 

velocity is not induced. Consequently, the heat transfer effect remains weak. The tube 

geometry can be modified through mechanical processing. The secondary flows 

generated by such modified tubes can extend the flow path, while simultaneously 

thinning the boundary layer thickness, thereby enhancing heat transfer performance. 

Common special-shaped tubes include elliptic tubes, twisted tubes, and flat tubes, 

among others. 

 

The shape of elliptic tubes is more compact than that of circular tubes. The structure of 

traditional elliptic tubes can be further optimized through twisting and extrusion. The 

schematic of the elliptic tubes is shown in Figure 2.1. Li et al. [28] experimentally and 

numerically studied the heat transfer and flow resistance of elliptic tubes with 

alternating axes. The results indicate that the heat transfer performance of elliptic tubes 

is approximately 84 %-134 % higher than that of straight elliptic tubes. The 

combination of the k-ε model and wall function yields a friction factor in turbulent flow 

that closely matches the experimental data. Furthermore, the multiple vortices induced 

by elliptic tubes with alternating axis enhance the synergy intensity between velocity 

and temperature fields. The elliptic structure can promote vortex generation within 

tubes, thereby improving the heat transfer performance. Compared with other passive 

techniques, elliptic tubes exhibit lower sweep resistance along the entire flow path. 

Furthermore, optimizing the elliptic structure can introduce swirl momentum that is 

suitable for the flow path. Despite these advantages, the manufacturing cost of elliptic 

tubes is higher than that of most passive techniques. It is obvious that elliptic tubes are 

not suitable for heat exchangers under conventional working conditions. 

 

Figure 2.1 Schematic of elliptic tubes. (Luo et al., 2021 [19]) 
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Twisted tubes are the optimal choice for enhancing the heat transfer performance of 

high-viscosity fluid flows without significantly increasing pressure drop. The schematic 

of the twisted tubes is shown in Figure 2.2. Yan et al. [29] conducted an experimental 

study on the heat transfer performance of epoxy resin in horizontal twisted tubes. The 

results show that the aspect ratio has a more significant impact on heat transfer and 

pressure drop characteristics than the twisted ratio. While twisted tubes are structurally 

similar to elliptic tubes, their primary difference lies in the cross-sectional geometry. 

Obviously, the resulting flow patterns differ accordingly. However, the overall flow 

path remains consistent along the axial direction. Notably, the manufacturing cost of 

twisted tubes is comparable to that of elliptic tubes. 

 

Figure 2.2 Schematic of twisted tubes. (Jafari et al., 2017 [18]) 

 

Flat tubes are widely used in industrial applications due to their higher integration and 

miniaturization capabilities. The schematic of the flat tubes is shown in Figure 2.3. 

Safikhani and Abbassi [30] conducted numerical simulations on five different flat tubes 

to study the effect of flatness on flow characteristics and heat transfer in nanofluid flows. 

The numerical simulations of nanofluids are performed using two phase mixture model 
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by FORTRAN programming language. The results indicate that heat transfer and wall 

shear stress increase with flatness. The shape of a flat tube resembles that of an elliptical 

tube. For a given perimeter, a flat tube has a smaller flow area compared to a circular 

tube. Consequently, the flow velocity within the flat tube is higher, resulting in better 

heat transfer performance than that of a circular tube. 

 

Figure 2.3 Schematic of flat tubes. (Saadeldin et al., 2025 [31]) 

 

2.2.2 Special-shaped wall 

Modifying the shape of heat transfer surfaces can effectively enhance turbulent 

intensity and reduce thermal resistance. The wall shape is typically processed through 

casting, hot rolling, cold machining, sintered coiled wire mesh, electrochemical 

corrosion, etc. Porous structures, ribs, grooves, zigzag surfaces, etc. are formed on the 

inner wall. These modifications induce vortices of varying intensity in flow separation 

regions, disrupting the development of the boundary layer. 

 

Rib tubes are manufactured by extruding toothed ribs on the inner or outer walls of 

metal circular tubes. Most investigations are conducted numerically due to the 

complicated manufacturing process and higher processing costs. The schematic of the 

rib tubes is shown in Figure 2.4. Zheng et al. [32] numerically studied the flow pattern 

and heat transfer in ribbed tubes using the SST k-ω model. The enhanced wall treatment 
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which blends the viscous sub-layer formulation and the logarithmic layer formulation 

are used for the near-wall treatments for fluid velocity and temperature fields. 

Compared with fluid flows induced by a single vortex, those induced by multiple 

vortices in V-type ribbed tubes demonstrate better heat transfer performance. The 

mechanism of heat transfer enhancement by traditional ribs relies on flow separation 

and reattachment. This effect is well illustrated by transverse ribs, which induce a two-

dimensional flow pattern. During heat transfer from the wall to the fluid, the 

temperature in the core region remains lower than that at the wall. Therefore, heat 

transfer can be enhanced when colder, higher-momentum fluid from the core region is 

brought into the boundary layer. In other words, when secondary flow occurs, both the 

velocity and thermal boundary layers become thinner at the wall where the core fluid 

impinges, resulting in augmented heat transfer in that region. 

 

Figure 2.4 Schematic of rib tubes. (Naphon et al., 2006 [33]) 

 

Groove tubes are manufactured by machining toothed grooves into the tube wall. The 

schematic of the groove tubes is shown in Figure 2.5. Zheng et al. [34] numerically 

studied the turbulent flow characteristics and heat transfer performance of 

discontinuous groove tubes. The numerical results calculated by the SST k-ω model are 

much closer to the experimental data than those obtained by other comparable models. 

Furthermore, the grooves effectively generate longitudinal vortices that disturb fluid 
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flow between the boundary layer and core region. Compared to the straight grooves, 

inclined grooves can not only improve the heat transfer rate, but also reduce the 

irreversibility of the heat transfer and flow process. Furthermore, the discontinuous 

groove structure exhibits better comprehensive heat transfer performance than the 

discontinuous rib structure. Although it provides higher heat transfer performance and 

enhances mixing between the boundary layer and the core region, its machining cost 

remains a significant challenge. 

 

Figure 2.5 Schematic of groove tubes. (Zheng et al., 2016 [34]) 

 

Corrugated tubes can induce local jet flows that disrupt boundary layer development, 

thereby enhancing heat transfer. The schematic of the corrugated tubes is shown in 

Figure 2.6. Pethkool et al. [35] experimentally investigated the enhancement effect of 

helical corrugated tubes on single-phase turbulent convective heat transfer. The results 

show that compared with plain tubes, the average heat transfer rate increases by 123 %-

232 %, while the friction factor increases by 46 %-93 %. The structure of corrugated 

tubes is similar to that of ribbed and grooved tubes. Their main difference lies in the tip 

of the protrusion, which is narrower in corrugated tubes than in the other two types. 

This geometry facilitates the generation of secondary flow. However, the secondary 

flow induced by corrugated tubes typically takes the form of a single vortex, which is 

often insufficient to bring a larger volume of cool fluid from the core region into the 

boundary layer. Many previous studies have overlooked a detailed analysis of the flow 

field and its impact on overall and local heat transfer distribution. Optimization of the 

flow field can start with modifying the tip geometry of the protrusion or adjusting the 

arrangement of the protrusions.  
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Figure 2.6 Schematic of corrugated tubes. (Pethkool et al., 2011 [35]) 

 

Dimpled tubes are manufactured with spherical or ellipsoidal pits or bulges on the tube 

wall. The schematic of the dimpled tubes is shown in Figure 2.7. Xie et al. [36] proposed 

novel helical dimpled tubes and numerically investigated their heat transfer 

characteristics and flow pattern. The realizable k–ε turbulence model with enhanced 

wall function have a good prediction for the fluid flow in dimpled tube. Furthermore, 

to capture the flow structures around the dimples, finer cells with prism layers are 

generated in the tube wall vicinity. The results show that vortices induced by helical 

dimples enhance fluid mixing between the core region and boundary layer. The thermal 

performance of helical dimpled tubes is 120 %-270 % higher than that of plain tubes. 

Helical dimples can improve flow mixing, disrupt the boundary layer, and generate 

periodic jet flows and transverse flows, thereby offering superior thermohydraulic 

performance. These three mechanisms can explain the flow phenomenon in dimpled 

helical tubes: separated flow and accelerated velocity ahead of the dimpled surface, 

transverse flow and vortices formed behind the dimples, and reattachment of separated 

flow on the tube wall. Compared with the flow in ribbed and groove tubes, the flow 

structure in dimpled tubes is more complex, indicating significant potential for further 

optimization. 

 

Figure 2.7 Schematic of dimpled tubes. (Xie et al., 2022 [36]) 
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2.2.3 Special-shaped inserter 

When fluid flows through special-shaped inserters, its flow direction changes radially. 

The local or global swirling flows and secondary flows induced by these inserters 

enhance fluid mixing and disrupt thermal boundary layer development. Special-shaped 

inserters offer advantages of easy manufacturing and low maintenance costs. Several 

common types of special-shaped inserters are introduced in this section. 

 

Conical inserters can induce jet flows that scour the tube wall, accelerating near-wall 

fluid flow and reducing the temperature gradient. These inserters can enhance heat 

transfer at local regions in tubes without significantly increasing flow resistance. The 

schematic of the conical inserters is shown in Figure 2.8. Promvonge [37] investigated 

the flow and heat transfer characteristics of conical-ring inserters in tubes. Experimental 

results demonstrate a 197 - 333 % improvement in heat transfer performance compared 

to plain tubes, though with a substantial increase in flow resistance. The installation and 

machining of conical inserts are relatively straightforward. They can be mounted on a 

central rod and fitted directly into tubes. Additionally, the geometry of the conical insert 

can be optimized through various parameters and shape designs. To reduce flow 

resistance, the primary optimization directions include adopting streamlined forms and 

introducing perforations. The generation of longitudinal vortices also remains a key 

consideration, requiring a balance between minimizing flow resistance and enhancing 

vortex intensity. Undoubtedly, conical inserts hold considerable potential for improving 

the heat transfer performance of heat exchangers in the future.  
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Figure 2.8 Schematic of conical inserters. (Zheng et al., 2017 [38]) 

 

Twisted tapes are typically manufactured by twisting metal sheets into an axially 

rotating configuration. A significant drawback of traditional twisted tapes is their 

substantial flow resistance. The schematic of the twisted tapes is shown in Figure 2.9. 

Samruaisin et al. [39] investigated the thermal enhancement characteristics of regularly 

spaced twisted tapes. The RNG k-ε model is performed to model the turbulent flow 

region. These modified twisted tapes effectively reduce pressure drop while 

maintaining heat transfer performance. The primary mechanism by which twisted tapes 

enhance heat transfer is through improved fluid mixing, driven by swirling flow and 

centrifugal forces. In addition, the curvature of the tape effectively increases the flow 

path length and heat transfer area. Owing to their lower pressure drop, short twisted 

tapes are the optimal choice for insertion into tubes. However, it is clear that twisted 

tapes will remain a preferred option for tube insertion in the future, provided the overall 

system pressure drop can be effectively reduced. 
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Figure 2.9 Schematic of twisted tapes. (Esmaeilzadeh et al., 2014 [40]) 

 

The flow structure induced by axial vane swirlers consists of a single tornado-like 

vortex structure. The schematic of the axial vane swirlers is shown in Figure 2.10. 

Ahmadvand et al. [41] conducted an experimental and numerical investigations of 

steady-state heat transfer and fluid flow characteristics in tubes equipped with axial-

vane swirlers. Time-averaged governing equations are solved numerically and RSM 

model is applied as the turbulence model. Their results demonstrate that the local heat 

transfer decay rate increases with vane angle. Depending on vane angle, the overall 

Nusselt number enhancement is found from 50 % to 110 %, while friction factor 

increases by the range of 90 – 500 %. Swirlers are used as insert devices to enhance 

heat transfer in tubes. Currently, most research focuses on swirlers inserted in single 

tubes. Not only is the relevant literature limited, but studies on their application in full 

heat exchangers are also scarce. Axial-vane swirlers, in particular, show great potential 

for use in heat exchangers because they can readily redirect the flow into a helical 

pattern, occupy minimal space inside the tube, and do not extend outside the tube. 

Earlier work predominantly addressed heat transfer enhancement using twisted-tape 

and jet-injection swirl generators. Despite the design and installation advantages of 

axial-vane swirlers, they have not yet been thoroughly investigated for improving heat 

transfer performance. Moreover, the swirl intensity of axial-vane swirlers can be 

controlled more easily, especially in double-pipe heat exchangers, as their structure is 
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better suited to the geometry of the heat exchange tubes. 

 

Figure 2.10 Schematic of axial vane swirlers. (Ahmadvand et al., 2009 [41]) 

 

In addition to the typical special-shaped inserters introduced above, other 

configurations including baffles [42], elliptic inserters [43, 44], wire coils [45-50], and 

inserted rings [51-54] have also drawn research attention. Furthermore, numerous novel 

inserters have been investigated [55-60]. 

 

2.3 Development of winglet applications 

Winglets are initially employed on aircraft wings to delay turbulent boundary layer 

separation under adverse pressure gradients. Biswas et al. [61] pioneered winglet 

research through numerical and experimental investigations of delta winglets in 

rectangular channels, examining thermal transfer and flow dynamics. Their simulations 

identify three vortex types: main, corner, and induced vortices. Results demonstrate that 

delta winglets can significantly enhance heat exchanger performance. Among tube 

inserts, winglet vortex generators attract particular attention due to their small 

configurations and associated low pressure drop [9, 62]. Winglets show strong potential 

for improving heat exchanger performance. Vortex generation occurs through flow 

separation at winglet tips, followed by flow roll-up due to the lower pressure on the 

winglet’s back side. This process generates secondary flows rather than modifying the 

mainstream [63]. Furthermore, winglets can induce multi-longitudinal vortices to 

optimize heat transfer [20, 64, 65]. The optimization mechanism involves generating 

the steady vortex structure, but not all winglet configurations can achieve it. The heat 

exchanger design, flow characteristics, and winglet geometry are key factors 
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influencing the vortex structure. 

 

Most previous studies on winglet applications have focused on fin-and-tube heat 

exchangers or rectangular channels, with comparatively fewer investigations 

examining heat transfer in plain tubes. Two primary challenges emerge when applying 

winglets in tubular systems. First, pressure drop reduction and installation 

simplification present technical hurdles. Second, multiple parameters including pitch 

ratio, blockage ratio, attack angles significantly influence longitudinal vortex size and 

strength. Therefore, based on distinct flow field characteristics, winglet applications 

have evolved along three main development pathways: i) fin-and-tube heat exchangers 

or rectangular channels, ii) tubes with twisted tapes or flat plates, and iii) plain tubes. 

 

2.3.1 Applications in fin-and-tube heat exchangers or rectangular channels 

In earlier studies, winglet vortex generators are widely applied in rectangular channels 

[66-68] (Figure 2.11) and fin-and-tube heat exchangers [69-71] (Figure 2.12), yielding 

more in-depth findings on mechanisms compared to studies on heat transfer within 

tubes [72-74]. 

 

Figure 2.11 Winglet applications in rectangular channels. (Promvonge et al., 2022 

[62]) 
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Figure 2.12 Winglet applications in fin-and-tube heat exchangers. (Torii et al., 2002 

[75]) 

 

Kim and Yang [76] experimentally investigate heat transfer characteristics and vortex 

interactions of embedded counter-rotating vortex pairs. Their results demonstrate that 

in common-flow-down (CFD) configurations, vortex-boundary layer interactions are 

more intense than inter-vortex interactions within a single pair. In contrast, common-

flow-up (CFU) cases exhibit the opposite behavior (Figure 2.13). The CFD 

configurations show superior heat transfer performance relative to CFU cases, largely 

because vortex interactions are weaker in the former. While CFU cases enhance fluid 

mixing in the mainstream direction, vortex intensity diminishes due to inter-vortex 

interactions. Furthermore, the spacing between winglets within a pair constitutes a 

critical design parameter. 

 

Figure 2.13 The secondary velocity vectors in rectangular channels: (a) CFD; (b) CFU 

(Kim and Yang, 2002 [76]). 

 

Ke et al. [77] analyzed the dynamic behaviors of longitudinal vortices induced by wall 

interactions using the “method of images” (Figure 2.14). The high-resolution advection 
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scheme is selected in ANSYS CFX software. It is a bounded second-order upwind 

biased discretization. Their results demonstrate that channel height and aspect ratio are 

the two dominant factors influencing arrangement effectiveness. This finding explains 

the inconsistent heat transfer performance observed in previous studies comparing CFD 

and CFU configurations. Specifically, the impact of any single structural variable on 

vortex interaction varies across different channels or fin-and-tube heat exchangers. 

Currently, there exists limited research examining similarity relationships between flow 

characteristics and structural variables in diverse flow fields. Systematic similarity 

analysis could offer new insights into the fundamental consistency of vortex interaction 

mechanisms across varying flow fields. 

 

Figure 2.14 Secondary velocity vector at different locations (a) CFD, (b) CFU, and (c) 

mixed type (Ke et al., 2019 [77]). 

 

Wu et al. [78] numerically investigated the thermal performance of fluid flow in 

channels with multiple rows of winglet vortex generators using the SST k-ω model. The 

delta-winglet vortex generators introduce irregular regions, and the Y-block method is 

used to deal with blocks in regions adjacent to the vortex generators to ensure mesh 

quality. Their results demonstrate that pitch ratios below 4 and height ratios under 1/12 

prove ineffective for heat transfer enhancement. Proper winglet arrangement can 

significantly improve thermal mixing and secondary flow diffusion. Furthermore, 

strengthening secondary flows is not the only consideration for enhancing heat transfer. 

Song et al. [79] developed an enhanced wavy delta winglet design and numerically 
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evaluated the effects of attack angle, central angle, and arrangement on heat transfer 

and fluid flow in fin-and-tube heat exchangers. The combination of RNG k-ε model and 

enhanced wall treatment is adopted for numerical calculations. Their analysis reveals 

that wavy delta winglets generate longitudinal vortices that strengthen secondary flow 

intensity. Under the optimum parameter, the Nusselt number of wavy delta winglet is 

enhanced by 44.87 %, while friction factor is also increased by 47.31 % compared to 

plain fin. An appropriate winglet arrangement achieves a maximum thermal 

enhancement factor (TEF) of 1.29. 

 

Tian et al. [80] numerically compared overall performance in channels equipped with 

delta and rectangular winglet pairs. The computational domain is discretized by non-

uniform grids, with fine grids in channel region and coarse grids in the extended region. 

Their results demonstrate that delta winglet pairs exhibit superior overall performance 

compared to rectangular configurations. Zhou and Feng [81] experimentally 

investigated flat and curved vortex generators, both with and without punched holes, in 

rectangular channels. (Figure 2.15). The findings reveal that curved winglets achieve 

better thermal performance owing to their larger fin area and streamlined design. The 

introduction of holes improves thermal performance while reducing flow resistance 

across all cases, though hole positioning shows minimal impact on flow resistance 

characteristics. 

 

Figure 2.15 Pictorial diagram and punched holes (Zhou and Feng, 2014 [81]). 
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Table 2.1 summarizes winglet applications in rectangular channels or fin-and-tube heat 

exchangers for heat transfer enhancement. While most previous studies report superior 

heat transfer performance for CFD configurations compared to CFU cases, some 

investigations have reported opposing results. These discrepancies suggest that the 

vortex structures generated by CFD arrangements may not consistently represent the 

optimal configuration, as their performance can be affected by structural parameters 

including tube geometry, winglet spacing, and positioning. Moreover, perforations in 

winglet vortex generators may significantly impact the downstream vortex formation.  

 

Table 2.1 Winglet applications in rectangular channels or fin-and-tube heat exchangers 

for heat transfer enhancement. 

No. 

Winglet installation 

R: rectangular channels 

F: fit-and-tube heat 

exchangers 

Researchers Fluid 

Research method 

E: experiment 

S: simulation 

1 R Kim and Yang [76] Air E 

2 F Torii et al. [75] Air E 

3 F Chu et al. [82] Air S 

4 R Tian et al. [80] Air S 

5 F Zhang et al. [83] Air E 

6 R Caliskan [84] Air E 

7 R Zhou et al. [81] Air E 

8 R Behfard and Sohankar [85] Air S 

9 R Skullong et al. [86] Air E 

10 F Zhang et al. [87] Air E 

11 R Fiebig [88] Air E & S 

12 F Song et al. [89] Air E 

13 R Nandana and Janoske [90] Air S 

14 R Ke et al. [77] Air S 

15 R Liu et al. [91] Water E & S 

16 F Md Salleh et al. [92] Air S 

17 R Ali et al. [93] Water S 

18 R Jiang et al. [94] Water S 

19 R Khoshvaght et al. [95] Air E & S 

20 R Zhao et al. [96] Air S 

21 R Promvonge et al. [62] Air E & S 

22 F Song et al. [70] Air S 
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2.3.2 Applications in tubes with twisted tapes or flat plates 

Due to installation issues within tubes, winglets are commonly fitted on flat plates [97, 

98] (Figure 2.17) or twisted tapes [99] (Figure 2.16) in earlier studies. However, flat 

plates and twisted tapes inevitably affect the vortex interaction and increase the pressure 

drop. 

 

Eiamsa-ard et al. [100] investigated the thermal performance of twin delta-wing twisted 

tapes (Figure 2.16). Their results demonstrate that the upward wing configuration 

outperformed position performed both downward and opposed orientations. Twin tapes 

with 20° upward wing angles achieve the highest TEF of 1.26. Sun et al. [101] 

examined heat transfer characteristics in circular tubes fitted with multiple rectangular 

winglets using the SST k-ω model. The study reports friction factor ratio (f/f0) ranging 

from 1.46 to 11.63 and Nusselt number ratio (Nu/Nu0) between 1.15 to 2.32.  

 

Figure 2.16 Twisted tapes with twin delta wings (Eiamsa-ard, 2013 [100]) 

 

Most winglet designs for tubular applications are adapted from those applied in 

channels or fin-and-tube heat exchangers. The most similar configuration within tubes 

is the installation of winglets on a flat plate. Promvonge et al. [97] studied thermal 

performance in circular tubes with louvered V-winglet vortex generators mounted on a 

flat plate (Figure 2.17). The realizable k-ε turbulent model is employed in the 

computation whilst the SIMPLE algorithm is adopted to handle the velocity-pressure 

coupling. Their results demonstrate a maximum TEF of 2.48, achieved through vortex-

induced impingement flows. The primary heat transfer enhancement mechanism is 
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attributed to impingement jets generated downstream of the fins. Furthermore, 

perforations on the fin surface can reduce pressure drop. Compared to influencing 

factors in channels or fin-and-tube heat exchangers, the primary differences in tubes are 

the wall limitations and vortex interactions.  

 

Figure 2.17 Louvered V-shaped winglets (Promvonge et al., 2022 [97]) 

 

Table 2.2 summarizes winglet applications in tubes with twisted tapes or flat plates for 

heat transfer enhancement. The use of twisted tapes in tubes generates higher pressure 

drop compared to flat plates. Furthermore, the swirling flow induced by twisted tapes 

may interfere with winglet-induced longitudinal vortices, underscoring the need for 

structural optimization to balance the intensity between swirling flows and longitudinal 

vortices. In tubular flow fields with flat plates, the fluid separates into two regions. 

While this flow division does not disrupt the vortex structure, it may still influence 

vortex interaction. 

 

Table 2.2 Winglet applications in tubes with twisted tapes or flat plates for heat transfer 

enhancement. 

No. 

Winglet installation 

T: twisted tapes 

F: flat plates 

Researchers Fluid 

Research method 

E: experiment 

S: simulation 

1 T Eiamsa-ard et al. [102] Water E 
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2 T 
Wongcharee and Eiamsa-ard 

[103] 
Water E 

3 T Eiamsa-ard et al. [100] Water E 

4 F 
Boonloi and Jedsadaratanachai 

[104] 
Air S 

5 F Skullong et al. [105] Air E 

6 F Lei et al. [106] Water S 

7 F Wijayanta et al. [107] Water S 

8 F Yaningsih et al. [108] Water E 

9 F Promvonge and Skullong [98] Air E 

10 F Promvonge et al. [97] Air E & S 

 

2.3.3 Applications in plain tubes 

Mounting winglets on a ring is an effective method for installing winglets within tubes. 

However, these rings inevitably introduce additional flow resistance. Furthermore, the 

optimization with this structure for vortex interactions is limited, as the formed vortex 

structure does not significantly change with variations in ring structures. 

 

Liang et al. [109] numerically analyze thermal enhancement and flow structures in 

tubes with varying attack angles, inclination angles, and radial arrangements using the 

SST k-ω model. The QUICK scheme is employed to discretize the convective terms in 

governing equations for momentum and energy. Their results demonstrate a maximum 

Nu/Nu0 of 1.36. The vortex generators induce both longitudinal and transverse vortices, 

creating impingement flows and recirculation zones. However, the advantageous flow 

disturbance effects are offset by detrimental fluid mixing and axial flow development 

along the tube length. Xu et al. [110] experimentally observed airflow behavior around 

four winglet vortex generators in tubes (Figure 2.18). Results show that heat transfer 

and flow resistance increase as blockage ratio and attack angle, but decrease with 

Reyolds number and pitch ratio. As shown in Figure 2.18, horseshoe vortices form 

around the vortex generators, while the main longitudinal vortices develop along the 

top edges of vortex generators. These flow behavior is validated through computational 

simulations [111].  
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Figure 2.18 Delta winglets installed on a ring and smoke flow visualization (Xu et al., 

2018 [110]). 

 

Zhang et al. [112] studied the effects of attack angle and length ratio on the thermal 

performance in tubes with P-type and V-type rectangular winglet vortex generators 

using RNG k-ε model. The results show that P-type configurations generate a single 

longitudinal vortex, whereas V-type configurations produce multiple longitudinal 

vortices. Compared to smooth tubes, P-type vortex generators enhance heat transfer 

rate by 54 %-118 % and increase flow resistance by 152 %-568 %, while V-type vortex 

generators improve heat transfer by 60 %-118 % and raise flow resistance by 141 %-

644 %. Wang et al. [113] conducted combined numerical and experimental studies of 

the thermal performance of perforated rectangular winglet vortex generators in 

turbulent flow regimes (Figure 2.19). The vortex generator design incorporates two key 

features: perforations and rings. This novel design effectively reduces pressure drop 

while enhancing heat transfer in the circulation regions. 

 

Figure 2.19 Punched rectangular winglets (Wang et al., 2022 [113]). 

 

To address the limitations in vortex interaction optimization, a novel structure that 



 

40 

 

combines winglets and rings is proposed. Zheng et al. [20] investigated the heat transfer 

characteristics of turbulent airflow within circular tubes utilizing novel self-join 

winglets. The Standard k-ε gives the closest results to the measured data. The findings 

suggest that this novel structure can significantly improve the fluid mixing while 

reducing the synergy angle, resulting in stronger vortex flows and more uniform 

temperature distribution. At a blockage ratio of 0.05 and an included angle of 120 º, the 

maximum TEF reaches 1.27. Figure 2.20 demonstrates the flows behind winglets drive 

high-temperature fluid from near-wall region to mainstream, while transfer low-

temperature fluid from mainstream to near-wall region. This flow behavior contributed 

to enhance fluid mixing. Winglets and rings are combined into one novel structure to 

reduce the unnecessary pressure drop, representing a superior alternative to 

conventional ring structures. 

 

Figure 2.20 The configuration and flow structure of self-connected winglets (Zheng et 

al., 2022 [20]). 

 

Wu et al. [114] investigated the effect of punching holes on fluid flow and thermal 

performance within circular tubes equipped with multi-V-winglets vortex generators 

using the SST k-ω model (Figure 2.21). It is found that jet flows induced by the holes 

on the winglet surface impact the recirculation zone and remove stagnant fluid. 

Furthermore, the existence of punching holes can enhance the overall performance by 

reducing structural resistance. 
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Figure 2.21 Winglet structure and streamline distribution: (a) Overall flow direction; 

(b) Case 4; (c) Case 5; (d) Case 6 (Wu et al., 2024 [114]). 

 

Based on the configuration of tubular heat exchangers, heat exchange tubes can be 

categorized as circular or annular. Currently, winglets are primarily applied to the 

circular tube side of tubular heat exchangers. However, there is a lack of research 

investigating their potential to enhance heat transfer in annular tubes. Annular tubes, 

unlike circular tubes, have two walls that influence fluid flow and vortex interactions. 

Zhang et al. [87] investigated the effect of delta-winglet-pair vortex generators on heat 

transfer performance on the shell side of heat exchangers with helical fins. Results 

indicate that heat exchangers with winglets exhibit 16.6 % higher heat transfer 

performance compared to those without winglets. Among attack angles of 30 º, 45 º, 

and 60 º, 30 º is the optimal choice when the pressure drop remains constant. Nair et al. 

[115] conducted numerical and experimental studies on the comprehensive heat transfer 

performance in annular tubes equipped with angled fins. The ANSYS-Fluent software 

with the SIMPLEC algorithm and the SST k-ω turbulence model is used to simulate the 

flow field affected by angled fins. The findings indicate that longitudinal vortices 

optimize heat transfer with a low impact on the increase in pressure drop. Furthermore, 

to achieve higher TEF values, it is ideal to design heat exchangers with a fin height 

equal to 20 %−60 % of the gap between the concentric walls. 
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Table 2.3 summarizes winglet applications in plain tubes for heat transfer enhancement. 

Winglets have various geometric configurations, including rectangular, delta, and 

trapezoidal designs. Among these, delta winglets possess the simplest structure and 

lowest pressure drop characteristics. Delta winglet vortex generators achieve superior 

heat transfer enhancement at equivalent pressure drop conditions [116]. Furthermore, 

winglet designs can be categorized as either single-winglet or winglet-pair 

configurations. The winglet-pair type presents a more efficient longitudinal vortex 

generator, as it significantly destabilizes flow fields, generates secondary flows, and 

increases turbulence intensity [117]. This configuration produces counter-rotating 

vortex pairs that create impinging flows against the tube wall. These impingement flows 

disrupt boundary layer development while simultaneously enhancing heat transfer 

performance. 

 

In previous studies of winglet applications in plain circular tubes, the primary focus has 

been on three aspects: (a) strengthening vortex interaction, (b) reducing flow resistance 

caused by structure, and (c) weakening recirculation zones. However, these studies have 

largely overlooked the dynamic variations of vortex interactions. Despite numerous 

studies conducted on winglet applications, there are still many research questions 

regarding winglet applications in annular tubes that need to be addressed, particularly 

concerning the applications of novel winglet structures. The use of winglets on the 

annular side is crucial for optimizing the overall performance of heat exchangers. 

 

Table 2.3 Winglet applications in plain tubes for heat transfer enhancement. 

No. Winglet configurations Researchers Fluid 

Research method 

E: experiment 

S: simulation 

1 Delta winglet pairs Hatami et al. [118, 119] Air E 

2 Delta winglets Xu et al. [111] Air S 

3 Delta winglets Liang et al. [109] Air S 

4 Delta winglets Xu et al. [110] Air E 

5 Delta winglet pairs Zhai et al. [120, 121] Air E 

6 Delta winglets Islam et al. [122] Air E 
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7 Rectangular winglets Sun et al. [101] Air E & S 

8 
Rectangular winglets 

(Parallel and V-shape) 
Zhang et al. [112] Air E & S 

9 
Rectangular winglets on 

serrated rings 
Singh et al. [123] Air E & S 

10 Curved winglets Sun et al. [65] Air E & S 

11 Punched winglets Wang et al. [113] Air E & S 

12 Punched winglets Wang et al. [74] Air E & S 

13 
Multi-V-winglet vortex 

generators 
Zheng et al. [20] Air E & S 

14 
Multi-V winglet vortex 

generators 
Wu et al. [114] Water E& S 

 

2.4 Double-tube heat exchangers 

Double-tube heat exchangers find extensive applications across multiple energy sectors 

including solar energy [124], combustion systems [125], geothermal energy [126, 127], 

anti-scaling and descaling processes [128, 129], waste heat recovery [130], air 

conditioning [131], and phase-change latent heat energy storage [132, 133]. Their 

structural robustness, operational flexibility, and exceptional adaptability make them 

essential components in numerous heat transfer system [134]. The schematic of the 

double-tube heat exchangers is shown in Figure 2.22. 

 

Figure 2.22 Schematic of double-tube heat exchangers: (a) Parallel flow; (b) Counter 

flow (Li et al., 2022 [11]) 

 

As recuperative heat exchangers, double-tube designs employ solid walls to separate 

and facilitate heat transfer between two media, with the internal tube wall serving as 

the primary heat transfer surface. Heat transfer enhancement methods in these 
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exchangers fall into two main categories: (a) tube-side modifications using internal fins 

or special-shaped inserts (particularly twisted tapes), and (b) shell-side enhancements 

through external fins or rib baffles. These exchangers are particularly suited for high-

temperature, high-pressure applications due to their compact diameter and cost-

efficient sealing requirements. However, these exchangers require more space than 

other heat exchanger types. Furthermore, these exchangers are typically employed for 

smaller-scale applications because of their higher space occupancy cost. Current 

research on fluid flows and heat transfer in double-tube heat exchangers primarily 

focuses on industrial applications. These studies simultaneously aim to improve thermal 

performance while minimizing pressure drop.  

 

From both economic and installation perspectives, special-shaped inserts represent the 

most practical solution for enhancing thermal performance in double-tube heat 

exchangers. The vortex generation mechanisms vary significantly with different insert 

geometries, resulting in distinct advantages and disadvantages for fluid flow 

manipulation in each configuration. 

 

2.5 Longitudinal vortex 

2.5.1 The structure of longitudinal vortex 

Longitudinal vortex flows, one of the typical secondary flows, is a rotating motion 

around the axis. The generation of longitudinal vortices necessarily involves 

accompanying transverse vortices. Transverse vortices are two-dimensional with axes 

perpendicular to the mainstream direction, while longitudinal vortices are three-

dimensional with axes parallel to the mainstream direction [135]. Figure 2.23 illustrates 

the structural differences between transverse [136] and longitudinal [137] vortex flows. 

Karman vortex streets generated by the flow around cylindrical structures and flows 

created by externally swept configurations both represent transverse vortex phenomena. 

In contrast, longitudinal vortices form behind protrusions, such as delta winglets, delta 

wings, and rectangular winglets. When assessing combined heat transfer and flow 

resistance, longitudinal vortex generators demonstrate superior overall thermal 
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effectiveness compared to transverse vortex generators [138]. 

 

Figure 2.23 Vortex structure: (a) Transverse vortex (Hu et al., 2022 [136]), (b) 

Longitudinal vortex (Jacobi and Shah, 1995 [137]). 

 

The mechanisms behind heat transfer enhancement by longitudinal vortex flows can be 

summarized as the result of separation vortices and flow instability in the thermal 

boundary layer. In addition to strengthening periodic separation of fluid flows, wake 

recovery, and laminar flow development, longitudinal vortex flows also disrupt fully 

developed boundary layers. While their magnitudes are smaller than those of the 

mainstreams, longitudinal vortex flows exert a significant influence on heat transfer 

and flow structure. Since vortices are induced only by solid surfaces and do not 

dissipate into the fluid, longitudinal vortex can propagate over significant distances in 

fluid flow, often extending tens of times the height of vortex generators. Torii et al. [139] 

investigated the vortex structure induced by delta winglets. Using rotating probe 

technology, they measured tail vortices induced by delta winglets on a flat plate. Results 

conclude that the longitudinal vortex induced by delta winglets consist of the main 

vortex, corner vortex, and induced vortex, as shown in Figure 2.24. Both the main 

vortex and corner vortex exhibit high-intensity longitudinal vortex, playing a 

significant role in enhancing fluid disturbance and convective heat transfer. 
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Figure 2.24 Vortex structure induced by delta winglet vortex generators (Torii et al., 

1994 [139]). 

 

Longitudinal vortex generators are initially proposed by Schubauer and Spangenberg 

[140]. Subsequently, Johnson and Joubert [141] conducted a pioneering study on heat 

transfer in circular tubes equipped with delta winglets, laying the foundation for the 

application of longitudinal vortex generators to enhance heat transfer. Longitudinal 

vortex can be generated through various passive methods, such as dimpled tubes, 

winglets, and groove tubes. The primary challenge in applying longitudinal vortex to 

heat exchangers is selecting optimal parameters to control the vortex structure. These 

parameters, such as blockage ratio, attack angle, and pitch ratio, influence vortex 

intensity, decay rate, and pressure loss.  

 

2.5.2 The interaction of longitudinal vortex 

Numerous investigations into longitudinal vortices have primarily concentrated on their 

applications, resulting in a relative scarcity of quantitative research on longitudinal 

vortex interactions [142-144]. In past studies concerning longitudinal vortex flows, 

there has been a lack of consistent explanations for the observed variation trends in heat 

transfer and pressure drop across different cases. 
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Eibeck [145] experimentally studied the effect of longitudinal vortices induced by delta 

wings on heat transfer in turbulent boundary layers. The results indicate that weak 

longitudinal vortex flows have little effect on heat transfer, whereas strong longitudinal 

vortex flows notably enhance it. Vortex intensity emerges as a pivotal factor in 

augmenting heat transfer. Wendt et al. [146] conducted experimental investigations into 

the structure and development of longitudinal vortices in turbulent boundary layers. 

The distance between vortex generators influenced the development of longitudinal 

vortices. The merging of adjacent longitudinal vortices with opposite rotation directions 

weakened longitudinal vortex intensity, a finding consistent with Song et al. [142]. 

However, this weakening of longitudinal vortex intensity does not necessarily diminish 

their heat transfer performance. The distance of vortex interaction is the primary factor 

affecting average vortex intensity. Yang et al. [147] conducted a numerical analysis to 

investigate the influence of vortex pairs on the heat transfer performance in rectangular 

channels. To analyze the vortices produced by the vortex generator, the pseudo-

compressibility method is introduced into the Navier-Strokes equation of a three-

dimensional unsteady, incompressible viscous flow. Results show that vortices in CFD 

cases enhance heat transfer more effectively than those in CFU cases. However, the 

inconsistency across all results arises from the fact that thermal performance is 

ultimately influenced by the distance of vortex interaction. 

 

Gentry and Jacobi [148] experimentally investigated the interaction between 

longitudinal vortices and boundary flow in channels with delta wing vortex generators. 

The results show that mainstream is transported by longitudinal vortices to the 

boundary layer, effectively reducing its thickness. Moreover, vortex pairs gradually 

separate when near-wall vortices are transported downstream, yet the vortices remain 

close to the wall. The possible reason is that the vortex intensity is insufficient to move 

the vortices away from the wall. Zhu et al. [149] defined a staggered coefficient to 

approximate longitudinal vortex interaction within fin-and-tube heat exchangers 

featuring with delta winglets. In previous studies, most results have been summarized 

through qualitative analyses, with few quantitative analyses addressing longitudinal 
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vortex interaction. Salviano et al. [150] noted that longitudinal vortex interaction affects 

both the Colburn factor and friction factor, yet they provided limited explanation on 

this phenomenon. 

 

Song et al. [142] numerically simulated the interaction of two counter-rotating 

longitudinal vortices in plate-fin heat exchangers with two rows of delta winglets. The 

effect of the transversal distance between vortex generators on vortex intensity and 

vortex interaction is quantitatively analyzed. The governing equations and boundary 

conditions are transformed into computational space and discretized by the control 

volume method in a collocated grid system. The results indicate that counter-vortex 

interaction reduces the average intensity of longitudinal vortices. However, this does 

not necessarily lead to a decrease in heat transfer performance. The flow region formed 

between adjacent counter-rotating longitudinal vortices enhances heat transfer. 

Moreover, arranging vortex generators with zero transverse distance should be avoided 

due to serious longitudinal vortex interaction (Figure 2.25). 

 

Figure 2.25 Comparison of velocity vectors (a) and contour plot of Se (b) on the cross 

sections (Song et al., 2016 [142]). 
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Song et al. [143] defined secondary flow intensity (Se) to quantitatively study 

longitudinal vortex intensity in plate-fin heat exchangers with longitudinal vortex 

generators. They employed a FORTRAN code to obtain numerical results and 

investigated the effect of transverse distance on longitudinal vortex interaction in detail. 

Results show that longitudinal vortex interaction is related to the transverse distance of 

vortex generators. Meanwhile, non-ideal transverse distances between vortex 

generators must be avoided. Song and Tagawa [144] subsequently quantitatively 

studied the effect of transverse distance between vortex generators on longitudinal 

vortex interaction and heat transfer performance. They obtained numerical results by 

solving the fully three-dimensional elliptic Navier-Stokes equations in a body-fitted 

coordinate system. The results indicate that co-rotating longitudinal vortex interaction 

is less affected by the transverse distance between vortex generators, while counter-

rotating longitudinal vortex interaction plays a dominant role. At the highest Reynolds 

number, the maximum differences in longitudinal vortex intensity, Nu, and f 

enhancements for different transverse distances are 34.0 %, 33.9 %, and 18.5 %, 

respectively. The studies conducted by Song et al. [142-144] provide new insights into 

longitudinal vortex interaction. When longitudinal vortex interaction is weakened, the 

intensity of both co-rotation and counter-rotation longitudinal vortices increases. 

Furthermore, longitudinal vortex interaction does not always negatively impact heat 

transfer. 

 

2.6 Research gap 

Based on the literature review, this section summarizes the research gap, which is 

classified into the following two parts,  

 

(a) Flow fields in tube sides with winglets 

Previous studies primarily focus on strengthening the vortex interaction, 

reducing flow resistance caused by structure, and weakening the recirculation 

zones. However, the dynamic variations of vortex interactions are not fully 
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understood. The present work aims to provide novel insights into optimizing 

vortex interaction in tubes equipped with winglets. 

 

(b) Flow fields in annular sides with winglets 

Most studies on the application of winglets focus on rectangular channels, fin-

and-tube heat exchangers, and circular tubes. However, despite the numerous 

studies conducted on winglet applications, there are still many research 

questions concerning the heat transfer potential of winglet applications in 

annular tubes that need to be addressed. The use of winglets on the annular side 

is crucial for optimizing the overall performance of heat exchangers. 

 

Therefore, a novel self-join winglet vortex generator is proposed to investigate the 

variation mechanism of vortex interactions on both the tube and shell sides of heat 

exchangers. 
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Chapter 3: Methodology 

3.1 Research methods 

In previous studies of heat transfer enhancement technology, research methods are 

divided into numerical simulation and experimental verification. Experiment work 

includes proposing reasonable experimental schemes, building experimental setups, 

and collecting experiment data. Thus, it often requires significant financial resources 

and time throughout the entire process. With the development of computer technology, 

numerical simulation is widely applied in various studies. The fundamental theories of 

numerical simulation are numerical heat transfer and computational fluid dynamics. 

Physical phenomena are reproduced by solving flow fields in time and space. 

Numerical simulation can replace some experimental work that is impossible or 

difficult to complete. However, simulation has some limitations. When combined with 

experimental verification, it will help to validate the accuracy of the numerical model 

and ensure numerical results are reliable within the error range. Therefore, numerical 

simulation and experimental verification are selected as the research methods for this 

study. 

 

3.2 Flow chart 

The entire research progress is shown in Figure 3.1. Research aim and objectives are 

determined based on the research problem and questions in this study, respectively. 

Each research component is interrelated and progressively developed. Additionally, the 

content regarding characteristics, mechanism, and optimization will be described in 

detail. As shown in Figure 3.2, heat transfer and pressure drop characteristics are 

evaluated in the characteristics research part. The numerical model and experiment 

setup remain identical throughout this investigation. The details of the mechanism 

research are presented in Figure 3.3. Mechanism analysis is conducted using secondary 

flow intensity theory and compares the variations of vortex structures. Finally, 

reasonable descriptions of the affecting mechanisms are obtained to complete the 

mechanism research progress. After completing the characteristics and mechanism 
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research, the optimization research is conducted as illustrated in Figure 3.4. The 

optimization step involves optimizing the flow structure and novel winglet design in 

circular and annular tubes, respectively. The optimization approach is based on findings 

from the mechanism research part. Ultimately, this will complete the entire research 

process. 

 

Figure 3.1 Flow chart of whole research progress. 
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Figure 3.2 The details of characteristics research. 



 

54 

 

 

Figure 3.3 The details of mechanism research. 

 

 

Figure 3.4 The details of optimization research. 
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3.3 Fundamental theory 

3.3.1 Basic heat transfer theory 

3.3.1.1 Newton’s law of cooling 

The earliest basic theory for convective heat transfer was proposed by Newton in 1701. 

Then, a classic formula, known as Newton's cooling formula, is proposed. This formula 

defines the heat transfer coefficient, a fundamental physical quantity. Later, the basic 

concept of strengthening heat transfer is established based on three aspects: increasing 

the temperature difference between hot and cold fluids, increasing the overall heat 

transfer coefficient, and increasing the heat transfer surface area. 

 

The heat from hot fluid is transferred through conduction and convection to cold fluid 

in double-tube heat exchangers. The overall heat transfer rate (Qov) is calculated by the 

following equation: 

 𝑄𝑜𝑣 = ℎ𝑜𝑣𝐴Δ𝑇𝑚 (3.1) 

where hov is overall heat transfer coefficient, A is heat transfer surface area, and ΔTm is 

logarithmic mean temperature difference between hot and cold fluids. 

 

(a) Increasing ΔTm 

The temperatures of hot and cold fluids vary along the heat transfer surface in heat 

exchangers. The ΔTm depends on the flow modes of both the cold and hot fluids. When 

the inlet and outlet temperatures of the heat exchanger are constant, the ΔTm for counter 

flow is the largest, while that for parallel flow is the smallest. 

 

(b) Increasing A 

The common method of increasing A is to modify the heat transfer surface shape, such 

as using the special-shaped tubes and special-shaped walls. Ribbed tubes, grooved 

tubes, finned surface, and corrugated tubes can enhance the heat transfer performance. 

 

(c) Increasing hov 

The hov is affected by many factors, including wall thermal conductivity, physical 
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properties of the fluid (such as thermal conductivity, viscosity, density, and specific heat 

capacity), flow types (laminar and turbulent), and the shape and size of the heat transfer 

surface. To improve convective heat transfer capacity, the temperature gradient near the 

wall should be increased. Inhibiting or disrupting the development of the thermal 

boundary layer enhances heat transfer in tubes. 

 

3.3.1.2 Thermal enhancement factor 

Webb [151] proposed a method to evaluate the performance enhancement of enhanced 

tubes compared with plain tubes. The benefit is defined as the ratio of heat transfer 

between enhanced tubes and plain tubes, while the cost is defined as the ratio of flow 

resistance. The TEF equation proposed by Webb is widely adopted by researchers. 

Under identical pumping power conditions, the TEF is calculated using the following 

equation, 

 𝑇𝐸𝐹 =
𝑁𝑢∕𝑁𝑢0

(𝑓∕𝑓0)1/3 (3.2) 

where Nu is Nusselt number, f is friction factor, and the subscript “0” presents plain 

tube. 

 

3.3.1.3 Wilson plots 

Following Wilson’s [152] work, the Wilson plot method has been widely employed to 

establish relationships between temperature differences and heat flux on both tube and 

shell sides of heat exchangers. This approach eliminates the need for difficult and costly 

measurements of wall temperatures in heat exchangers.  

 

It is assumed that the fluid temperatures are uniform, the surface areas on both sides are 

equal, and the wall thermal resistance is known and remains constant. The Wilson plot 

method is described as follows, 

 

The overall temperature difference between fluid 1 and fluid 2, ∆𝑇𝑜𝑣, is given by 
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  ∆𝑇𝑜𝑣 =  ∆𝑇1 + ∆𝑇𝑤 + ∆𝑇2 (3.3) 

where ∆𝑇1  and ∆𝑇2  are the fluid-to-wall temperature differences on each side and 

∆𝑇𝑤 is the temperature difference across the wall. 

The definitions of heat transfer coefficient (h) and wall thermal resistance (Rw) are given 

by 

 ℎ1 =
𝑞

∆𝑇1
 (3.4) 

 ℎ2 =
𝑞

∆𝑇2
 (3.5) 

 ℎ𝑜𝑣 =
𝑞

∆𝑇𝑜𝑣
 (3.6) 

 𝑅𝑤 =
∆𝑇𝑤

𝑞
 (3.7) 

where q is the heat flux. 

Equation (3.3) can be written, 

 
1

ℎ𝑜𝑣
=

1

ℎ1
+ 𝑅𝑤 +

1

ℎ2
 (3.8) 

The above equation is typically interpreted as summing thermal resistances to 

determine the overall thermal resistance. In reality, the formulation involves defining 

both resistance and corresponding temperature differences.  

 

It is assumed that the velocity of fluid 2 varies while the flow parameters on side 1 

remain constant. For side 2, it is known that Nu is proportional to RenPrm. Then, 

 ℎ2 = 𝐶𝑢2
𝑛 (3.9) 

where C is the slope coefficient, u is fluid velocity, and n is velocity exponent. 

Equation (3.8) can be written, 

 
1

ℎ𝑜𝑣
= (

1

ℎ1
+ 𝑅𝑤) +

𝑢2
−𝑛

𝐶
  (3.10) 

 

3.3.2 Secondary flow intensity and vorticity field theory 

3.3.2.1 Vorticity and vorticity flux 

The motion of fluid elements can be divided into translational, deformation, and 

rotational motion. Fluid motion constitutes vortex flow when the rotational angular 

velocity vector is nonzero. Vorticity originates from the velocity gradient in the flow 
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field, which is directly affected by the inherent shear stress of viscous fluid. Therefore, 

the vorticity field represents an inherent characteristic of viscous fluids [153]. Vorticity 

serves as the most fundamental physical quantity describing various vortex phenomena. 

Furthermore, all vortexes represent collections of vorticities. The vorticity field 

constitutes the vector field corresponding to the velocity field. Vortex field, or vorticity 

field or angular velocity field, also exist in swirling flow field. The vorticity field is 

defined as the curl of the fluid velocity V (u, v, w). 

 𝜔 = ∇ × 𝑽 = 𝜔𝑥𝒊 + 𝜔𝑦𝒋 + 𝜔𝑧𝒌 = |

𝒊 𝒋 𝒌
𝜕

𝜕𝑥

𝜕

𝜕𝑦

𝜕

𝜕𝑧

𝑢 𝑣 𝑤

| (3.11) 

 𝜔𝑥 =
𝜕𝑤

𝜕𝑦
−

𝜕𝑣

𝜕𝑧
 (3.12) 

 𝜔𝑦 =
𝜕𝑢

𝜕𝑧
−

𝜕𝑤

𝜕𝑥
 (3.13) 

 𝜔𝑧 =
𝜕𝑣

𝜕𝑥
−

𝜕𝑢

𝜕𝑦
 (3.14) 

Vorticity follows the vorticity continuity equation, 

 ∇ ⋅ 𝝎 =
𝜕𝜔𝑥

𝜕𝑥
+

𝜕𝜔𝑦

𝜕𝑦
+

𝜕𝜔𝑧

𝜕𝑧
= 0 (3.15) 

The sum of vorticity over any open surface A in the flow field is called the vorticity 

flux through surface A [153], 

 𝑱 = ∫
𝐴

𝝎 ⋅ 𝑑𝑨 (3.16) 

The definition of vorticity is as follows, 

 𝑱 = ∫
𝐴

𝝎 ⋅ 𝑑𝑨 = ∫
𝐴

∇ × 𝑽 ⋅ 𝑑𝑨 (3.17) 

According to Stokes' theorem: 

 ∮
𝐿

𝑽 ⋅ 𝑑𝒍 = ∫
𝐴

∇ × 𝑽 ⋅ 𝑑𝑨 (3.18) 

The line integral of the velocity V of the closed curve L at a certain time in flow field 

is the velocity circulation 𝚪 along the closed curve, 

 𝚪 = ∮
𝐿

𝑽 ⋅ 𝑑𝒍 (3.19) 

Thus, the vorticity flux J through any open surface A is equal to the velocity circulation 

𝚪 along the closed curve L surrounding the surface A, 
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 𝑱 = ∫
𝐴

𝝎 ⋅ 𝑑𝑨 = ∮
𝐿

𝑽 ⋅ 𝑑𝒍 = 𝚪 (3.20) 

The velocity circulation 𝚪 is related not only to the velocity direction in the flow field, 

but also to the direction of the circulation around L during integration. Based on right-

hand rule, the counterclockwise circle direction is the positive direction. Therefore, the 

vorticity flux through the open surface is positive or negative in the cases of multiple 

vortexes with different rotation directions on the same surface. 

 

Vorticity flux through a closed surface, 

 𝑱 = ∮
𝐴

𝝎 ⋅ 𝑑𝑨 (3.21) 

According to the Gaussian divergence theorem, 

 ∮
𝐴

𝝎 ⋅ 𝑑𝑨 = ∫
𝑉

∇ ⋅ 𝝎𝑑𝑽 = 0 (3.22) 

According to equation (3.15 ), the divergence of vorticity ω is zero. Therefore, the 

vorticity flux through the closed surface is zero. The vorticity flux field is the passive 

field. 

 

3.3.2.2 Secondary flow intensity 

When boundary fluid flows are affected by transverse pressure, they move in a direction 

parallel to the boundary layer. Due to their lower velocity, the fluid near the boundary 

layer moves more than that farther away. Then, fluid flows become superimposed on 

the mainstreams. This flow pattern is called a secondary flow. In other words, a 

secondary flow is the accompanying flow of the mainstream. Secondary flow is 

ubiquitous in nature. Secondary flows exist in rotating machines, convex and concave 

surfaces, curved rivers, curved tubes, boundary layers on solid surfaces, the atmosphere, 

oceanic motions, etc. 

 

The studies of longitudinal vortex motion aim to understand the generation, 

development, decay, and interaction of longitudinal vortices. Based on these studies, 

longitudinal vortex motion is effectively controlled [154]. Since a longitudinal vortex 

is a typical secondary flow, secondary flow intensity can be used to describe 
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longitudinal vortices. The quantitative parameters of secondary flow intensity (Se) are 

vorticity flux (J), mean absolute vorticity flux (𝑱𝐴𝐵𝑆
𝑛 ) [155-157], Se in tubes with twisted 

tapes (Sw number) [158], Se in curved tubes (De number) [159], and Se number [160]. 

Due to the limitation of the Sw and De numbers, the two parameters are only suitable 

for describing secondary flow intensity of twisted tapes and helical circular tubes, 

respectively. When vorticity components with different directions exist on a curved 

surface, they cancel each other out. Therefore, the vorticity flux cannot reflect the true 

vorticity intensity passing through the surface. However, the rotational angular velocity 

of longitudinal vortices is obtained through the vorticity field. When vorticity direction 

is not considered, equation (3.16) is modified to calculate the absolute vorticity through 

the open surface, 

 𝐉ABS
n ′ = ∫

𝐴
|𝜔𝑛| ⋅ 𝑑𝑨 (3.23) 

where 𝑱𝐴𝐵𝑆
𝑛 ′ is the sum of absolute vorticity flux through the curved surface. However, 

𝑱𝐴𝐵𝑆
𝑛 ′  can only reflect the vorticity present on this surface but cannot reflect the 

intensity of vorticity on this surface. Since a longitudinal vortex is closely related to 

vorticity component in the mainstream direction, the secondary flow intensity must be 

related to the vorticity intensity. 

 

Vorticity intensity is described by the mean absolute vorticity per unit curved surface. 

Therefore, the vorticity flux on the cross section does not cancel itself out because of 

flow direction, 

 𝐉ABS
n =

1

𝐴
∫

𝐴
|𝜔𝑛| ⋅ 𝑑𝑨 (3.24) 

where 𝑱𝐴𝐵𝑆
𝑛   is the mean absolute vorticity flux in the mainstream direction, which 

reflects the mean angular velocity of longitudinal vortices around the x axis. The results 

[155-157] show that 𝑱𝐴𝐵𝑆
𝑛  is correlated with secondary flows. 

 

3.3.2.3 Secondary flow intensity and its physical significance 

Since the vorticity component along the mainstream direction represents the angular 

velocity of the fluid rotating around the axis parallel to the mainstream direction, 𝑱𝐴𝐵𝑆
𝑛  
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represents the mean angular velocity of the fluid rotating around the axis parallel to the 

mainstream direction. The 𝑱𝐴𝐵𝑆
𝑛  is multiplied by the characteristics diameter (dc) and 

divided by the dynamic viscosity (μ) to obtain the dimensionless Se [160], 

 𝑆𝑒 =
𝜌𝑑𝑐𝑈𝑠

𝜇
 (3.25) 

 𝑈𝑠 = 𝑑𝑐𝐉ABS
n  (3.26) 

where ρ is the fluid density and Us is the velocity of the fluid around the x-axis 

(secondary flow velocity). Se and the Reynolds number (Re) have similar equations, 

which represent the ratio of inertial force to viscous force. However, the physical 

meaning of the two parameters is different. Re reflects the fluid flows of the mainstream, 

and Se reflects the fluid flow of secondary flow. 

 

Song et al. [160-162] studied the application of typical longitudinal vortex flows in 

channels of flat/circular heat exchangers fitted with vortex generators, such as twisted-

elliptic tubes, twisted-square tubes, and twisted-tapes-inserted tubes. The results show 

that Se overcomes the limitations of Sw and De number applications. Because 𝑱𝐴𝐵𝑆
𝑛  is 

a dimensional parameter, its rules do not have the disadvantage of portability. The 

universal applicability of Se for describing secondary flow intensity is confirmed. 

 

3.4 Numerical simulation  

3.4.1 Basic assumption 

The fluid flow in vortex tubes is a complex three-dimensional rotating flow. The heat 

transfer between the fluid and the tube wall is unstable. Therefore, the following 

assumptions are proposed for vortex flows in tubes to simplify the physical phenomena, 

  

(a) Fluid flows in tubes are incompressible and steady. 

(b) The wall is non-slip and impermeable. 

(c) The thermal radiation effect is not considered. 

(d) Except for the heat transfer surface, all other surfaces are adiabatic. 

(e) The fluid flow in tubes is fully developed turbulent flow. 
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3.4.2 Governing equation 

Based on the theoretical guide of ANSYS Fluent 2022R1 [163], the governing 

equations for continuity, momentum, energy, turbulent kinetic energy (k), and turbulent 

dissipation rate (ε) are as follows: 

 

Continuity equation: 

 
𝜕𝑢𝑖̅̅ ̅

𝜕𝑥𝑖
= 0 (3.27) 

Momentum equation: 

 
𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖̅𝑢𝑗̅) = 𝜌𝐹𝑖̅ −

𝜕𝑝̅

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
(𝜇

𝜕𝑢𝑖̅̅ ̅

𝜕𝑥𝑗
− 𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ) (3.28) 

Energy equation: 

𝑢𝑗̅

𝜕

𝜕𝑥𝑗
[
𝜌

2
(𝑢𝑖̅𝑢𝑖̅ + 𝑢𝑖

′𝑢𝑖
′̅̅ ̅̅ ̅̅ )] + 𝑢𝑗̅

𝜕

𝜕𝑥𝑗

(𝑝̅ − 𝜌𝐹𝑖̅) +
𝜕

𝜕𝑥𝑗
𝑢𝑗

′ (𝑝′ +
𝜌

2
𝑢𝑖

′𝑢𝑖
′̅̅ ̅̅ ̅̅ )

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

= 𝜇
𝜕

𝜕𝑥𝑗
[𝑢𝑖̅ (

𝜕𝑢𝑖̅

𝜕𝑥𝑗
+

𝜕𝑢𝑗̅

𝜕𝑥𝑖
)] +

𝜕

𝜕𝑥𝑗
[𝑢𝑖̅(−𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ )] + 𝜇

𝜕

𝜕𝑥𝑗
𝑢𝑖

′ (
𝜕𝑢𝑖

′

𝜕𝑥𝑗
+

𝜕𝑢𝑗
′

𝜕𝑥𝑖
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

− 𝜇 (
𝜕𝑢𝑖̅

𝜕𝑥𝑗
+

𝜕𝑢𝑗̅

𝜕𝑥𝑖
)

𝜕𝑢𝑖̅

𝜕𝑥𝑗
− 𝜇

𝜕𝑢𝑖
′

𝜕𝑥𝑗
(

𝜕𝑢𝑖
′

𝜕𝑥𝑗
+

𝜕𝑢𝑗
′

𝜕𝑥𝑖
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
 

  (3.29) 

where, 𝑢𝑖̅ is Reynolds average velocity component, p is pressure, 𝑢𝑖
′ is fluctuation 

velocity, 𝐹𝑖̅ is mass force. 

 

The k and ε equations in RNG k-ε model are as follows, 

k equation: 

 
𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝑘𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝜇𝑡 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)

𝜕𝑢𝑖

𝜕𝑥𝑗
− 𝛽𝑔𝑖

𝜇𝑡

𝑃𝑟𝑡

𝜕𝑇

𝜕𝑥𝑖
− 𝜌𝜀(3.30) 

where 𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡 and 𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
 

ε equation: 

 
𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝜀𝜇𝑒𝑓𝑓

𝜕𝜀

𝜕𝑥𝑗
) + 𝐶1𝜀

𝜀

𝑘
[𝜇𝑡 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)

𝜕𝑢𝑖

𝜕𝑥𝑗
− 𝐶3𝜀𝛽𝑔𝑖

𝜇𝑡

𝑃𝑟𝑡

𝜕𝑇

𝜕𝑥𝑖
] − 𝐶2𝜀

∗ 𝜌
𝜀2

𝑘
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 (3.31) 

where 𝐶2𝜀
∗ = 𝐶2𝜀

𝐶𝜇η3(1−𝜂 𝜂0⁄ )

1+𝛽η3  , η = (2𝑆𝑖𝑗𝑆𝑖𝑗)
0.5 𝑘

𝜀
 , and 𝑆𝑖𝑗 =

1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) 

In the above two equations, ρ is density, 𝑢𝑖 is velocity component, 𝛼𝑘 and 𝛼𝜀 are 

the reciprocals of effective turbulent Prandtl number for turbulent kinetic energy and 

dissipation rate, respectively. 𝜇𝑡  is turbulent viscosity, β is thermal expansion 

coefficient, 𝑔𝑖  is acceleration, 𝑃𝑟𝑡  is Prandtl Number, T is temperature, 𝐶1𝜀 , 𝐶2𝜀 

and 𝐶3𝜀 are model constants, and 𝑆𝑖𝑗 is average strain rate. According to the help file 

of ANSYS Fluent 2022R1, it is determined that 𝛼𝑘 = 𝛼𝜀 ≈ 1.393 , 𝐶𝜇 = 0.0845 , 

𝑃𝑟𝑡 = 0.7179, 𝐶1𝜀 = 1.42, 𝐶2𝜀 = 1.68, 𝐶3𝜀 = 1.3, 𝛽 = 0.012, and 𝜂0 = 4.3. 

 

3.4.3 Numerical calculation method 

Among numerical calculation methods, Reynolds time-averaged method and the scale 

analysis method are widely used. The Reynolds time-averaged method has a time-

homogenizing effect on transient pulsations. Transient Navier-Stoke equations are not 

directly calculated. It aims to superpose the turbulent time-averaged flow and the 

transient pulsation time-average flow. The scale analysis method has higher 

requirements for meshing, especially for high grid density near the wall. The scale 

analysis method is usually more suitable for analyzing transient and strongly separated 

flows. Therefore, the Reynolds time-average method is suitable for this study based on 

computational cost. 

 

3.4.4 Near-wall treatment 

In the vertical direction of the near-wall boundary, the fluid flow velocity gradually 

approaches the mainstream velocity. The boundary layer inevitably affects fluid flow 

and heat transfer. In most actual engineering applications, near-wall treatment is widely 

used for capturing fluid flows in boundary layers. To reduce calculation time, near-wall 

grids should be as large as possible. However, to closely reproduce actual physical 

phenomena, dense near-wall grids are required. Hence, combining near-wall treatment 

with solving turbulent equations can balance solution accuracy and computational cost. 
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Among near-wall treatment methods, the scalable wall function and the enhanced wall 

treatment are widely used. For the scalable wall function, the nodes of the first layer 

grid are positioned in a fully developed turbulence region. The boundary between the 

viscous sublayer and the wall is uniform. This avoids the discontinuity of near-wall grid 

size caused by an increase in grid density. The enhanced wall treatment is a combination 

of the two-layer solution of the low Reynolds number model and the enhanced wall 

function. If the near-wall grids are sufficiently dense and y+ equals 1, the enhanced wall 

treatment uses the two-layer model to solve the ε equation; when the first layer of grids 

is placed in the turbulent regions, the enhanced wall function is used to connect the wall 

physical quantities with those in the turbulent regions. 

 

Therefore, to better capture the fluid flow within the boundary layer, the enhanced wall 

treatment method is adopted in this thesis. 

 

3.4.5 Boundary conditions 

ANSYS Fluent 2022R1 is used to perform 3D steady-state simulations of flow behavior 

and heat transfer within tubes with various winglets. Since the focus of this work is the 

heat transfer and fluid flow within tube and shell sides, the settings of the isothermal 

surface and the inlet boundary condition are as follows, 

 

(a) Simulations of tube sides:  

The shell side is treated as an isothermal surface of 300 K, while the inlet boundary 

condition is set as velocity-inlet at 323 K. 

(b) Simulations of shell sides:  

The tube side is treated as an isothermal surface of 323 K, while the inlet boundary 

condition is set as velocity-inlet at 300 K. 

 

The outlet boundary condition is set as pressure-outlet. Gradients are calculated using 

the Green-Gauss Node-Based discretization approach. The turbulent kinetic energy, 
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turbulent dissipation rate, and energy are discretized using the second-order upwind 

scheme, while the momentum and pressure are discretized through QUICK and 

PRESTO! schemes, respectively. The remaining walls are treated as adiabatic, and all 

surfaces are subject to a no-slip condition. The residual criterion of the energy equation 

is set to 10−9, while those of other equations are set to 10−6. The pressure-velocity 

coupling is achieved using Coupled algorithm. The RNG k-ε model utilized in this work 

is derived from the Navier-Stokes equations using the renormalization group method, 

according to [163]. Compared to the standard k-ε model, it provides improved 

performance in predicting vortex flows due to its consideration of the effects of vortices 

on turbulent flows. The flow fields in this work can be accurately captured by the RNG 

k-ε model, since the longitudinal vortex flows within tube and shell sides have swirling 

characteristics. The specification method of turbulent model is set as intensity and 

hydraulic diameter conditions. The hydraulic diameter is set to 21 mm. The turbulent 

intensity (It) is calculated as follows, 

 𝐼𝑡=0.16(Re)-1/8 (3.32) 

 

3.5 Experimental verification 

3.5.1 Experimental setup 

Based on research objectives of this work, two experimental setups are built: one for 

the tube side and the other for the shell side, to investigate the effect of novel self-join 

winglets on heat transfer and pressure drop characteristics in circular and annular tubes, 

respectively. 

 

(a) Experimental setup of the tube side 

The experiment system includes a hot-water system (tube side), a cold-water system 

(shell side), a double-pipe heat exchanger, and two data acquisition systems, as shown 

in Figure 3.5 (a). The heat exchanger consists of an inlet section (250 mm), an outlet 

section (250 mm), and a test section (1000 mm) [164]. The vortex generators are fixed 

on two stainless steel rods (0.8 mm diameter) along the tubes. The hot and cold water 

within the heat exchanger is sourced from a hot thermostat bath (LPS-50, customized 
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style by Changzhou LP-instrument Co., Ltd.) and a water tank (tap water), respectively. 

The hot-water pump (maximum volume flow rate of 17 L/min) is a built-in circulating 

pump of the hot thermostat bath. The maximum volume flow rate of the cold-water 

pump (ORS-16G, Henger Pump Industry Co., Ltd.) is 150 L/min. Volume flow rates 

are measured using plastic rotor flowmeters (LZS-20D, Yuyao Yuanda Flow Meter Co., 

Ltd.) and controlled by valves and bypass systems, consisting of a non-return valve and 

a ball valve. Hot and cold water exchange heat through a double-pipe heat exchanger. 

The materials of the tube and shell sides are copper and PVC, respectively. To prevent 

excessive heat loss, high-density polyethylene cotton is wrapped around the heat 

exchanger. Inlet and outlet temperatures of both the tube and shell sides are measured 

using PT100 sensors (JLGKWZP, Jiangsu Lingong Electric Co., Ltd.). Pressure drop 

on the tube side is measured using a differential pressure transmitter (MIK-2051, 

Hangzhou Meacon Automation Technology Co., Ltd.). The positions of the testing 

points are shown in Figure 3.5 (b). The Isolated 4-port USB to RS485 Converter (YN-

861, Yuning Technology Co., Ltd.) and temperature data acquisition module (DAM-

PT04, Beijing Juying Electronic Co., Ltd.) are used to transmit the pressure drop and 

temperature data to the computer, respectively. After passing through the outlet of the 

heat exchanger, the hot water is returned to the hot thermostat bath, while the cold water 

is drained away. 

 

(b) Experimental setup of the shell side 

The heat transfer and pressure drop characteristics of fluid flow within annular tubes 

are studied using a system similar to that used in circular tubes. As shown in Figure 3.6 

(a), hot water flows through the inner copper tube, while cold water flows through the 

outer PVC tube. To study the specific effects of winglets on annular tubes, acrylic water 

tanks are added to the system to eliminate swirl effects at the inlet and outlet. The heat 

exchanger is wrapped in high-density polyethylene insulation to minimize heat loss. 

Furthermore, waterproof tape is applied to the inner tube inside the acrylic water tank. 

The flow rate is regulated using main and bypass valves. PT100 sensors and differential 

pressure transmitters are used to measure temperature and pressure drop, respectively. 
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The data is transferred to a computer via data acquisition elements. The positions of 

testing points are shown in Figure 3.6 (b). The heat exchanger includes a 250 mm inlet 

section, a 600 mm test section, a 250 mm outlet section, and two 250 mm tube sections 

placed within acrylic water tanks.  

 

The real picture of the experiment system is shown in Figure 3.7. When the relative 

variation of the collected data is less than 1 %, it can be considered that the flow system 

is in a steady state. After the flow system reaches the steady-state condition, each run 

of data acquisition lasts for 30 min. Furthermore, the computer records data every 5 s. 

 

Figure 3.5 The experiment setup of the tube side: (a) schematic; (b) the position of 

testing points. 
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Figure 3.6 The experiment setup of the shell side: (a) schematic; (b) the position of 

testing points. 

 

Figure 3.7 The real picture of the experiment system. 
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3.5.2 Data reduction and uncertainty calculation 

Water is used as the working fluid in experiments investigating heat transfer and 

pressure drop characteristics in this work. The flow rate of the experimental systems 

are as follows, 

 

(a) Experiments on tube sides: 

The hot water flow rates range from 250 L/h to 900 L/h, corresponding to Re range of 

7577 to 27,276. To maintain the wall temperature of the tube side stable, the flow rate 

of cold water on the shell side is kept constant at 800 L/h.  

(b) Experiments on shell sides: 

A constant hot water flow rate of 800 L/h is controlled to maintain a stable temperature 

of the inner tube wall. The cold water flow rate ranges from 400 to 1300 L/h, 

corresponding to Re = 2304–7488. 

 

Data processing and uncertainty calculation are carried out as follows, 

 𝑅𝑒 =
𝑢𝑑𝑐

𝜈
 (3.33) 

where ν is the kinematic viscosity. 

 

The friction factor (f) is calculated as, 

 𝑓 =
2𝑑𝑐𝛥𝑝

𝐿𝜌𝑢2  (3.34) 

where ΔP is the pressure drop between the inlet and outlet, L is pipe length. 

 

It is assumed that the heat loss is negligible, 

 𝑄𝑜𝑣 = 𝑄𝑓 = 𝑐𝑝𝑚̇Δ𝑇𝑖𝑜 (3.35) 

where Qf is heat transfer rate of fluid, cp is specific heat capacity, 𝑚̇ is mass flow rate, 

and ΔTio is temperature different between inlet and outlet. 

 

Due to difficulties in measuring wall temperature, the Wilson plot method is used to 
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calculate the h of the heat transfer surface, as shown in section 3.3.1.3. Hence, the Nu 

can be calculated as follows, 

 𝑁𝑢 =
ℎ𝑑𝑐

𝜆
 (3.36) 

where λ is thermal conductivity. 

 

The heat from the hot thermostat bath, Qe, is calculated as follows, 

 𝑄𝑒 = 𝑈𝐼 (3.37) 

where U is the voltage, and I is the electric current. 

 

The heat loss is calculated as follows, 

 𝑄𝑙𝑜𝑠𝑠 = 𝑄𝑒 − 𝑄𝑓 (3.38) 

The heat loss from the experimental system to the environment is about 4 %–8 %, which 

means that the heat loss in this system is acceptable. 

 

The uncertainty values of measured parameters in this work are detailed in Table 3.1. 

The uncertainty assessment for Nu, f, and Re is conducted according to [114], and these 

parameters are calculated as follow, 

 
ΔNu

Nu
=[(

Δh

h
)2+(

Δd

d
)2]0.5 (3.39) 

 
Δh

h
=[ (

ΔQf

Qf
)

2
+ (

Δd

d
)

2
+ (

ΔL

L
)

2
+(

Δ(ΔTm)

ΔTm
)2]0.5 (3.40) 

 
ΔQf

Qf
=[(

Δu

u
)2+(

Δ(ΔT)

ΔT
)2]0.5 (3.41) 

 
Δf

f
=[ (

Δu

u
)

2
+ (

Δd

d
)

2
+ (

ΔL

L
)

2
+(

Δ(ΔP)

ΔP
)2]0.5 (3.42) 

 
ΔRe

Re
=[(

Δu

u
)2+(

Δd

d
)2]0.5 (3.43) 

 

Based on equations (3.39)-(3.43), the calculated uncertainties for Nu, f, and Re are 

4.06%, 4.03%, and 4.03%, respectively. 

 

Table 3.1 The uncertainty values of measured parameters in this work.  
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Parameters Absolute uncertainty Relative uncertainty 

Internal diameter of tubes (d) ± 0.1 mm  

Pipe length (L) ± 1 mm  

Temperature (T)  ± 0.1% 

Pressure drop (ΔP)  ± 0.1% 

Volume flow rate (V̇)  ± 4% 

 

3.5.3 Reliability verification of experiment setup 

To assess the reliability of the experiment setup, the heat transfer and fluid flow 

characteristics within plain tubes are compared with empirical correlations proposed by 

Gnielinski for Nu, and by Filonenko for f. 

 

Gnielinski Nu-correlation [165], 

 𝑁𝑢0 =
(𝑓0/8)(𝑅𝑒−1000)𝑃𝑟

1+12.7(𝑓0/8)1/2(𝑃𝑟2/3−1)
 (3.44) 

Filonenko f-correlation [166], 

 𝑓0 = (1.82𝑙𝑛𝑅𝑒 − 1.64)−2 (3.45) 

 

Figure 3.8 (a) shows that the maximum deviations of the experiment system for Nu and 

f in the tube side are 12.5 % and 11.6 %, respectively, when compared with the 

Gnielinski and Filonenko correlations. All other deviation values for Nu and f are below 

10 %. As shown in Figure 3.8 (b), the Nu and f values in the shell side exhibit maximum 

deviations of 13.6 % and 10.8 %, respectively, relative to the Gnielinski [34] and 

Filonenko [33] correlations. Deviations of Nu and f below 10 % account for 80 % and 

90 %, respectively. The experimental measurements from both systems exhibit 

reasonable agreement with empirical correlations, demonstrating the reliability of these 

two experimental setups. 
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Figure 3.8 Verification of experimental reliability: (a) tube sides; (b) shell sides. 
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Chapter 4: Heat transfer and fluid flow analysis in circular 

tubes with novel self-join winglets 

4.1 Introduction 

This chapter aims to provide novel insights into optimizing vortex interaction in circular 

tubes equipped with novel self-join winglets. Furthermore, establishing a similarity 

correlation between structural parameters and flow field characteristics is crucial for 

guiding the design of winglet structures and optimizing the flow fields. Consequently, 

the heat transfer and fluid flow in circular tubes equipped with novel self-join winglets 

are numerically and experimentally investigated in this chapter. Specifically, the 

research content in this chapter is divided into three parts: (i) investigating the influence 

of novel self-join winglet configurations on heat transfer and fluid flow characteristics 

with Re ranging from 7577 to 27,276, (ii) studying the fluid mechanisms in flow fields 

affected by various winglet configurations, and (iii) obtaining similarity correlations 

between structural parameters and flow characteristics in various flow fields. 

 

4.2 Physical model 

The physical models in this chapter are designed based on the self-join winglet vortex 

generators [20]. Considering the superior performance of the delta winglet structure, 

novel self-join winglet vortex generators are proposed (Figure 4.1). The physical model 

specifications are given in Table 4.1. The positive projection plane of the vortex 

generator features a noncircular design, attributed to the addition of the lift angle β. 3D 

printing is employed to manufacture the physical model using polylactic acid material 

due to its favorable thermal properties and mechanical strength. In this chapter, the 

structural variables include the blockage ratio (BR = H/dc = 0.10, 0.15, and 0.20), 

winglet pairs number (PN= 4, 5, 6), and the included angle (αv = 60 °, 90 °, and 120 °). 
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Figure 4.1 Details of winglet structure and arrangement in different views. 

 

Table 4.1 Specification of the physical model. 

Specification Dimension 

Included angle (αv) 60 °, 90 °, 120 ° 

Internal diameter of tubes (d) 21 mm 

Outside diameter of tubes (D)  25 mm 

Characteristics diameter (dc) 21 mm 

Winglet height (H) 2.1 mm, 3.2 mm, 4.2 mm 

Winglet thickness (δ) 1 mm 

Lift angle (β) 30 ° 

Pitch (P) 143 mm 

Number of winglet vortex generators 7 

Case A1 PN = 4, BR = 0.10, αv = 60 ° 

Case A2 PN = 4, BR = 0.10, αv = 90 ° 

Case A3 PN = 4, BR = 0.10, αv = 120 ° 

Case A4 PN = 4, BR = 0.15, αv = 60 ° 
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Case A5 PN = 4, BR = 0.20, αv = 60 ° 

Case A6 PN = 5, BR = 0.10, αv = 60 ° 

Case A7 PN = 6, BR = 0.10, αv = 60 ° 

 

4.3 Numerical model verification 

4.3.1 Grid independence test 

The numerical model is generated using the method of extracting fluid domain. The 

meshing software is ANSYS ICEM 2022R1. To improve grid quality and reduce 

computation time, both tetrahedron and hexahedron grids are employed to discretize 

the entire computational domain (Figure 4.2). The contact nodes on both interfaces 

between the tetrahedron and hexahedron zones are kept as closely aligned as possible. 

Furthermore, the domains consisting of hexahedron grids are discretized into O-block 

structures. A grid independence test is conducted with five different cell numbers: 

319642, 897740, 1464720, 2050594, and 2687763 (Figure 4.3). The variations in 

overall Nu and f are less than 0.17% and 0.87%, respectively, when the number of cells 

exceeds 1464720. Therefore, numerical models with 1464720 cells are chosen for fluid 

domain calculations in tube sides. 

 

Figure 4.2 The grids of circular tubes with novel self-join winglet vortex generators. 
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Figure 4.3 Grid independence test for overall Nu and f. 

 

4.3.2 Verification of turbulent model 

Figure 4.4 displays the profiles of overall Nu and f predicted by five turbulent models 

compared with the experiment data from case A1. The maximum deviations of overall 

Nu (f) are 16.5% (39.4%), 3.9% (2.9%), 7.9% (4.3%), 5.8% (3.5%), and 12.9% (12.9%) 

for the Standard k-ε, RNG k-ε, Realizable k-ε, Reynolds stress, and SST k-ω models, 

respectively. Therefore, the numerical data from the RNG k-ε model is in good 

agreement with the experiment data. RNG k-ε model is used for numerical simulations 

in tube sides. 

 

Figure 4.4 The profiles of overall Nu and f predicted by numerical models compared 

with the experiment data from case A1: (a) Nu versus Re; (b) f versus Re. 
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4.4 Fluid flow analysis 

This section analyzes the variations of vortex structures, velocity magnitude and TKE 

contours, and the axial distribution of Se in various cases at Re = 7577, aiming to 

understand the effect of vortex interaction on fluid flows. 

 

Figure 4.5 depicts the streamlines at different cross sections for case A1 at Re=7577. 

Figure 4.5 (k) displays various cross sections used in Chapters 4 and 5. Figure 4.5 (a) 

illustrates that the flow region within tubes is equally divided into four parts because 

the fluid passes through the front of the vortex generator. It is evident from Figure 4.5 

(b) that the number of longitudinal vortex pairs is twice that of the earlier designs [20, 

65, 112, 114]. The connected positions between winglet pairs are closer to the core 

region within tubes due to the lift angles. In other words, the space for the development 

of longitudinal vortices near the boundary layer increases. Therefore, the longitudinal 

vortex pairs near the tube wall are successfully induced by the winglets. However, 

Figure 4.5 (b) and (e) depict that the vortex pairs are disrupted due to the constraints of 

the tube wall, preventing them from fully developing and weakening their vortex 

intensity. Simultaneously, the vortex pairs near the core region expand towards the tube 

wall, exerting pressure on the vortex pairs near the tube wall. Subsequently, the vortex 

pairs maintain steady development, as shown in Figure 4.5 (e)-(h), indicating that 

vortex interaction has a better effect on vortex development along the tube. Finally, the 

vortex pairs gradually dissipate, as illustrated in Figure 4.5 (i) and (j). 
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Figure 4.5 Streamlines at different cross sections for case A1 at Re = 7577. 

 

To analyze the fluid flow characteristics in different cases, two typical cross sections (z 

= 264 mm and 334 mm) are selected. Figure 4.6 displays the streamlines at different 

cross sections for cases A2 through A7 at Re=7577. As observed in Figure 4.6 (a) and 

(b), compared to case A1, the dissipation intensity of the vortex pairs near the tube wall 

at z = 264 mm is increased with increasing αv due to enhanced vortex interaction. In 

other words, a larger αv reduces the space for vortex development near the boundary 

layer and enhances the vortex intensity of vortex pairs near the core region. 

Subsequently, the vortex pairs at z = 334 mm exhibit steady development similar to that 

observed in case A1. However, the size of vortex pairs near the core region decreases 

slightly as BR increases, as depicted in Figure 4.6 (c) and (d) at z = 264 mm, because 

an increase in winglet height reduces the space available for vortex development near 

the core region. The vortex structure near the core region becomes more concentrated 

as BR increases at z = 264 mm, indicating an enhancement in the disturbance intensity 

of fluid flows within tubes. However, the development of vortex near the core region is 

limited. As depicted in Figure 4.6 (c) and (d) at z = 334 mm, the vortex structure in case 

A5 becomes disrupted due to serious vortex interaction. This indicates that the 
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disturbance caused by higher BR negatively affects fluid flows within tubes. Similarly, 

an increase in PN is detrimental to fluid flows within tubes, as shown in Figure 4.6 (e) 

and (f). Compared to case A1, the vortex structures in cases A6 and A7 are prematurely 

dissipated at z = 334 mm. This indicates that the vortex interaction in cases A6 and A7 

is more serious than that observed in case A1. Compared to case A1 at z = 264mm, the 

size of a single vortex pair near the core region decreases due to the increase in PN. The 

intensity of a single vortex pair is insufficient to counteract the negative effects of 

disturbances near the boundary layer. It can be concluded that the presence of vortex 

pairs near the boundary layer hinders the development of the vortex structure near the 

core region in cases A6 and A7. 

 

Figure 4.6 Streamlines of different cross sections at Re = 7577 in different cases: (a) 
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case A2; (b) case A3; (c) case A4; (d) case A5; (e) case A6; (f) case A7. 

 

Figure 4.7 shows velocity magnitude contours at Re = 7577 in different cases. As 

illustrated in Figure 4.7 (a)-(c), the high-speed area within tubes increases with the 

increasing αv. It is concluded that vortex pairs near the boundary layer are beneficial 

for enhancing the mixing uniformity of fluid flows within tubes. However, the high-

speed area within tubes decreases with the increase of BR, as shown in Figure 4.7 (a), 

(d), and (e). Furthermore, the high-speed area becomes concentrated in the core region 

with increasing BR. Based on the analysis of Figure 4.6 (c) and (d), this is the result of 

the available space for vortex development near the core region decreases. As a result, 

the vortex pairs near the core region do not fully develop, and the fluid is confined to a 

smaller area, disturbing the flow field. Consequently, the vortex pairs are easily 

constrained and disrupted. With the increase in PN, the high-speed area becomes 

concentrated in the core region, as shown in Figure 4.7 (a), (f), and (g). This indicates 

that vortex pairs, lacking sufficient vortex intensity, do not fully disturb the flow field 

due to the presence of vortex pairs near the boundary layer. Figure 4.8 displays turbulent 

kinetic energy (TKE) contours at Re = 7577 in different cases. Figure 4.8 (a)-(c) 

illustrate that, compared to cases A2 and A3, the disturbance of the flow field in case 

A1 is significantly more uniform due to the presence of stronger vortex pairs near the 

boundary layer. Consequently, with the increase of αv, the vortex intensity is 

significantly enhanced in the region from z = 250 mm to z = 278 mm. Similarly, the 

TKE is also enhanced in the region from z = 250 mm to z = 320 mm with the increase 

of BR, as depicted in Figure 4.8 (a), (d), and (e). However, the vortex interaction 

becomes severe due to the adverse development of the vortex structure in the core 

region. It can be observed in Figure 4.8 (f) and (g) that the distribution of TKE is less 

uniform than that in case A1, thus confirming the analysis of velocity magnitude 

distribution in case A6 and case A7. 
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Figure 4.7 Velocity magnitude contours at Re = 7577 in different cases: (a) case A1; 

(b) case A2; (c) case A3; (d) case A4; (e) case A5; (f) case A6; (g) case A7. 
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Figure 4.8 TKE contours at Re = 7577 in different cases: (a) case A1; (b) case A2; (c) 

case A3; (d) case A4; (e) case A5; (f) case A6; (g) case A7. 

 

Figure 4.9 shows the axial distributions of Se at Re = 7577 across different cases. Due 

to the induction of vortex in the region from z = 250 mm to z = 264 mm, Se sharply 

increases in this region. In the region from z = 264 mm to z = 390 mm, Se decreases 

until it stabilizes due to vortex interaction and dissipation. Compared with other cases, 

Se in case A5 is the highest because the vortex pairs near the core region become more 

concentrated with the increase of BR. The reduction in the interaction region between 

two vortex pairs indicates that vortex interaction becomes more serious. Furthermore, 

Se in case A5 is not the highest from z = 306 mm to z = 390 mm. Based on the analysis 

in Figure 4.7 and Figure 4.8, most of the vortex energy is counteracted by the vortex 

interaction. Similarly, this reversal also occurs in case A6 and case A7. In the region 
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from z = 250 mm to z = 264 mm, Se in case A6 and case A7 is higher than that in case 

A2. However, in the region from z = 264 mm to z = 390 mm, the reversal appears. This 

can be explained by the destruction of the vortex structure, as shown in Figure 4.6 (e) 

and (f). In the region from z = 250 mm to z = 264 mm, Se in case A6 and case A7 is 

lower than that in case A4 and case A5 due to the limitation of the single vortex size. 

While Se in case A2 and case A3 is lower than that in other cases in the region from z 

= 250 mm to z = 264 mm, the flow field variation remains stable, as indicated in Figure 

4.6 (a) and (b). Compared with case A2 and case A3, case A1 exhibits higher Se. This 

is due to the vortex interaction of vortex pairs near the boundary layer, resulting in more 

uniform mixing within tubes. 

 

Figure 4.9 Axial distributions of Se at Re = 7577 across different cases. 

 

4.5 Heat transfer analysis 

This section analyzes temperature contours and the axial distribution of the local 

surface Nu in various cases at Re = 7577, aiming to understand the effect of vortex 

interaction on heat transfer. 

 

Figure 4.10 displays the temperature contours at different cross sections for case A1 at 

Re = 7577. At the cross-section of z = 250 mm, 264 mm, 278 mm, and 292 mm, the 

temperature ranges near the boundary layer are 322.08 K-323 K, 321.46 K-322.38 K, 

320.85 K-322.08 K, and 320.54 K-321.77 K, respectively. With vortex interaction near 
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the boundary layer, as depicted in Figure 4.5 (a)-(d), the temperature gradient near the 

boundary layer increases along the axial distance. However, the temperature remains 

uniform in the core region, consistent with core flow theory [167]. Furthermore, in 

Figure 4.10 (e)-(j), it is evident that the temperature gradient in the core region 

gradually increases along the axial distance due to the steady development of vortex 

pairs near the core region. Consequently, the area of the temperature region at 323 K 

gradually decreases along the axial distance. The gradual variation in temperature 

gradient from the boundary layer to the core region is attributed to vortex disturbance. 

This phenomenon enhances heat transfer and fluid mixing between the core region and 

boundary layer. 

 

Figure 4.10 Temperature contours at different cross sections for case A1 at Re = 7577. 

 

To analyze the heat transfer characteristics in different cases, two typical cross sections 

(z = 264 mm and 334 mm) are selected. Figure 4.11 displays the temperature contours 

of different cross sections for Re = 7577, ranging from case A2 to case A7. Figure 4.11 

(a) to (f) show that the variation range of temperature gradient in the core region and 

boundary layer is similar to that in case A1, as water flow has a higher specific heat 

capacity compared to airflow under the same heat load. The temperature range across 

the entire cross-section is 0.2-0.4 times that of airflow [20]. Hence, the temperature 

gradient remains steady across cases A1 to A7, suggesting that water is suitable for 
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winglet tubes requiring a smaller temperature difference. However, the heat transfer 

rate is contingent upon the flow fields induced by winglets, leading to varying 

temperature distributions across cross-sections in each case. Figure 4.11 (a) and (b) 

reveal a progressively more significant gradient variation in temperature distribution as 

αv increases, indicating a strong vortex intensity compared to that in case A1. Figure 

4.6 (a) and (b) also explain the reason for this gradient variation. In contrast, the 

significant gradient variation in temperature distribution is not observed in Figure 4.11 

(c) and (d). As shown in Figure 4.6 (c) and (d), higher BR negatively affects fluid flows 

within tubes. Furthermore, the situation in case A6 and case A7 mirrors that in case A4 

and case A5. 

 

Figure 4.11 Temperature contours of different cross sections at Re = 7577 in different 

cases: (a) case A2; (b) case A3; (c) case A4; (d) case A5; (e) case A6; (f) case A7. 

 

Figure 4.12 displays the contours of the surface local Nusselt number at Re = 7577 in 

case A1. The local Nu distribution in region A ranges from 128 to 176, which represents 

the highest values compared to other regions within the tubes. This is attributed to the 

intense and complex flow field existing before the formation of longitudinal vortices, 

as depicted in the cross-section at z = 250-264 mm in Figure 4.8 (a). In region B, where 

the longitudinal vortices have just formed, the vortex disturbance is significant 

compared to other regions along the tubes, with a specific emphasis on the vortex 

disturbance in region C. Moreover, it is important to note that the vortex pairs near the 
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boundary layer enhance heat transfer in region C, as depicted in Figure 4.5 (b) and (c). 

However, the heat transfer intensity observed in region C is not sustained beyond it due 

to the dissipation of vortex pairs near the boundary layer. While the heat transfer in 

region B is weaker than that in region A, the flow field and vortex interaction remain 

relatively stable. Furthermore, the steady vortex interaction in region B helps to 

maintain a stable intensity of vortex interaction along the tubes. The disturbance caused 

by vortices in region D to the heat transfer surface is more significant than that behind 

region C due to the presence of an impinging stream in region D. Compared with the 

heat transfer at z = 250-393 mm behind region B, the local Nu values decrease to 64-96 

at z = 1108-1251 mm. This indicates a decrease in heat transfer intensity along the tubes 

by 25 % to 33 %, reflecting steady variations in the local heat transfer within the flow 

field of the tubes. 

 

Figure 4.12 The contours of surface local Nusselt number at Re = 7577 in case A1. 

 

4.6 Flow and thermal characteristics analysis 

This section analyzes the variations of Nu, Nu/Nu0, f, f/f0, and TEF in various cases at 

different Re values, aiming to summarize the heat transfer and pressure drop 

characteristics of flow fields. 

 

Figure 4.13 (a) displays the Nu variations within tubes with winglets. Nu increases with 

rising Re due to the high turbulence intensity. Furthermore, the Nu difference between 
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each case also increases with the increasing Re, indicating that Nu is sensitive to 

structural variation at high Re due to enhanced vortex interaction. Nu value in case A5 

is the highest, consistent with the analysis in Figure 4.6 (d), where the vortex structure 

is more concentrated compared to other cases. Consequently, the turbulent disturbance 

is the strongest in the region from z = 250 mm to z = 292 mm, as depicted in Figure 4.9. 

However, the Nu difference between each case is not significant due to the constraints 

of tube diameter and winglet size. In this work, the highest Nu value is twice that 

reported by Zheng et al [20]. Figure 4.13 (b) illustrates the variations of the Nu/Nu0 

within tubes with winglets. Nu is increased by 1.90-2.32 times compared with plain 

tubes. The Nu/Nu0 values increase to 106.2 % and 108.0 % of those in case A1 as αv 

increases, respectively. Furthermore, with the increase in BR, the Nu/Nu0 values are 

103.5 % and 110.0 % of those in case A1, respectively. Similarly, as PN increases, the 

Nu/Nu0 values are 101.9 % and 103.8 % of those in case A1, respectively. Nu/Nu0 

decreases nonlinearly as Re increases, indicating that vortex interaction and disturbance 

become more dominant at lower Re. At high Re, the impact of flow disturbance 

outweighs that of vortex interaction. Consequently, the potential for enhancing heat 

transfer by increasing Re is gradually diminished compared to plain tubes. 

 

Figure 4.13 The effects of different cases on heat transfer for different Re: (a) Nu; (b) 

Nu/Nu0. 

 

Figure 4.14 illustrates the influence of novel self-join winglet vortex generators in 

different cases on fluid flow, represented by f and f/f0. Figure 4.14 (a) indicates that 
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increasing Re results in a decrease in f across all cases. A larger α corresponds to higher 

f values, attributed to serious vortex interaction near the boundary layer. Furthermore, 

an increase in BR leads to a significant rise in f, attributed to intensified fluid flows and 

the destruction of vortex structures. Similarly, the impact of higher PN resembles that 

of a larger αv. However, the main factor contributing to higher f in case A6 and case A7 

is the destruction of vortex structures. In this work, the highest f value is 0.13 times that 

reported by Zheng et al [20]. As shown in Figure 4.14 (b), the f/f0 exhibits an increasing 

trend with increasing Re. This suggests that high Re does not exhibit a better effect on 

fluid flow compared to that within plain tubes. The f is increased by 2.23-5.10 times 

compared with plain tubes. The f/f0 values increase to 115.3 %-119.7 % and 127.5 %-

131.9 % of those in case A1 as αv increases, respectively. Furthermore, the f/f0 values 

range from 127.3 % to 133.2 % and 175.0 % to 184.4 % of those in case A1 as BR 

increases, respectively. Similarly, with increasing PN, the f/f0 values range from 105.2 % 

to 109.1 % and 113.8 % to 118.6 % of those in case A1, respectively. While large αv, 

BR, and PN can significantly enhance heat transfer performance, they also result in 

increased pressure loss. Therefore, achieving a balance between pressure drop and 

enhanced heat transfer is essential when selecting the appropriate structural parameters. 

 

Figure 4.14 The effects of different cases on fluid flow for different Re: (a) f; (b) f/f0. 

 

Figure 4.15 displays the variations of TEF with different Re across different cases. A 

decreasing trend in TEF is observed as Re increases, attributed to significantly increased 

flow resistance at higher Re. Furthermore, TEF tends to be higher with lower values of 
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BR and PN, implying that lower BR and PN contribute to better overall thermal 

performance due to reduced flow resistance. The best TEF, 1.63, is observed in case 

A2, suggesting that a lower αv does not necessarily demonstrate better comprehensive 

performance. Furthermore, the lowest TEF of 1.24 is observed in case A5. While this 

value exceeds 1, it can be attributed to the balanced pressure drop induced by winglet 

vortex generators, relative to the limited intensification of heat transfer. 

 

Figure 4.15 The variations of TEF with different Re across different cases. 

 

4.7 Empirical correlations for Nu and f 

Figure 4.16 compares the predicted Nu and f values from the correlations with the 

experimental data. The predicted Nu and f are obtained through the equation fitting 

function of Origin software. The maximum deviations are 6.6 % and 6 % for Nu and f, 

respectively. Therefore, the predicted data are in good agreement with the experimental 

data. The predicted results are valuable for guiding the design and optimization of novel 

winglet structures in the future. The correlations and constraints are provided as follows, 

 Nu=0.02688Re0.90814BR0.10643PN0.07035(1+𝛼𝑣π/180)0.19578+8.20506(4.1) 

 f=0.58746Re-0.20344BR2.18696PN1.37492(1+𝛼𝑣π/180)2.09617+0.05581(4.2) 

where 7577 ≤ Re ≤ 27276, 0.10 ≤ BR ≤ 0.20, 4 ≤ PN ≤ 6, and 60 ° ≤ αv ≤ 120 °. 
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Figure 4.16 Comparisons of the predicted Nu and f with experimental data: (a) Nu; (b) 

f. 

 

4.8 Comparisons with previous work 

Figure 4.17 compares the TEF between the previous and present works. In this work, 

the winglets demonstrate superior performance in enhancing thermal performance 

compared to novel self-join winglets [20], protruded baffle bundles [168], delta winglet 

pairs [120], punched V-shape winglets [73], multiple rectangular winglets [101], 

grooved channels [169], curved wings [65], and torus rings [53]. It is found that the 

TEF of helical dimples [36] is significantly higher than that achieved in this work. 

While the heat transfer enhancement achieved with the winglet vortex generators in 

present work is significant, there is still potential for further improvement. Moreover, 

it is important to note that the TEF depicted in Figure 4.17 decreases as Re increases. 

The difference lies in the variation of the decreasing trend, suggesting that the vortex 

variation in the flow field is the key influencing factor.  



 

91 

 

 

Figure 4.17 Comparisons of TEF between the previous and present work. 

 

4.9 Similarity analysis 

Compared to experimental work, numerical methods are widely utilized in earlier 

studies due to their strengths in time and cost saving. However, designing a 3D model, 

discretizing fluid domain, and solving numerical cases still require considerable time. 

Furthermore, limitations exist regarding boundary conditions and numerical 

assumptions. Therefore, both experimental work and numerical simulation remain 

insufficient for optimizing flow structures. Establishing a similarity correlation between 

structural parameters and flow field characteristics is crucial for guiding the design of 

vortex generators and optimizing the flow fields to enhance heat transfer within tubes. 

To investigate the correlation between flow state and optimized parameters, the 

similarity analysis is defined as follows: 

 V̇=A'u (4.3) 

where A' is cross-section area. 

 ṁ=ρV̇ (4.4) 

 A'=πd2/4 (4.5) 

 Qh=hAΔT' (4.6) 

where Qh  is the heat transfer rate between the fluid and tube wall; ΔT'  is 
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temperature difference between wall and bulk temperature. 

 

It is assumed that the heat loss is negligible,  

 Qh=Qf (4.7) 

 A=πdl (4.8) 

where l is the length of the heat transfer surface. 

 

Combining equations (3.33) and (4.3) yields the following equation, 

 Re=V̇d/A'ν (4.9) 

Combining equations (4.4), (4.5), and (4.9) yields the following equation, 

 Re=4ṁ/ρπdν (4.10) 

Combining equations (3.35), (4.6), (4.7), and (4.8) yields the following equation, 

 ṁ=hπdlΔT'/cpΔT𝑖𝑜 (4.11) 

Combining equations (3.36), (4.10), and (4.11) yields the following equations, 

 Re=
4λl

ρcpνd
⋅

ΔT'

ΔT
⋅Nu (4.12) 

where ΔT'/ΔT  can be defined as the ratio of temperature difference ( T' ), Nu is 

represented by the empirical correlation (e.g. equation (4.1)). 

 

It is assumed that flow structures in two flow fields are similar. Hence,  

 Re1=Re2 (4.13) 

 

By combining equations (4.12) and (4.13), the similarity correlation of heat transfer 

characteristics between two flow fields is obtained, 

 
T1

'

T2
' =

ρ1

ρ2
⋅

cp1

cp2
⋅

ν1

ν2
⋅

λ2

λ1
⋅

d1

d2
⋅

l2

l1
⋅

Nu2

Nu1
 (4.14) 

 

Temperature difference similarity coefficient (ΔTsc) is defined as the following equation, 

 ΔTsc=T1
'/T2

' (4.15) 
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Combining equations (3.33)and (3.34) yields the following equation, 

 Re=(2d3ΔP/Lρfν2)0.5 (4.16) 

where f is represented by the empirical correlation (e.g. equation (4.2)). 

 

Combining equations (4.13) and (4.16) yields the following equation, 

 (
ΔP1

ΔP2
)

0.5

= (
ρ1

ρ2

)
0.5

⋅
ν1

ν2
⋅ (

d2

d1
)

1.5

⋅ (
L1

L2
)

0.5

⋅ (
f1

f2
)

0.5

 (4.17) 

 

Pressure drop similarity coefficient (ΔPsc) is defined as the following equation, 

 ΔPsc=(ΔP1/ΔP2)0.5 (4.18) 

 

With the optimal TEF as the selecting standard, case A2 is compared with previous 

works, including self-join winglets [20], inclined winglets [170], rectangular winglets 

[101], delta winglet pairs [121], perforated conical strip [171], V-finned twisted tapes 

[172], helical dimples [36], and inclined vortex rings [52]. Figure 4.18 (a) shows the 

variation in similarity of temperature differences between the present and previous 

works. As Re increases, ΔTsc gradually increases, implying that the present work 

exhibits dependence on Re variations compared to previous works. Moreover, it is 

important to note that the variation in temperature differences is significant among the 

winglet-type cases. This indicates that the enhancement effect of longitudinal vortices 

induced by winglets on heat transfer increases gradually with increasing Re, with a 

specific emphasis on the delta-winglets case. Therefore, the delta-winglets case can 

serve as a standard for optimizing the heat transfer performance of novel winglet vortex 

generators. Furthermore, the ΔTsc values for the self-join-winglets and inclined-

winglets cases are around 1, indicating that the overall temperature difference is similar 

to that in the present work. Therefore, these two cases can serve as reference models 

for designing the winglet configurations and optimizing the temperature fields in 

present work. Figure 4.18 (b) shows the variation in similarity of pressure drop between 

the present and previous works. With the increase in Re, the variations of ΔPsc values 

in most cases are not significant. However, the ΔPsc values of helical-dimples case 
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decrease significantly. The main reason is that the transverse flows induced by dimples 

on the wall surface are quite different from the longitudinal vortex flows induced by 

other tube inserts. The helical-dimples case can serve as a reference for enhancing 

disturbance intensity. However, the temperature difference variation in the helical-

dimples case is lower than that in present work, as shown in Figure 4.18 (a). This 

suggests that in addition to optimizing fluid flow, it is also necessary to consider 

enhancing heat transfer intensity. Hence, the temperature difference of the flow field in 

present work can serve as a reference for the helical-dimples case. The ΔPsc values of 

self-join-winglets and inclined-winglets cases are lower than those of the non-winglet-

type cases, indicating that the variation of fluid flow is more stable compared to the 

present work. While the overall variation in temperature fields for these two cases is 

similar to that in present work, there remains potential for improving flow disturbance 

in this work. 

 

Figure 4.18 Similarity analysis: (a) ΔTsc versus Re; (b) ΔPsc versus Re. 

 

4.10 Chapter conclusion 

In this chapter, the design of self-join winglet vortex generators is modified to optimize 

the vortex interaction within tubes. Experimental measurements and numerical 

simulations are conducted to investigate the effect of blockage ratio (BR), winglet pairs 

number (PN), and included angle (αv) on heat transfer and fluid flow in circular tubes 

with winglets. Furthermore, similarity equations between structural parameters and 

flow field characteristics are obtained. The key findings in this chapter are as follows: 
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(1) The number of vortex pairs is twice that of previous designs. Longitudinal vortices 

near the tube wall are induced by winglets because of lift angles. 

(2) The vortex pairs near the tube wall contribute to enhancing the mixing uniformity 

of fluid flows in tubes. Furthermore, the dissipation intensity of the vortex pairs 

near the tube wall is increased with increasing αv. Higher values of BR and PN 

adversely affect fluid flows in tubes. 

(3) Nusselt number and friction factor are increased by 1.90-2.32 and 2.23-5.10 times, 

respectively, compared with plain tubes. 

(4) The maximum thermal enhancement factor (TEF) reaches 1.63 when BR = 0.10, 

PN = 4, and αv = 90 °, suggesting that a lower αv does not necessarily demonstrate 

better comprehensive performance. Furthermore, the lowest TEF reaches 1.24 when 

BR = 0.20, PN = 4, and αv = 60 °. While this value exceeds 1, it can be attributed to 

the balanced pressure drop induced by winglet vortex generators, relative to the 

limited intensification of heat transfer. 

(5) Similarity analysis indicated that the variation in temperature differences is 

significant among the winglet-type cases. Furthermore, the delta-winglets case can 

serve as a standard for optimizing the heat transfer performance of novel winglet 

vortex generators. The variation of fluid flow in self-join-winglets and inclined-

winglets cases is more stable compared to the present work. While the overall 

variation in temperature fields for these two cases is similar to that in present work, 

there remains potential for improving flow disturbance in this work. 
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Chapter 5: The optimization of the flow field in circular 

tubes equipped with modified winglet structures 

5.1 Introduction 

As shown in Chapter 4, the dissipation rate of vortices near the tube wall is crucial for 

longitudinal vortex development and for optimizing the flow field within circular tubes. 

The boundary vortices help delay the destruction of flow fields induced by longitudinal 

vortices. Furthermore, these vortices contribute to the uniformity of temperature fields. 

Based on this mechanism, this chapter aims to optimize the vortex interaction of 

boundary vortices in circular tubes equipped with novel self-join winglet vortex 

generators, while also providing optimization strategies for improving uniformity in 

heat transfer and fluid flow. Consequently, the optimization mechanism and flow 

behavior in circular tubes equipped with modified winglet designs are numerically and 

experimentally investigated in this chapter. Specifically, the research content presented 

in this chapter is divided into three parts: (i) revealing the optimization mechanism of 

flow fields influencing by modified winglet designs, (ii) investigating the effect of 

curved height and lift angle on heat transfer and fluid flow, and (iii) summarizing the 

heat transfer and fluid flow characteristics of optimized flow fields under Re ranging 

from 7577 to 27,276. 

 

5.2 Physical model 

The optimization design of winglet structures in this chapter can be based on variation 

mechanism of boundary vortices. In this chapter, the optimization variables include lift 

angles (β = 30 °, 45 °, and 60 °), included angles (αv = 60 °, 90 °, 120 °), curved ration 

(CR = Hc/dc = 0.67, 1.33, and 2.00). The physical model is shown in Figure 5.1. More 

details of the physical model can be found in Table 5.1. The parameters studied in this 

chapter are based on the variation mechanism of boundary vortices. These parameters 

are primarily crucial for adjusting the development space and improving the interaction 

intensity of boundary vortices. Furthermore, the reasons for selecting the value range 

of each parameter are outlined below, 
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(a) For the parameter “β”, it is key to generating boundary vortices, as concluded in 

Chapter 4. Its value ranges from 0 to 90º. The values 30º and 60º present typical growth 

points within this range, allowing observation of overall variation trends. Since 45º is 

the median value of the range, it helps reveal the average variation characteristic. 

 

(b) For the parameter “αv”, the selections of this parameter and its value range follow 

previous studies. The aim is to compare the results with earlier winglet designs. 

 

(c) For the parameter “CR”, it is chosen because it further adjusts the development space 

for boundary vortices without significantly increasing the cross-sectional blockage area. 

The rationale for selecting specific values is the same as that for the parameter “β”. 

 

Figure 5.1 Modified design of novel self-join winglet vortex generators. 

 

Table 5.1 Specification of the physical model. 

Specification Dimension 

Included angle (αv) 60 °, 90 °, 120 ° 

Lift angle (β) 30 °, 45 °, 60 ° 

Curved ratio (CR) 0.67, 1.33, 2.00 

Curved height (Hc) 14 mm, 28 mm, 42 mm 

Internal diameter of tubes (d) 21 mm 
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Characteristics diameter (dc) 21 mm 

Winglet thickness (δ) 1 mm 

Winglet height (H) 2.1 mm 

Case B1 β = 30 °, αv = 60 °, CR = 0.67 

Case B2 β = 30 °, αv = 60 °, CR = 1.33 

Case B3 β = 30 °, αv = 60 °, CR = 2.00 

Case B4 β = 45 °, αv = 60 °, CR = 0 

Case B5 β = 45 °, αv = 90 °, CR = 0 

Case B6 β = 45 °, αv = 120 °, CR = 0 

Case B7 β = 60 °, αv = 60 °, CR = 0 

Case B8 β = 60 °, αv = 90 °, CR = 0 

Case B9 β = 60 °, αv = 120 °, CR = 0 

 

5.3 Optimization mechanism 

To further verify the optimization mechanism on flow variations induced by boundary 

vortices, the flow fields behind the winglet vortex generators are analyzed in detail in 

this section. 

 

Figure 5.2 shows the variations of velocity magnitude behind the winglet vortex 

generators. The maximum value of velocity magnitude is 0.3 m/s, which is 81.08 % of 

that in case A1, as shown in Figure 4.7 (a). Furthermore, the average velocity magnitude 

is lower than that in case A1. The velocity variation range of core region in case B1 is 

between 0.24 m/s- 0.3 m/s, while that in case A1 is between 0.28 m/s- 0.37m/s. The 

adjustment in velocity variation is stable for optimized flow fields. It indicates that the 

curved height significantly affects the uniformity of the flow fields in circular tubes. 

Meanwhile, the area of high-speed region (red part) is also reduced compared to case 

A1, suggesting that the intensity of flow disturbance is reduced. Achieving a reasonable 

balance between uniformity and disturbance is crucial for the optimization of the flow 

field within circular tubes. 
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Figure 5.2 The variations of velocity magnitude behind the winglet vortex generators. 

(Case B1: β = 30 °, αv = 60 °, CR = 0.67). 

 

Figure 5.3 shows the variations of velocity magnitude and streamlines in various cross 

sections. Compared with the flow fields in case A1 (shown in Figure 4.5), the 

development region of boundary vortices is enlarged, indicating that the intensity of 

boundary vortices increases. Furthermore, the core vortices remain largely unaffected 

by the boundary vortices. The structures of core vortices remain stable, which is crucial 

for the steady development of flow fields within circular tubes. In case A1, the boundary 

vortices completely dissipate at the cross section of z = 306 mm. However, in case B1, 

the boundary vortices remain in their final dissipative stage at z = 306 mm, 

demonstrating the movement distance of the boundary vortices increases. Obviously, 

there remains significant potential for further reducing the dissipation rate of the 

boundary vortices. As the axial distance increases, the area of high-speed region is 

reduced, while it concentrates on the core region within circular tubes, which is 

beneficial by the steady flow fields. At the cross section of z = 264 mm, the velocity 

variation range in the core region is between 0.24 m/s- 0.3 m/s, while that at the cross 

section of z = 306 mm is between 0.24 m/s– 0.27 m/s. These results suggest that the 

boundary vortices play an efficient and stable role in adjusting the uniformity of the 

velocity in core regions. 
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Figure 5.3 The variations of velocity magnitude and streamlines in various cross 

sections. (Case B1: β = 30 °, αv = 60 °, CR = 0.67). 

 

5.4 Effect of lift angles on heat transfer and fluid flow 

This section analyzes the effect of lift angles on velocity magnitude, TKE, temperature, 

and Se in various cases. Furthermore, it summarizes the heat transfer and pressure drop 

characteristics of flow fields induced by modified lift angles. 

 

Figure 5.4 shows the variations of velocity magnitude in the cross section of z = 290 

mm. As the included angle increases, in the core region, the area of the high-speed 

region increases, while the area of the low-speed region decreases. The disturbance in 

the core region becomes more uniform rather than concentrated. This indicates that the 

disturbance intensity of the flow fields is enhanced. However, the vortex interaction is 

also enhanced, which significantly affects the vortex development. In the boundary 

region, the velocity variations opposite to those in the core region appear. This suggests 

that the disturbance energy concentrates in the core region due to the increase in 

included angles. Furthermore, as the lift angle increases, the area of the high-speed 

region decreases. The primary reason is that the structural limitations of the winglet 

structure hinder the development of flow fields in the core region. Meanwhile, the 

variations in included angles do not significantly affect the influence of lift angles. 

Furthermore, the boundary area of the high-speed region increases as the included angle 

increases, indicating that an adjustment in the distribution of the high-speed region. 
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This enhances the uniformity of the flow fields and improves heat and mass transfer 

between the core region and the boundary layer. Moreover, the uniformity of the low-

speed region (blue region) is crucial for maintaining the uniformity of the flow fields. 

 

Figure 5.4 The variations of velocity magnitude in cross section of z = 290 mm for 

various cases: (a) B4; (b) B5; (c) B6; (d) B7; (e) B8; (f) B9. 

 

Figure 5.5 displays the TKE contours at Re = 7577 for different cases. As shown in 

Figure 5.5 (a), (b), and (c), as the included angle increases, the region with TKE values 

between 0-0.0005 m2/s2 expands. This clearly has a detrimental effect on the overall 

disturbance in the core region, as most of the space in the core region is not utilized 

efficiently. However, this disturbance mode is beneficial for the downstream flows. 

Furthermore, the disturbance intensity in the region near the vortex generators increases 

due to structural limitations. For the upstream flows, case B4 represents a suitable 

disturbance mode when β is 45 º. As show in Figure 5.5 (d), (e), and (f), when β 

increases to 60 º, the region with TKE values between 0-0.0005 m2/s2 decreases. The 

adjustment in life angle improves the disturbance pattern of the flow fields, thereby the 

uniformity of the flow fields is improved. Furthermore, the disturbance intensity in the 

region near the vortex generators increases significantly with increasing β. However, 

when the β is 60 º, the difference between high-disturbance and low-disturbance regions 
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becomes particularly significant, suggesting that further improvements in overall 

uniformity are possible for this disturbance mode. Establishing a reasonable balance 

between included angles and lift angles is crucial for adjusting the uniformity of the 

flow fields. 

 

Figure 5.5 TKE contours at Re = 7577 in different cases: (a) case B4; (b) case B5; (c) 

case B6; (d) case B7; (e) case B8; (f) case B9. 

 

Figure 5.6 shows the variations of temperature in the cross section of z = 290 mm. As 

the included angle increases, the high-temperature region becomes more concentrated, 

and the temperature gradient becomes more uniform. However, as the lift angle 

increases, the regional distribution effect is more significant than that caused by 

increasing included angles. This flow characteristic is suitable for local heat transfer 

disturbance. Therefore, it is concluded that increasing the included angle improves the 

uniformity of the flow fields, while increasing the lift angle enhances the regional 

disturbance. Furthermore, the variations of temperature range are around 320-323 K, 

which is consistent with the previous studies concerning the temperature variations of 

water flows. Compared with case A1, increasing both included angle and lift angle are 

beneficial for the uniformity of heat transfer and fluid flows.  
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Figure 5.6 The variations of temperature in cross section of z = 290 mm. 

 

Figure 5.7 demonstrates the variation in Se axial distribution for different cases and Re. 

As shown in Figure 5.7 (a), the Se peak values appear at the crosse section of z/dc = 

0.67 due to the steady vortex structure initially generated around this location. The 

vortex gradually dissipates downstream of the vortex generators. As the included angle 

increases, the Se values decrease, primarily because the disturbance intensity decreases 

in the core region, consistent with the analysis in Figure 5.5. Furthermore, before the 

cross section of z/dc = 2.00, the Se values also decrease as the lift angle increases. The 

steady vortex structure maintains the effect of the winglet structure. However, the Se 

variations demonstrate an opposite trend after the cross section of z/dc = 2.00, as the 

uniformity of the flow field increases until reaching the reversal point, which can also 

be observed in Figure 5.5. This indicates that the increasing lift angle is suitable for 

enhancing the flow disturbance in the downstream section of the tubes. Furthermore, 

after the cross section of z/dc = 2.00, the Se differences between small and large lift 

angles increase as the included angle decreases, suggesting that the adjustment of 

included angles is beneficial for enhancing the effect of lift angles. However, in cases 

B6 and B9, this flow phenomenon appears after the cross section of z/dc = 4.00, 
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demonstrating that only when the included angle is appropriately applied does it show 

a significant enhancement effect on lift angles. As shown in Figure 5.7 (b), the Se 

difference between small and large lift angles increases as Re increases. The effect of 

increasing Re enhances the effect of lift angles. For the effect of small lift angles, the 

effect of flow disturbance weakens with increasing Re, while for the effect of large lift 

angles, the effect of flow disturbance remains nearly constant with increasing Re. 

 

Figure 5.7 Variation in Se axial distribution: (a) cases B4 - B9; (b) different Re in 

cases B4 and B7. 

 

Figure 5.8 shows the effects of different cases on heat transfer at different Re. As shown 

in Figure 5.8 (a), Nu increases with increasing Re due to the stronger flow disturbance. 

Furthermore, the Nu differences between different cases becomes more significant. 

However, the difference is particularly significant between cases B6 and B4. From the 

analysis in Figure 5.7, a reasonable value of included angle can enhance the effect of 

lift angles. When the included angle is between 90 º and 120 º, the heat transfer 

enhancement effect is significant due to the adjustment of flow disturbance. As shown 

in Figure 5.8 (b), case B6 exhibits the highest Nu/Nu0 value, while case B4 shows the 

lowest one. Furthermore, the difference between other cases is not significant, 

suggesting that the effect of large lift angle is not significant for enhancing the heat 

transfer due to the overall uniformity of flow disturbance. As Re increases, the Nu/Nu0 

values decrease.  
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Figure 5.8 The effects of different cases on heat transfer for different Re: (a) Nu; (b) 

Nu/Nu0. 

 

Figure 5.9 demonstrates the effects of different cases on fluid flow at different Re. As 

shown in Figure 5.9 (a), the f values decrease with increasing Re due to the stronger 

power input to the flow system. Case B4 not only demonstrates the minimum heat 

transfer capacity, but also shows the minimum flow resistance. This characteristic is 

attributed to the advantages and disadvantages of the structures. However, case B8 

exhibits the highest f/f0 values among all cases, which is inconsistent with this 

characteristic resulting from the structures. The vortex interaction is the primary 

affecting factor. This means that an included angle of 90 º is the turning point at which 

the influence of the lift angle becomes significant. Figure 5.9 (b) demonstrates an 

increasing f/f0 trend with increasing Re. Under the influence of high Re, the optimization 

effect on flow resistance weakens. Consistent with the differences and variations among 

the various cases in Figure 5.9 (a), these results indicate that the actual contribution of 

vortex interaction to the flow resistance follows a consistent pattern.  
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Figure 5.9 The effects of different cases on fluid flow for different Re: (a) f; (b) f/f0. 

 

Figure 5.10 displays the variations of TEF with different Re across different cases. As 

shown in Figure 5.10, case B6 exhibits the highest TEF value of 1.51, while case B8 

shows the lowest TEF value of 1.20. All the TEF values exceed 1, which means that 

the optimized structures have an impact on the overall working performance. When the 

lift angle is 45 º, the TEF values increase with the included angle. The primary reason 

is that the Nu/Nu0 and f/f0 values follow the same variation trend, as shown in Figure 

5.8 and Figure 5.9. This indicates that heat transfer and fluid flow in cases with lift 

angle of 45 º are primarily affected by the structural disturbance induced by the included 

angle. However, at 60 º lift angles, the TEF values first decrease and then increase as 

the included angle rises. Case B8 shows the lowest TEF values compared to cases B7 

and B9. The increase in lift angles expands the development area of the boundary 

vortices, thereby adjusting the vortex interaction between the boundary and core 

vortices. The intensity of flow disturbance increases with lift angle, as shown in Figure 

5.5. A significant difference in disturbance uniformity is observed between cases B5 

and B8. The overall disturbance uniformity of flow field in case B8 is weaker than that 

in case B5, indicating that vortex interaction becomes serious as the included angle 

approaches 90 º, reducing the overall flow field optimization effectiveness. Furthermore, 

the f/f0 values in cases B7 - B9 also reflect this trend (Figure 5.9 (b)), further indicating 

that the flow field in case B8 requires optimization in terms of vortex interaction. 
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Figure 5.10 The variations of TEF with different Re across different cases. 

 

5.5 Effect of curved ratio on heat transfer and fluid flow 

This section analyzes the effect of curved ratio on velocity magnitude, TKE, 

temperature, and Se in various cases. Furthermore, it summarizes the heat transfer and 

pressure drop characteristics of flow fields induced by modified curved ratio. 

 

Figure 5.11 shows the variations of velocity magnitude in the cross section of z = 290 

mm. As the curved ratio increases, the disturbance distribution in the high-speed region 

shifts toward the boundary layer. The area of the high-speed region decreases 

significantly in a regional pattern. The reason is that the variations in curved height 

adjust the region of vortex development, demonstrating that it is more beneficial for 

heat transfer and fluid flow. Furthermore, the low-speed region decreases as the curved 

ratio increases. In other words, velocity distribution within the flow field becomes more 

uniform with increasing curved ratio. 

 

Figure 5.11 The variations of velocity magnitude in cross section of z = 290 mm. 
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Figure 5.12 shows the TKE contours at Re = 7577 in different cases. As shown in Figure 

5.12, the flow disturbance in the core region strengthens as the curved ratio increases. 

However, the variation in flow disturbance appears upstream of the tube. For 

downstream of the tubes, the disturbance intensity does not vary significantly as the 

curved ratio increases. There is still room for improvement in the adjustment of overall 

uniformity of the flow disturbance within the flow fields. Increasing the curved ratio 

can enhance heat transfer. However, it is not beneficial for reducing the flow resistance. 

The included angles and lift angles are the key affecting factors for improving the flow 

disturbance. Furthermore, the strongest disturbance region in each case appears near 

the winglet vortex generators. Creating holes on the winglet vortex generators 

represents a potential future optimization direction. 

 

Figure 5.12 TKE contours at Re = 7577 in different cases: (a) case B1; (b) case B2; (c) 

case B3. 

 

Figure 5.13 displays the variations of temperature in the cross section of z = 290 mm. 

As shown in Figure 5.13, as the curved ratio increases, the temperature distribution 

becomes more regionally concentrated, indicating that the heat transfer in local regions 

is significantly affected by the variations of curved ratio. Furthermore, the intensity of 

vortex interaction becomes more serious, suggesting that serious vortex interaction 

affects the development of vortex structures. Furthermore, regional disturbances are 

detrimental to the uniformity of temperature disturbances.  
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Figure 5.13 The variations of temperature in cross section of z = 290 mm. 

 

Figure 5.14 displays the variation in Se axial distribution for different cases and Re. As 

shown in Figure 5.14 (a), the Se peak value decreases as CR increases due to serious 

vortex interaction. Furthermore, the increasing trend of Se values shows no significant 

variation among various cases, primarily because vortex interaction also varies 

gradually. However, after the cross section of z/dc = 2.00, the variation trend in Se values 

among various cases no longer follows this characteristics pattern concerning vortex 

interaction variations, as it becomes dependent on the disturbance uniformity of the 

flow field. Case B3 exhibits the highest Se value after the cross section of z/dc = 2.67. 

It suggests that large curved ratio is suitable for enhancing the uniformity of flow 

disturbance downstream of the tubes. As shown in Figure 5.14 (b), the Se values 

increase with increasing Re due to stronger power input. Furthermore, as Re increases, 

the variation differences between various cases gradually decreases, indicating that the 

effect of high-Re flow is weaker than low-Re effects. 

 

Figure 5.14 Variation in Se axial distribution: (a) cases B1 – B3; (b) different Re in 
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cases B1. 

 

Figure 5.15 demonstrates the effects of different cases on heat transfer for different Re. 

As shown in Figure 5.15 (a), case B3 exhibits the highest Nu values among various 

cases. The primary reason is consistent with the analysis in Figure 5.12. Furthermore, 

serious vortex interactions in case B3 also exhibit significant variations in Nu 

differences among various cases. As shown in Figure 5.15 (b), compared with plain 

tubes, the Nu improvement in case B3 is significant due to serious vortex interaction. 

Furthermore, Nu values of case B2 and B1 is nearly the same, indicating that case B2 

has potential for further optimization.  

 

Figure 5.15 The effects of different cases on heat transfer for different Re: (a) Nu; (b) 

Nu/Nu0. 

 

Figure 5.16 shows the effects of different cases on fluid flow for different Re. As shown 

in Figure 5.16 (a), the f values increase as CR increases due to increased structural 

resistance. However, the variation trend of f differences is not consistent with that of 

the Nu differences, as shown in Figure 5.15. This indicates that flow resistance 

primarily depends on the blockage structure, while heat transfer depends on the vortex 

interaction induced by various flow structures. As shown in Figure 5.16 (b), compared 

with plain tubes, f/f0 values increase as Re increases. However, the increasing trend 

gradually weakens as the effect of Re dominates over structural variables. 
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Figure 5.16 The effects of different cases on fluid flow for different Re: (a) f; (b) f/f0. 

 

Figure 5.17 displays the variations of TEF at different Re for different cases. As shown 

in Figure 5.17, case B1 exhibits the highest TEF value of 1.53, while case B3 shows 

the lowest TEF value of 1.20. The variation range of TEF is similar to that observed in 

cases with varying lift angles and included angles, indicating that these structural 

variables have optimization potential when considering their combined effects. 

However, the increasing trend for case B2 is weaker than that for case B1. This suggests 

that the vortex interaction in case B2 requires future optimization. 

 

Figure 5.17 The variations of TEF with different Re across different cases. 

 

5.6 Chapter conclusion 

In this chapter, the vortex interaction of boundary vortices is optimized to improve the 

uniformity of heat transfer and fluid flow in circular tubes. The effects of curved ratio 
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(CR), lift angle (β), and included angle (αv) on heat transfer and fluid flow are 

experimentally and numerically investigated for circular tubes with modified winglet 

designs. Furthermore, the optimization mechanism of flow fields influenced by 

modified winglet designs is revealed. The key findings from this chapter are as follows: 

 

(1) Compared with the flow fields in case A1, the development region of boundary 

vortices is enlarged, indicating that the intensity of boundary vortices increases. 

Furthermore, the core vortices remain largely unaffected by the boundary vortices, 

and the movement distance of the boundary vortices increases. 

(2) When the lift angle is 60 º, the difference between high-disturbance and low-

disturbance regions becomes particularly significant, suggesting that further 

improvements in overall uniformity are possible for this disturbance mode. 

Establishing a reasonable balance between included angles and lift angles is crucial 

for adjusting the uniformity of the flow fields. 

(3) Increasing the included angle improves the uniformity of the flow fields, while 

increasing the lift angle enhances the regional disturbance. 

(4) As the curved ratio increases, the disturbance distribution in the high-speed regions 

shifts toward the boundary layer, and velocity distribution within the flow field 

becomes more uniform with increasing curved ratio. 

(5) Case B1 exhibits the highest TEF value of 1.53, while case B3 shows the lowest 

TEF value of 1.20. The variation range of TEF is similar to that observed in cases 

with varying lift angles and included angles, indicating that these structural 

variables have optimization potential when considering their combined effects. 

Achieving a reasonable balance between uniformity and disturbance is crucial for 

the optimization of the flow field within circular tubes. 
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Chapter 6: Heat transfer and fluid flow analysis in annular 

tubes with traditional delta winglets 

6.1 Introduction 

This chapter aims to explore the vortex interaction and the wall limitation, thereby 

providing valuable guidance for efficient winglet applications in annular tubes. 

Furthermore, the cases studied in this chapter serve as the comparative cases for the 

applications of novel self-join winglets in annular tubes. Consequently, numerical 

simulations and experimental measurements are conducted to investigate fluid flow and 

heat transfer within annular tubes fitted with delta winglets. Specifically, the present 

work consists of three parts: (i) analyzing the effect of delta winglets on pressure drop 

and heat transfer characteristics within annular tubes across a Re range of 2304–7488, 

(ii) exploring the flow mechanism within annular tubes influenced by different winglet 

structures, and (iii) revealing the variation mechanism of flow disturbance and turbulent 

dissipation within annular tubes equipped with delta winglets based on energy 

variations. 

 

6.2 Physical model 

Winglet models are designed in a delta shape for superior performance [78, 122, 173]. 

For easier installation, delta winglets are combined with circular rings using 3D printing 

techniques with polylactic acid. The specifications of physical models are given in 

Table 6.1. Figure 6.1 shows the details of winglet configurations in various views. The 

research variables include attack angle (α = 30 º, 45 º, and 60 º), blockage ratio (BR = 

H/dc = 0.20, 0.30, and 0.40), configuration (parallel and V-shaped type), and flow 

direction (upstream and downstream). Regarding the rationale for parameter selection 

in this chapter, because winglet applications in annular tubes have rarely been studied, 

the parameters and their value ranges are based on previous studies of winglets in 

circular tubes. The aim is to explore the vortex interaction and the wall limitation, 

thereby providing valuable guidance for efficient winglet applications in annular tubes. 
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Figure 6.1 Schematic diagram: (a) the details of winglet arrangements and structures; 

(b) real photographs of tubes with winglet vortex generators. 

 

Table 6.1 Specification of the physical model. 

Specification Dimension 

Outer diameter of inner tubes  25 mm 

Inner diameter of outer tubes 46 mm 

Thickness of inner and outer tubes  2 mm 

Characteristics diameter (dc) 21 mm 

Attack angle (α) 30 º, 45 º, 60 º 

Winglet height (H) 4.2 mm, 6.3 mm, 8.4 mm 

Winglet length (Lwin) 9 mm 

Winglet thickness (δ) 1 mm 

Ring length (Lr) 10 mm 
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Ring thickness (δr) 1 mm 

Pitch (P) 120 mm 

Case C1 Parallel, downstream, BR = 0.20, α = 30 º 

Case C2 Parallel, downstream, BR = 0.20, α = 45 º 

Case C3 Parallel, downstream, BR = 0.20, α = 60 º 

Case C4 Parallel, downstream, BR = 0.30, α = 30 º 

Case C5 Parallel, downstream, BR = 0.40, α = 30 º 

Case C6 V-shaped, downstream, BR = 0.20, α = 30 º 

Case C7 V-shaped, upstream, BR = 0.20, α = 30 º 

 

6.3 Numerical model verification 

6.3.1 Grid independence test 

ANSYS ICEM 2022R1 is used to discretize the fluid domain (Figure 6.2). Considering 

the complexity of the 3D model of the winglet vortex generators, tetrahedron grids are 

used to discretize the installation region. Furthermore, since the annular channel has a 

regular geometric structure, hexahedron grids are employed to discretize it, thereby 

improving calculation accuracy and reducing the number of grids. The contact nodes 

on both interfaces between the tetrahedron and hexahedron zones are kept as closely 

aligned as possible. The boundary layer is refined to improve the accuracy of fluid flow 

and heat transfer calculations. A grid independence test is performed based on this 

refinement, with a grid growth ratio of 1.2. Details of the 8 grid sets are summarized in 

Table 6.2. The effect of the grid number on overall Nu and f is shown in Figure 6.3. 

When the grid number ranges from 2.37 to 2.74 million, the variations in overall f and 

Nu are 0.20 % and 0.15 %, respectively, representing the smallest variations among all 

grid ranges. Furthermore, the average Y+ is less than 1 when the grid number exceeds 

2.00 million, as shown in Table 6.2. Thus, considering both calculation accuracy and 

computational cost, numerical models with 2.37 million grids are chosen for the 

subsequent work. 
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Figure 6.2 Grid generation in the fluid domain. 

 

 

Figure 6.3 Grid independence test for overall Nu and f. 

 

Table 6.2 Details of grid independence test. 

Grid case 1 2 3 4 5 6 7 8 

Node number 22 28 34 40 46 52 58 64 

Height of first layer 

grid (mm) 
0.5 0.15 0.09 0.03 0.01 2×10-3 4×10-4 8×10-5 

Grid number 

(million) 
1.64 2.00 2.37 2.74 3.11 3.48 3.85 4.22 
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Average Y+ 2.64 0.78 0.47 0.16 0.05 0.01 0.0023 0.00052 

 

6.3.2 Verification of turbulent model 

Figure 6.4 displays the validation of the turbulent models for overall Nu and f. Based 

on the comparison in Figure 6.4, the maximum deviations of overall Nu (f) are 5.16 % 

(3.36 %), 12.07 % (3.40 %), 12.13 % (3.42 %), 5.33 % (7.10 %), and 15.25 % (13.51 %) 

for RNG k-ε, Standard k-ε, Realizable k-ε, Reynolds stress, and SST k-ω models, 

respectively. The RNG k-ε model exhibits the highest accuracy among the evaluated 

turbulent models. Consequently, the RNG k-ε model is adopted for subsequent work. 

 

Figure 6.4 Verification of turbulent model for overall Nu and f. 

 

6.4 Flow field analysis 

This section analyzes the variations of vortex structures, velocity magnitude and TKE 

contours, and the axial distribution of Se in various cases, aiming to understand the 

effect of vortex interaction on fluid flows. 

 

Figure 6.5 displays various cross sections used in Chapters 6 and 7. At z/dc = 0, the 

cross-section is located at the inlet of the first vortex generator. The streamlines for 

cases C1 and C6 at various cross-sections are illustrated in Figure 6.6 (a). As shown in 

case C1 in Figure 6.6 (a), vortices initially form near the inner tube and gradually move 

away from it, eventually dissipating near the outer tube. This behavior contrasts with 

previous results [109, 111], suggesting that the radial movement of vortices is primarily 
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influenced by the installed location of winglets. In case C6, as shown in Figure 6.6 (a), 

vortices also form near the inner tube. However, a significant difference is the 

emergence of a stable vortex structure, where vortex pairs do not completely dissipate 

near the outer tube. This indicates that the vortex interaction induced by V-shaped 

winglet pairs sustains stable vortex structures movement downstream, which enhances 

downstream heat transfer and fluid mixing. Therefore, arrangement variables are more 

effective than structure variables in sustaining stable vortex interactions and flow 

structures along annular tubes.  

 

The Q-criterion can provide a clear, threshold-based visualization of vortex cores, 

allows for quantitative comparison of vortex intensity across configurations. By 

examining the iso-surfaces of a positive Q-value, we can directly observe and measure 

the variation of longitudinal vortex cores. To identify the vortex core in the flow field, 

the Q-criterion [66, 78] is introduced using the following equation, 

                       𝑄 = 0.5 × (‖Ω‖2 − ‖𝑆‖2)                                             (6. 1) 

where Ω and S are the antisymmetric and symmetric parts of the second invariant of the 

velocity gradient tensor, respectively. Physically, a region with Q > 0 indicates where 

the local rotation rate dominates the strain rate, effectively highlighting vortex cores.  

 

Figure 6.6 (b) demonstrates the iso-surface of the Q criterion [66, 78] overlapped with 

velocity magnitude contours. Compared with case C1, case C6 exhibits a larger vortex 

core region under the same Q criterion value. The maximum velocity magnitude within 

vortex generators is 0.14 m/s, while that behind the vortex generators is in the range of 

0.10 - 0.13 m/s. It can be seen that the vortex core in case C6 has higher efficiency in 

sustaining more disturbance energy. Furthermore, the vortex cores in case C6 remain in 

a stable state along the tubes. However, the vortex intensity along the tubes in case C1 

gradually decreases due to weak vortex interactions. The combination of a large vortex 

core region and stable vortex interactions have a significant effect on enhancing heat 

transfer and flow disturbance in flow systems. 
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Figure 6.5 Cross sections at different locations. 

 

Figure 6.6 Vortex structures for cases C1 and C6: (a) streamlines at different cross 

sections; (b) iso-surface of Q criterion overlapped with velocity magnitude contours. 

(Q = 2/s2, Re = 2304) 

 

Figure 6.7 displays the streamlines at the cross-section located at z/dc = 2.29 for various 

cases. With increasing α, vortex intensity increases owing to the expanded transverse 

projected region of winglets. However, the overall blockage volume of the flow channel 

remains unchanged, so the development space for vortices is not significantly affected. 

In contrast, as BR increases, the dissipating rate rises due to the growing blockage 

volume in the flow region. When BR reaches 0.40, the downstream vortices almost 

completely integrate, suggesting that vortex interaction and fluid mixing are adversely 
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affected when BR exceeds 0.30. Vortex interaction is a key factor in maintaining a stable 

vortex structure, as shown in Figure 6.7 for case C6 and C7. However, the disturbance 

of vortex pairs in downstream cases are more concentrated than those in upstream cases, 

suggesting more efficient and balanced vortex interaction in case C7 compared to case 

C6. In both cases, a stable vortex structure is maintained downstream, which contrasts 

with the analysis in circular tubes equipped with winglet pairs [120]. In annular 

channels, vortices do not merge into a large vortex, primarily because the annular 

geometry limits the further expansion of vortex pairs, allowing them to move 

downstream for longer distances. Furthermore, up-wash flows form toward the inner 

tube wall between two vortex pairs, while down-wash flows form away from the inner 

tube wall within a single vortex pair. For the inner tube wall as a heat transfer surface, 

up-wash flows primarily enhance heat transfer, while down-wash flows primarily 

promote fluid mixing. 

 

Figure 6.7 Streamlines at the cross-section located at z/dc = 2.29 for various cases. 

 

The contours of TKE for various cases are depicted in Figure 6.8. In longitudinal 

sections, TKE increases with α due to greater disturbance caused by the expanded 

transverse projected region of winglets. Furthermore, a significant enhancement region 

appears behind winglet vortex generators, where vortices initially form but have not yet 

reached their most stable structure, as shown at z/dc = 0.57 for case C1 in Figure 6.6 (a). 

Downstream, TKE gradually decreases and becomes more uniform as the vortex 

structure stabilizes. In the cross sections at z/dc = 0.57, TKE near the inner tube wall 
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gradually enhances from case C1 to C3. However, this strong-disturbance region does 

not expand significantly in the radial direction, confirming that winglet height plays a 

crucial role in TKE distribution in this region, as shown in Figure 6.8 (cases C4 and 

C5). As BR increases, TKE near the inner tube wall also enhances. Moreover, the 

expansion of TKE distribution region in the radial direction is more significant than in 

cases with increasing α. However, when BR reaches 0.30, the radial distribution of TKE 

is already close to the outer tube wall. With further increases in BR, TKE primarily 

exhibits significant intensification. Therefore, when BR is between 0.20 and 0.30, the 

distribution of disturbance regions within annular tube is more balanced, consistent 

with the analysis shown in Figure 6.7 for cases with increasing BR. This balanced 

distribution is beneficial for vortex interaction and fluid mixing. In longitudinal sections, 

the enhancement of TKE with increasing BR is less significant than with increasing α, 

particularly in the disturbance region behind winglets. This is primarily due to serious 

vortex interactions, which limit further vortex development. 

 

Figure 6.8 The contours of TKE at Re = 2304 for various cases. 
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Figure 6.9 displays 3D streamlines with velocity magnitude and TKE contours for cases 

C1, C6, and C7. Compared to cases C6 and C7, the high-TKE distribution in case C1 is 

more uniform due to weaker vortex interaction. As shown in the 3D streamlines in 

Figure 6.9 (a), adjacent vortices exhibit weak interactions, resulting in a significant 

velocity gradient within annular tubes, which is unfavorable for fluid mixing. 

Compared to cases C1 and C6, the velocity distribution in case C7 is entirely 

regionalized. However, the TKE distributions in cases C6 and C7 are both divided into 

four strong disturbance regions. This is primarily because the disturbance caused by 

vortex pairs is more concentrated in case C6 than case C7, as shown in the streamlines 

in Figure 6.7. The high-speed region in case C6 is less affected by vortex pairs, whereas 

the stronger vortex interaction in case C7 enhances fluid mixing. Furthermore, the 

vortex pairs in cases C6 and C7 both form behind CFU configurations, consistent with 

the flow mechanisms described in previous studies [67, 120]. The first difference 

between cases C6 and C7 is the interaction distance of vortices, as shown in the 3D 

streamlines in Figure 6.9 (b) and (c). Clearly, vortex interaction is stronger in case C7. 

The second difference lies in the area of the disturbance region. In case C7, flows 

transition from sharp to blunt edges, causing the disturbance to extend radially with 

increasing winglet height. In contrast, in case C6, flows pass from blunt to sharp edges, 

resulting in more concentrated disturbance. This flow mechanism explains why vortex 

pairs in case C6 are more concentrated than case C7, as shown in Figure 6.7. 
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Figure 6.9 3D streamlines with velocity magnitude and TKE contours at z/dc = 1.71 in 

different cases: (a) case C1; (b) case C6; (c) case C7. 

 

Figure 6.10 (a) presents the variation in Se axial distribution at Re = 2304 for various 

cases. In the region of z/dc = 0 - 0.57, the fluid flows pass through the vortex generators. 

Since the vortices have not yet fully formed, the Se values in this region are primarily 

influenced by structural blockage. Consequently, Se values in cases C4 and C5 are 

higher than in other cases due to the increased volume blockage of flow channels. 

However, at z/dc = 0, Se decreases with increasing α, as higher α results in the winglet 

structure being located further from the cross-section z/dc = 0. This trend reverses at 

z/dc = 0.57 due to the increased transverse blockage caused by higher α. Furthermore, 

the correlation of Se values between case C1 and C6 in this region support this 

explanation, as they share the same α, BR, and flow direction. In this region, due to 

radially expanding disturbances, the variations in Se values for case C7 are the most 

significant among cases with the same winglet size. For all cases, the peak Se value 

occurs at z/dc = 0.57, where vortices initially form. As the vortex dissipates, Se values 

decrease. Notably, the downward trends for cases C6 and C7 are more gradual than for 

other cases from z/dc = 0.57 to 2.29. Furthermore, from z/dc = 1.71 to 5.14, Se values in 

cases C6 and C7 are consistently higher than in cases C1, C2, and C3 for the same 
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winglet size. This indicates that strong vortex interactions provide sufficient vortex 

intensity to maintain vortex pairs movement downstream in cases C6 and C7. 

Compared to case C6, Se values in case C7 are higher in the region behind vortex 

generators, particularly from z/dc = 0.57 to 2.29, confirming the analysis in Figure 6.7 

and Figure 6.9. Although case C5 exhibits the highest Se values among all cases due to 

increased volume blockage, cases C6 and C7 are recommended for fluid mixing and 

heat transfer due to their stable vortex structures. Compared to cases with increasing α, 

the variation trends of Se in cases with increasing BR are more significant due to serious 

vortex interaction, as shown in Figure 6.7. When BR increases to 0.30 and 0.40, the 

growth rates of the peak Se values are 67 % and 28 %, respectively. Thus, the positive 

effect of further increasing BR diminishes significantly when BR exceeds 0.30. In 

contrast, the variation trends of Se in cases with increasing α are minimal from z/dc = 

1.71 to 5.14, primarily because the development space for vortices is not significantly 

affected, as shown in Figure 6.7. Consequently, the variations in vortex interaction 

caused by increasing α are also minor in this region compared to other cases. The only 

notable difference in this region is that Se values decrease as α increases, as larger α 

induces stronger vortex interactions. The turning point for the positive effect of 

increasing α occurs at z/dc = 1.71, suggesting the potential for future optimization of 

winglet structure design. Figure 6.10 (b) shows the variation in Se axial distribution at 

different Re. With the increase in Re, the difference between structural and arrangement 

variables is not significant within the range of z/dc = 0 - 1.14. Near the cross-section at 

z/dc = 1.14, the vortices begin to reach a stable state. This proves that, in the absence of 

stable vortex disturbance, the Se difference is primarily affected by structural blockage. 

However, in the downstream region starting from z/dc = 1.14, as Re increases from 2880 

to 7488, the Se difference between case C1 and case C6 increases significantly. This 

suggests that the disturbance effect caused by the increasing Re has a significant 

influence on enhancing the effect of vortex interaction. 
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Figure 6.10 Variation in Se axial distribution: (a) various cases (b) different Re. 

 

6.5 Thermal field analysis 

This section analyzes temperature contours and the axial distribution of the local 

surface Nu in various cases, aiming to understand the effect of vortex interaction on 

heat transfer. 

 

The temperature contours in various cross sections for cases C1 and C6 are shown in 

Figure 6.11. The high-temperature region extends radially along the tube in case C1, 

whereas in case C6, it extends regionally. This difference is primarily due to the stable 

vortex structure in case C6, which enhances fluid mixing and heat transfer. Notably, the 

temperature near the outer boundary layer increases from 300.0 K to 300.5 K in case 

C1, compared to an increase from 300.0 K to 301.0 K in case C6. The regional 

distribution in case C6 enhances energy transfer intensity, reducing the local 

temperature gradient. Furthermore, the temperature range in the core region is 300.5 - 

301.5 K for case C1, and 300.5 K - 303 K for case C6, demonstrating that the overall 

heat transfer intensity in case C6 is stronger than in case C1. 
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Figure 6.11 Temperature contours at various cross sections. 

 

Figure 6.12 displays temperature contours at z/dc = 0.57 for different cases. The cross 

section of z/dc = 0.57 is located in the significant disturbance region behind winglets, 

as shown in Figure 6.8. As α increases, the high-temperature distribution expends 

radially due to greater disturbance. The temperature range in the core region is 300.5 - 

301.5 K for case C1, 300.5 - 302.5 K for case C2, and 300.5 - 303.0 K for case C3, 

indicating that the temperature variation rate does not increase linearly with α. The 

optimal α value is between 45 º - 60 º. In contrast, cases with increasing BR show no 

significant variation in the radial expansion of high-temperature distribution regions. 

However, as BR increases, the area of high-temperature distribution near the inner 

boundary layer gradually increases. The is primarily due to increased overall blockage 

volume, which limits further radial expansion of high-temperature distribution. The 

temperature range in the core region is 300.5 - 301.5 K for case C4, and 300.5 - 302.0 

K for case C5. In comparison to cases C2 and C3, the temperature range for cases C4 

and C5 is reduced due to serious vortex interactions.  
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Figure 6.12 Temperature contours at z/dc = 0.57 for different cases. 

 

Figure 6.13 shows the contours of surface local Nu for cases C1, C6, and C7. The local 

surface Nu values in the strong-disturbance region for cases C6 and C7 range from 71 

to 90, which is 1.22 - 1.27 times higher than those in case C1. Furthermore, the area of 

high local surface Nu in cases C6 and C7 is larger than in case C1, demonstrating that 

the impacting up-wash flows induced by arrangement variations enhance fluid mixing 

and heat transfer, consistent with the conclusions in Figure 6.7. Vortex interaction is the 

primary factor optimizing vortex disturbance. However, a significant limitation is that 

the disturbance intensity in the non-impacting regions for cases C6 and C7 is weaker 

than in case C1, as the surface local Nu in these regions is 0.73 - 0.81 times that of case 

C1. This suggests that further optimization in these non-impacting regions for cases C6 

and C7 is required. Compared to case C6, the strong-disturbance region behind the 

winglet pairs in case C7 is larger and merges into a single region due to closer adjacent 

vortex pairs, as shown in Figure 6.7. Furthermore, in case C7, a smaller high-

disturbance region appears between adjacent high-disturbance regions, with a 

maximum local Nu value of 58, which is 1.81 and 2.23 times higher than in cases C6 

and C1, respectively. This enhancement is primarily attributed to stronger vortex 

interaction in case C7, as shown in the 3D streamlines Figure 6.9 (c). Expanding this 
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region is crucial for improving heat transfer in non-impacting regions. 

 

Figure 6.13 The contours of surface local Nusselt number in different cases: (a) case 

C1; (b) case C6; (c) case C7. 

 

6.6 Flow and thermal characteristics analysis 

This section analyzes the variations of Nu, Nu/Nu0, f, f/f0, and TEF in various cases at 

different Re values, aiming to summarize the heat transfer and pressure drop 

characteristics of flow fields. 

 

Figure 6.14 (a) shows the influence of various cases on Nu at different Re. As Re 

increases, Nu increases due to stronger flow disturbance. Furthermore, the difference 

between arrangement cases and case C1 increases more significantly than that between 

structural cases and case C1 with increasing Re, primarily due to the positive effects of 

vortex disturbance and stable vortex interactions. For heat transfer induced by structural 

variations, limitations in winglet size and tube diameter ratio also contribute to the 

smaller differences. Case C7 exhibits the highest Nu values due to more balanced vortex 

interactions compared to other cases. The Nu values in cases C4 and C5 are lower than 
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in cases C2 and C3, consistent with the analysis in Figure 6.12. Significant vortex 

structure breakdown in cases C4 and C5 weakens radial heat transfer, negatively 

impacting overall heat transfer in the flow field. Figure 6.14 (b) illustrates the influence 

of various cases on Nu/Nu0 at different Re. Nu increases by 1.27 - 2.15 times compared 

to plain tubes. The Nu/Nu0 values in cases C2 and C3 rise to 103.1 % and 105.0 % of 

case C1, respectively, while in cases C4 and C5, they rise to 101.4 % and 102.7 % of 

case C1, respectively, demonstrating that the positive effect on heat transfer from 

increasing BR is weaker than that from increasing α. Furthermore, the Nu/Nu0 values in 

cases C6 and C7 increase to 108.7 % and 112.2 % of case C1, respectively, indicating 

that the vortex interaction has a more significant positive effect than structural 

disturbance in this work. Nu/Nu0 decreases nonlinearly with increasing Re, consistent 

with the analysis and conclusions for circular tubes [174]. 

 

Figure 6.14 Influence of various cases on heat transfer: (a) Nu vs. Re (b) Nu/Nu0 vs. 

Re. 

 

Figure 6.15 (a) demonstrates the influence of various cases on f at different Re. As Re 

increases, f decreases due to increased system power. Compared to cases with 

increasing α, f values increase more significantly in cases with increasing BR, primarily 

due to flow channel blockage. The vortex development and fluid flow in cases with 

increasing BR are seriously affected by reduced flow channel volume, leading to higher 

flow resistance. Among all cases, case C5 demonstrates the highest f value, with its 

nonlinear increase in flow resistance negatively impacting overall system performance. 

Furthermore, the f values for case C6 fall between cases C1 and C2, while those for 
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case C7 lie between cases C2 and C4, showing lower flow resistance variation due to 

stable vortex interactions. Case C6 exhibits lower f values than case C7 because its 

vortex structure is more concentrated, causing weaker flow disturbance. This finding 

contrasts with previous results within circular tubes [120], Primarily because vortices 

in case C6 do not merge into a big vortex within annular tubes, avoiding significant 

pressure drop. Both cases C6 and C7 maintain stable downstream vortex structures, 

with flow resistance levels being determined by vortex-induced flow disturbances. 

Figure 6.15 (b) presents the influence of various cases on f/f0 at different Re. As Re 

increases, f/f0 increases, indicating that high Re leads to poorer flow performance 

compared to plain tubes. The f/f0 ranges from 1.79 to 1.87 for case C1 and 2.22 to 2.46 

for case C5, showing significant flow resistance due to serious vortex interaction. The 

f/f0 values for cases C2 and C3 are 104.8 % - 110.2 % and 112.9 % - 121.4 % of case 

C1, respectively, whereas cases C4 and C5 exhibit higher f/f0 values of 109.5 % - 116.9 % 

and 122.6 % - 132.2 % of case C1, confirming that the negative effect of increasing BR 

on fluid flows is stronger than that of increasing α. The f/f0 values in cases C6 and C7 

increase to 103.2 % - 106.5 % and 108.1 % - 112.0 % of case C1, respectively, 

suggesting that the negative effect of vortex interaction on fluid flows is not significant, 

compared with structural disturbance. f increases by 1.79 - 2.46 times compared to plain 

tubes. Furthermore, f/f0 reaches 114.4 % - 140.9 % of Nu/Nu0. This variation trend is 

optimistic since this trend reported in previous studies [109, 111, 121] is in the range of 

90 % - 180.0 %. 

 

Figure 6.15 Influence of various cases on fluid flow: (a) f vs. Re (b) f/f0 vs. Re. 
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As shown in Figure 6.16 (a), the TEF demonstrates a decreasing trend with increasing 

Re, as the effect of heat transfer enhancement becomes weaker compared to the effect 

of increased flow resistance. Arrangement cases exhibit superior TEF performance 

compared to structural cases, attributed to their stable vortex interactions. Furthermore, 

cases with increasing α achieve higher TEF values than those with increasing BR, 

suggesting that the strategy for modifying BR is not recommended for heat transfer and 

fluid flow in annular tubes. When Re exceeds 3456, the TEF variations with modifying 

α become insignificant, indicating that the beneficial effect of modifying α is 

significantly affected by Re variations. The design of modifying α demonstrates 

significant optimization potential. Case C7 achieves the maximum TEF of 1.72, while 

case C5 shows the minimum TEF of 0.96. Importantly, 93 % of TEF values exceed 1, 

confirming a well-balanced relationship between heat transfer enhancement and flow 

resistance increase. Figure 6.16 (b) presents a comparison of TEF between the present 

work and previous studies. The optimal cases from different studies are selected for 

comparison. In this work, the delta winglets show better performance compared to the 

helical strip [175] and perforated curve fins [176]. However, the overall performance 

of angled fins [115], helical surface discs [177], and helical fins with winglets [178] is 

better than that in this work. While winglets have significant structural advantages in 

reducing flow resistance, there is still great potential for optimization in heat transfer 

performance. Among these cases, the TEF in the helical surface discs and helical fins 

with winglets demonstrates a slow decreasing trend with increasing Re, which proves 

that the balance between heat transfer and flow resistance is better than in other cases. 

These two cases provide valuable references for future optimization.  
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Figure 6.16 Variations of TEF with different Re: (a) present work (b) previous work. 

 

6.7 Kinetic energy analysis 

This section analyzes the energy distribution in various cases, aiming to understand the 

effect of vortex interaction on TKE and ε. 

 

Figure 6.17 (a) presents the TKE distributions at z/dc = 2.29 in the transverse direction 

at Re = 2304. Case C5 demonstrates the highest TKE values in the core region among 

all cases, attributable to serious vortex interactions. The TKE values in the core region 

for case C4 reach 113.1 % - 165.0 % of case C1, while those for case C5 reach 115.0 % 

- 186.0 % of case C1. When BR increases from 0.30 to 0.40, the variation in disturbance 

intensity in the flow systems is reduced, further confirming that BR value is not 

recommended for exceeding 0.30. Compared to cases with increasing α, cases with 

increasing BR have single-peak trends with peaks near the inner tube wall. This is 

primarily due to serious vortex interactions near the inner tube wall, as shown in Figure 

6.7. Cases C1 and C2 exhibit wavy trends due to vortex disturbance and movement. 

When α increases to 60 º, the wavy trend gradually transitions to a single-peak trend, 

indicating that the vortex disturbance is dominant. The TKE values in the core region 

for case C2 reach 108.5 % - 128.6 % of case C1, while those for case C3 reach 113.7 % 

- 166.1 % of case C1, suggesting that the increase in α significantly enhances the 

intensity of vortex disturbance. Furthermore, the TKE values in the local region for case 

C6 are higher than those for case C1. This is primarily due to concentrated vortex 
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structures existing in this local region, as shown in Figure 6.7. These vortex structures 

are also responsible for the wavy trends in case C6. Therefore, downstream 

configuration is suitable for enhancing flow disturbance in local regions of annular 

tubes. In contrast, case C7 exhibits a single-peak trend due to balanced vortex structures. 

The TKE values in the core region for case C6 reach 92.8 % - 112.9 % of case C1, while 

those for case C7 reach 101.4 % - 144.9 % of case C1. Case C7 demonstrates more 

significant enhancement in overall system performance compared to case C6. Figure 

6.17 (b) shows the ε distributions at z/dc = 2.29 in the transverse direction at Re = 2304. 

All cases exhibit a two-peak trend with peaks near the tube walls, primarily due to the 

interaction between vortices and tube walls. Consequently, turbulent dissipation 

intensity near the tube walls is stronger than in other regions. For cases C4 and C5, the 

ε peak values near the inner tube walls are significantly higher than those near the outer 

tube walls, resulting from serious vortex interactions, consistent with the analysis in 

Figure 6.17 (a). The ε peak values for case C4 exceed those for case C5, since case C5 

exhibits stronger flow disturbance intensity than case C4. Compared to cases C4 and 

C5, other cases show insignificant differences in ε peak values between inner and outer 

wall regions, indicating that flow disturbance and vortex interaction effects remain 

within reasonable ranges. In the core region, the dissipation intensity level among all 

cases mirrors the disturbance intensity level, resulting from the dynamic balance 

between flow disturbance and turbulent dissipation. Minimal ε values occur at x/dc = 

0.86 (core region center), confirming reasonable ε distribution in the core region.  

 

Figure 6.17 Energy distributions at z/dc = 2.29 in the transverse direction at Re = 
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2304: (a) TKE; (b) ε. 

 

Figure 6.18 (a) shows the TKE distributions in the axial direction at Re = 2304. As z/dc 

increases, the TKE distributions exhibit a trend of first rising and then falling due to 

vortex generation and dissipation. The TKE peak values for cases C4 and C5 occur at 

z/dc = 0.67 and 0.57, respectively, while those for other cases appear near z/dc = 1.10. 

This indicates that vortices in cases C4 and C5 dissipate earlier, confirming the analysis 

in Figure 6.7. Case C5 exhibits maximum TKE values among all cases due to the most 

serious vortex interaction. Furthermore, most of the disturbed energy for case C5 is 

concentrated near z/dc = 0.57, which is not beneficial for the uniformity of downstream 

heat transfer and fluid flows. The TKE peak value for case C4 reaches 115.1 % and 

117.0 % of cases C3 and C7, respectively, suggesting that cases C3 and C7 can serve 

as alternative strategies to case C4 regarding flow disturbance. This also highlights the 

significant effect of vortex interaction in case C7 on flow disturbance. The TKE peak 

value for case C3 reaches 189.2 % of case C1, while that for case C2 reaches 132.1 % 

of case C1. When α increases to 60 º, the increasing trend of TKE in the axial direction 

approaches that in the transverse direction, as shown in Figure 6.17 (a). This indicates 

that the disturbance stability induced by increasing α is consistent in both transverse 

and axial spatial dimensions. Compared to case C1, case C6 demonstrates an 

insignificant enhancement of TKE in local regions along the axial direction, primarily 

due to weakened vortex interaction caused by concentrated vortex structures. 

Furthermore, The TKE peak value for case C7 reaches 165.9 % of case C6, confirming 

that optimized vortex interaction significantly influences flow disturbance. Figure 6.18 

(b) displays the ε distributions in the axial direction at Re = 2304. The local figure 

primarily shows the ε distributions downstream of the winglet vortex generators. Cases 

C4 and C5 exhibit particularly significant ε variations between z/dc = 0 and 0.48 (the 

vortex generator installation region), indicating that the reduction in flow channel 

volume seriously influences ε values. As z/dc increases, the ε variation trends for all 

cases mirror the TKE variation trends observed in Figure 6.18 (a) after the fluid flows 

pass the vortex generators. This demonstrates the dynamic balance in the longitudinal 
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dimension between flow disturbance and turbulent dissipation.  

 

Figure 6.18 Energy distributions in the axial direction at Re = 2304: (a) TKE; (b) ε. 

 

Figure 6.19 (a) shows the TKE distributions in the axial direction at different Re. In the 

region of z/dc = 0 - 0.48, the TKE peak value for case C1 at Re = 5184 reaches 348.9 % 

of that at Re = 2880, while the value at Re = 7488 reaches 724.7 % of that at Re = 2880, 

demonstrating that increasing Re significantly enhances disturbance energy input. 

Cases C1 and C6 exhibit similar TKE values in the region of z/dc = 0 - 0.48, indicating 

that flow disturbance differences are primarily influenced by structural blockage prior 

to vortex generation, in agreement with the analysis in Figure 6.10 (a). However, the 

increase in Re amplifies the flow disturbance difference downstream of the vortex 

generators, demonstrating that increased Re strengthens vortex interactions within 

annular tubes. Furthermore, downstream the vortex generators, the TKE peak value for 

case C1 at Re = 5184 reaches 329.3 % of that at Re = 2880, while the value at Re = 

7488 reaches 609.8 % of that at Re = 2880. Thus, while flow disturbance remains 

significantly influenced by the positive effect of increasing Re on TKE enhancement 

after vortex generation, this effect is weaker than before vortex generation. This 

weaking primarily results from vortex interaction and dissipation occurring 

downstream the vortex generators. Figure 6.19 (b) displays the ε distributions in the 

axial direction at different Re. Downstream of the vortex generators, the ε differences 

between cases C1 and C6 mirror their TKE differences as shown in Figure 6.19 (a), 

confirming that increasing Re has little effect on the dynamic balance between flow 
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disturbance and turbulent dissipation. However, from z/dc = 0 to 0.48, ε values exhibit 

a single-peak trend that differs from TKE variations due to interactions between fluid 

flows and vortex generators. Furthermore, before vortex generation, the ε peak value 

for case C1 at Re = 5184 reaches 486.4 % of that at Re = 2880, while the value at Re = 

7488 reaches 1300 % of that at Re = 2880, demonstrating that increasing Re 

significantly enhances microscopic mixing intensity in this region compared to 

mesoscopic mixing. The similar ε values observed for cases C1 and C6 before vortex 

generation further indicate that dissipation differences in this region are also primarily 

affected by structural blockage. 

 

Figure 6.19 Energy distributions in the axial direction at different Re: (a) TKE; (b) ε. 

 

6.8 Chapter conclusion 

In this chapter, delta winglets are installed within annular tubes to explore the flow 

mechanism. Numerical simulations and experimental verifications are performed to 

study the influence of attack angle (α), blockage ratio (BR), configuration, and flow 

direction on heat transfer and pressure drop characteristics in annular flow fields with 

delta winglets. Furthermore, the variation mechanism of flow disturbance and turbulent 

dissipation within annular tubes equipped with winglets is revealed. The key findings 

are as follows: 

 

(1) With increasing α, vortex intensity increases owing to the expanded transverse 

projected region of winglets. In contrast, as BR increases, the dissipating rate rises due 



 

137 

 

to the growing blockage volume in the flow region. Arrangement variables are more 

effective than structure variables in sustaining stable vortex interactions and flow 

structures along annular tubes. 

(2) Compared to circular tubes, vortices in annular tubes with V-shaped winglet pairs 

do not merge into a large vortex, primarily because the annular geometry limits the 

further expansion of vortex pairs, allowing them to move downstream for longer 

distances. Furthermore, upstream configurations exhibit more efficient and balanced 

vortex interaction compared to downstream configurations. 

(3) The thermal enhancement factor (TEF) reaches its maximum value of 1.72 under α 

= 30 º, BR = 0.20 with V-shaped upstream configuration, while the minimum TEF 

reaches 0.96 when α = 30 º, BR = 0.40 with parallel downstream configuration. 

Importantly, 93 % of TEF values exceed 1, confirming a well-balanced relationship 

between heat transfer enhancement and flow resistance increase. 

(4) The Nusselt number (Nu) and the friction factor (f) increase by 1.27 - 2.15 and 1.79 

- 2.46 times, respectively, compared to plain annular tubes. 

(5) The disturbance stability induced by increasing α is consistent in both transverse 

and axial spatial dimensions. When BR increases from 0.30 to 0.40, the variation in 

disturbance intensity is reduced, confirming that BR value is not recommended for 

exceeding 0.30. Downstream configuration is suitable for enhancing flow disturbance 

in local regions of annular tubes, while upstream configuration demonstrates more 

significant enhancement in overall system performance. Furthermore, increased Re 

strengthens vortex interactions within annular tubes. 
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Chapter 7: Heat transfer and fluid flow analysis in annular 

tubes with novel self-join winglets 

7.1 Introduction 

The boundary vortices induced by novel self-join winglet vortex generators contribute 

to the uniformity of temperature fields. However, these vortices dissipate faster than 

core vortices. The wall limitation can serve as a solution to improve the dissipation of 

boundary vortices. This chapter highlights the superiority of novel self-join winglet 

vortex generators in optimizing the stability of annular flow fields through a 

comparison with traditional delta winglets in annular sides and novel self-join winglets 

in circular sides. It aims to investigate the variation of flow fields induced jointly by 

boundary vortices and wall limitation, thereby providing valuable guidance for the 

efficient application of novel self-join winglets in annular sides of heat exchangers. 

Consequently, the vortex interaction and wall limitation within annular tubes equipped 

with novel self-join winglets are experimentally and numerically investigated. 

Specifically, the present work consists of three parts: (i) understanding the combined 

effect of boundary vortices and annular walls on flow field stability across a Re range 

of 2304–7488, (ii) summarizing the variation characteristics of flow disturbance and 

heat transfer uniformity within annular tubes influenced by novel self-join winglets, 

and (iii) obtaining empirical correlations for Nu and f based on experimental data. 

 

7.2 Physical model 

Based on the combined mechanism of boundary vortices and wall limitations, novel 

self-join winglet vortex generators are applied in annular tubes. Figure 7.1 shows the 

details of winglet configurations in various views. The specifications of physical 

models are given in Table 7.1. In this chapter, the structural variables include the 

blockage ratio (BR = H/dc = 0.10, 0.15, and 0.20), winglet pairs number (PN = 4, 5, 6), 

and the included angle (αv = 60 °, 90 °, and 120 °). 
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Figure 7.1 The details of winglet configurations in various views. 

 

Table 7.1 The specifications of physical models. 

Specification Dimension 

Outer diameter of inner tubes 25 mm 

Inner diameter of outer tubes 46 mm 

Thickness of inner and outer tubes  2 mm 

Characteristics diameter (dc) 21 mm 

Included angle (αv) 60 °, 90 °, 120 ° 

Winglet height (H) 2.1 mm, 3.2 mm, 4.2 mm 

Winglet thickness (δ) 1 mm 

Lift angle (β) 30 ° 

Pitch (P) 120 mm 

Number of winglet vortex generators 5 

Case D1 PN = 4, BR = 0.10, αv = 60 ° 

Case D2 PN = 4, BR = 0.10, αv = 90 ° 

Case D3 PN = 4, BR = 0.10, αv = 120 ° 

Case D4 PN = 4, BR = 0.15, αv = 60 ° 
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Case D5 PN = 4, BR = 0.20, αv = 60 ° 

Case D6 PN = 5, BR = 0.10, αv = 60 ° 

Case D7 PN = 6, BR = 0.10, αv = 60 ° 

 

7.3 Vortex interactions and wall limitations 

This section analyzes the variations of vortex structures, Q criterion contours, and the 

axial distribution of Se in various cases, aiming to understand the combined mechanism 

of vortex interaction and wall limitations. 

 

Figure 7.2 displays the streamlines at different cross sections for case D1 at Re = 2304. 

The cross section at z = 250 mm is the beginning of the test section. The flow region is 

divided into four single parts. As shown in Figure 7.2 (b) - (d), each single part develops 

two vortex pairs, though these differ from those in circular tubes due to the influence 

of both inner and outer walls. The size of outer boundary vortex pairs increases with 

axial distance, while the inner boundary vortex pairs gradually separate under the 

squeezing force exerted by outer boundary vortex pairs. Eventually, a steady vortex 

structure forms in the downstream flow field. Compared to circular tubes, the 

movement distance of boundary vortices increases due to wall limitation. Furthermore, 

the number of vortex pairs induced by self-join winglets is twice that induced by 

traditional delta winglets. The flow fields investigated in this chapter significantly 

demonstrate the combined effect of boundary vortices and wall limitations. 

 

Figure 7.2 Streamlines at different cross sections for case D1 at Re = 2304. 
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Figure 7.3 shows the streamlines at different cross sections at Re = 2304 for different 

cases. As shown in Figure 7.3 (a) and (b), as αv increases, the development space of 

outer boundary vortices decreases, resulting in an acceleration in the dissipation of the 

outer boundary vortices. It can be significantly observed that the outer boundary 

vortices dissipate completely in the downstream flow fields. Furthermore, a larger αv 

exhibits stronger inner boundary vortices compared to a smaller αv. The primary reason 

is that increasing αv expands the development space of inner boundary vortices. This 

indicates that cases of larger αv are suitable for applications in enhancing vortex 

disturbance, while cases of smaller αv are better for improving flow uniformity. 

However, as shown in Figure 7.3 (c) and (d), the variation mode of vortex pairs remains 

unchanged as BR increases. Compared to case D1, the advantage in flow uniformity is 

not significantly affected. It indicates that the effect of increasing BR is primarily on 

vortex intensity. As show in Figure 7.3 (e) and (f), the number of vortex pairs increases 

with PN at the cross section of z = 262 mm and 274 mm. However, as PN increases, the 

dissipation intensity of outer boundary vortices enhances due to the expanded 

development space of inner boundary vortices. This dissipation mechanism is 

consistent with that observed in cases of increasing αv. Furthermore, in the downstream 

region of the flow fields, the number of vortex pairs equals the number of winglet pairs.  
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Figure 7.3 Streamlines of different cross sections at Re = 2304 in different cases: (a) 

case D2; (b) case D3; (c) case D4; (d) case D5; (e) case D6; (f) case D7. 

 

Figure 7.4 demonstrates the iso-surface of Q criterion overlapped with velocity 

magnitude contours. As shown in Figure 7.4 (a)-(c), the size of the vortex core first 

increases and then decreases as αv increases, indicating that an αv of 90 º is a turning 

point for optimizing vortex interactions. Furthermore, the size of vortex cores in cases 

with αv = 90 º increases significantly with axial distance, indicating that the effect of 

vortex interaction reaches its maximum. As shown in Figure 7.4 (a), (d), and (e), the 

variation of vortex core size is not significant as BR increases, indicating that the effect 

of increasing BR primarily contributes to the vortex intensity. This finding is consistent 

with the analysis in Figure 7.3 (c) and (d), primarily because the development space of 

inner and outer boundary vortices is not significantly affected. In the region of vortex 

generator, the values of velocity magnitude increase as BR increases. However, the 

adjustment of velocity in other regions remains largely unchanged. This suggests that 

intensity of energy dissipation is stronger in the region of vortex generators than in 

other regions, representing a potential direction for future optimization. Jet flows 

induced by holes may be an effective optimization strategy. As shown in Figure 7.4 (a), 

(f), and (g), case D1 exhibits the largest vortex cores due to stable vortex interactions. 

Furthermore, as PN increases from 4 to 5, the values of velocity magnitude at the region 
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of vortex generator decrease from 0.14 m/s to 0.12 m/s. When PN increases from 5 to 

6, velocity magnitude in this region remains within the range of 0.11 m/s to 0.12 m/s, 

indicating that the impact on energy dissipation intensity is not significant for cases 

with large PN. Among all cases, case D5 exhibits the strongest energy dissipation, while 

case D3 displays the weakest. This indicates that reductions in the development space 

of outer boundary vortices play a crucial role in adjusting energy dissipation. 

Furthermore, the values of velocity magnitude in all cases range from 0.7 m/s and 0.13 

m/s downstream of the vortex generators, suggesting considerable potential for 

optimizing energy balance and vortex interactions. 

 

Figure 7.4 The iso-surface of Q criterion overlapped with velocity magnitude contours 

(Q = 2/s2, Re = 2304): (a) case D1; (b) case D2; (c) case D3; (d) case D4; (e) case D5; 

(f) case D6; (g) case D7. 

 

Figure 7.5 (a) displays the variation in Se axial distribution for various cases. As z/dc 

increases, all Se values show a trend of increasing first and then decreasing due to the 

variation in vortex interaction. However, the Se peak values of cases D1, D4, and D5 

occur at larger z/dc regions compared to other cases. This behavior depends on the 

structure of winglet vortex generators. As αv and PN increase, the structure of vortex 
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generators is concentrated near the cross section at z = 250 mm. In contrast, the variation 

in BR primarily affects the development space of outer boundary vortices and does not 

change the regional extent of flow disturbance. It concludes that increasing BR plays a 

more significant role in maintaining the stability of vortex interaction compared to other 

cases. Furthermore, when BR increases to 0.15, the effect of further increasing BR on 

vortex interaction is not significant. Therefore, a BR value of 0.15 represents a turning 

point of further optimization. As PN increases, the Se peak value rises due to serious 

vortex interactions between inner and outer boundary vortices. However, downstream 

of the vortex generators, the Se values of case D1 are higher than those of cases D6 and 

D7, primarily due to the stable vortex interaction in case D1, as shown in Figure 7.2. 

As αv increases, the Se peak values exhibit a trend of first increasing and then decreasing. 

The case D3 shows the lowest Se peak value among all cases, owing to the dominant 

disturbance from inner boundary vortices. Therefore, vortex interactions between 

vortex pairs are crucial for the adjustment of flow disturbances. Figure 7.5 (b) 

demonstrates the variation in Se axial distribution at different Re. As Re increases, the 

Se values increase linearly, indicating that increasing Re does not significantly affect 

steady vortex interactions. 

 

Figure 7.5 Variation in Se axial distribution: (a) various cases (b) different Re. 

 

7.4 Disturbance and uniformity of flow fields 

This section analyzes TKE contours, energy distributions, temperature contours, 

velocity magnitude contours, and surface local Nu contours in various cases, aiming to 



 

145 

 

understand the combined effect of vortex interaction and wall limitations on the 

disturbance and uniformity of flow fields. 

 

Figure 7.6 shows the contours of TKE at Re = 2304 for various cases. As αv increases, 

the fluid flow becomes concentrated near the inner tube walls, resulting in greater 

energy dissipation by the vortex generators. The intensity of flow disturbance exhibits 

a trend of first increasing and then decreasing with increasing αv, indicating that the αv 

of 90 º is the turning point for further optimization. As shown in the cross sections, 

disturbance energy gradually increases as αv increases. Furthermore, the flow 

disturbance shows a uniformity trend when αv equals 120 º, which is beneficial for the 

flow disturbance and heat transfer uniformity in downstream sections. When αv is less 

than 90 º, the whole disturbance shows a regional distribution. It can be significantly 

observed that this disturbance mode is helpful for local enhancement, especially for the 

development of inner boundary vortices. However, the overall uniformity remains 

crucial for steady vortex dissipation. Furthermore, the disturbance intensity of inner 

vortex pairs increases as αv increases, consistent with the analysis in Figure 7.2 and 

Figure 7.3. As BR increases, significant TKE variation occurs near the vortex generators 

due to reduced development space for outer boundary vortices. The TKE variations in 

other regions remain largely unchanged with increasing BR, which is consistent with 

the analysis of Q criterion in Figure 7.4. Furthermore, the flow disturbance in large BR 

cases significantly becomes stronger than that in small BR cases. As shown in the cross 

section, the distribution of flow disturbance remains regional model, indicating that 

increasing BR has no significant impact on the disturbance mode. Furthermore, the 

enhancement is primarily observed in the vortex interaction region of inner vortex pairs. 

As PN increases, the overall intensity of flow disturbance enhances, consistent with the 

analysis in Figure 7.5 (a). Similar to cases of increasing BR, the disturbance mode 

maintains regional distribution. The differences between these two increasing variables 

lie in the disturbance intensity and regional mode. The disturbed region in the cross 

section increases as PN increases. However, the enhancement of disturbance intensity 

is weaker compared to cases of increasing BR. In all cases, stronger flow disturbance 
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occurs upstream compared to downstream, which is unfavorable for overall uniformity 

of flow fields.  

 

Figure 7.6 The contours of TKE at Re = 2304 for various cases (x = 0, z = 262 mm): 

(a) case D1; (b) case D2; (c) case D3; (d) case D4; (e) case D5; (f) case D6; (g) case 

D7. 

 

Figure 7.7 demonstrates the energy distributions in the axial direction at Re = 2304. As 

show in Figure 7.7 (a), case D5 exhibits the highest TKE peak value, while case D3 

displays the lowest. The primary reason is that the development space of outer vortex 

pairs is reduced by a larger BR when αv is 60 º, whereas it is increased by a smaller BR 

when αv is 120 º. Based on the analysis in Figure 7.5 and Figure 7.6, an αv of 90 º is the 

turning point for the overall intensity of flow disturbance. Therefore, the combined 

effect of a smaller αv and a larger BR on flow disturbance is significant. The TKE peak 

value of case D1 is 128.68 % of that of case D3, while that of case D2 is 130.15 % of 
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case D3. Furthermore, the TKE peak value of case D5 is 293.33 % of that of case D1, 

while that of case D4 is 180.00 % of case D1. Compared to the effect of αv, the effect 

of BR on flow disturbance is more significant. When αv increases from 60 º to 90 º, the 

increase in TKE values is not significant, suggesting that 60 º is the optimal choice when 

overall heat transfer performance is considered. The TKE peak value of case D6 

increases to 242.29 % of case D1, while that of case D7 increases to 273.12 % of case 

D1. It can be concluded that further increasing PN has a limited effect. Furthermore, 

cases D6 and D7 show TKE values close to those of case D5, indicating that a BR of 

0.20 can serve as a substitute for increasing PN. As shown in Figure 7.7 (b), case D7 

exhibits the maximum ε peak value, while case D3 displays the minimum ε peak value, 

which is inconsistent with the variation trend of TKE peak values. The dissipation 

intensity of case D5 is lower than that of case D7, owing to the fact that increasing BR 

causes less interference to vortex interactions compared to case D7. Furthermore, the ε 

values of cases D6 and D7 are not significantly different, suggesting that the energy 

efficiency of case D7 is higher than that of case D6. The ε variation trend for increasing 

BR and αv is consistent with the TKE variation trend, indicating that the flow fields in 

cases 1 to 5 are in a state of dynamic balance. 

 

Figure 7.7 Energy distributions in the axial direction at Re = 2304: (a) TKE; (b) ε. 

 

Figure 7.8 shows the energy distributions in the axial direction at different Re. As shown 

in Figure 7.8 (a), as Re increases, the TKE values increase due to the increasing input 

power. The position at which the TKE peak value appears moves downstream with 
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increasing Re, primarily because of the increase in disturbance intensity. The TKE peak 

value at Re = 4608 increases to 155.37 % of case at Re = 3456, that at Re = 5760 

increases to 195.46 % of case at Re = 3456, and that at Re = 6912 increases to 217.75 % 

of case at Re = 3456. This means that further increases in Re have a diminishing effect 

on the overall intensity of flow disturbance. As shown in Figure 7.8 (b), the position 

where the ε peak value appears does not move downstream like TKE peak values. The 

vortex interaction remains the primary factor affecting vortex dissipation. Furthermore, 

the ε peak value at Re = 4608 increases to 221.74 % of case at Re = 3456, that at Re = 

5760 increases to 360.87 % of case at Re = 3456, and that at Re = 6912 increases to 

534.78 % of case at Re = 3456. The intensity of vortex dissipations significantly 

enhances as Re increases due to strengthened vortex interactions. 

 

Figure 7.8 Energy distributions in the axial direction at different Re: (a) TKE; (b) ε. 

 

Figure 7.9 displays the temperature contours at various cross sections. As shown in 

Figure 7.9 (a) – (d), the temperature distribution shifts from a circular to a regional 

pattern as the vortex structure gradually achieves a stable state. The four extended 

regions correspond primarily to the locations of the inner vortex pairs, as illustrated by 

the vortex structure in Figure 7.2. This indicates that the rotational direction of the 

vortex pairs is a key factor for optimizing heat transfer uniformity. However, compared 

to case C6, the temperature distribution in case D1 demonstrates greater uniformity due 

to additional extended regions associated with inner boundary vortices, as shown in 

Figure 7.9 (h) – (j). Furthermore, case C6 exhibits a more significant temperature 
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gradient, as seen in Figure 6.11., whereas case D1 displays a more uniform temperature 

gradient, which contributes to improved heat transfer uniformity. The temperature 

range in the core region is 300.5 K–303 K for case C6, while that is 300.5 K–304 K for 

case D1. It proves that novel self-join winglet structures are crucial for further 

adjustment in temperature distribution compared to traditional winglet structures. 

However, both winglet structures result in non-uniform local temperature distribution, 

indicating a remaining challenge to be addressed. 

 

Figure 7.9 Temperature contours at various cross sections. 

 

Figure 7.10 displays the contours of velocity and temperature at z = 274 mm for 

different cases. As shown in Figure 7.10 (a) – (c), the fluid flow shifts from a regional 

disturbance mode to a single disturbance mode as αv increases. The high-velocity region 

corresponds to the region where vortex interaction occurs, which also explains the 

distribution of inner and outer vortex pairs. As αv increases, the disturbance intensity of 

the outer vortex pairs decreases. However, when αv is 90 º, the temperature distribution 

transitions to a single disturbance mode. The weak disturbance from the outer boundary 

vortices has no significant effect on temperature uniformity. Therefore, the flow 

intensity of the outer vortex pairs is crucial for improving the uniformity of the flow 

fields, as shown in Figure 7.10 (a). As shown in Figure 7.10 (a), (d), and (e), the flow 

intensity of the outer vortex pairs increases with BR. This trend can be observed from 
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the high-velocity distribution of both inner and outer vortex pairs. Due to this trend, the 

regional intensity of the temperature distribution becomes more significant in high-BR 

cases compared to the low-BR case. This further confirms that the disturbance intensity 

of the outer boundary vortices is crucial for achieving a uniform disturbance mode in 

the flow fields. As shown in Figure 7.10 (a), (f), and (g), the area of the high-velocity 

region near the outer boundary layer significantly decreases as PN increases. However, 

when PN exceeds 5, the temperature distribution transitions to a single disturbance 

mode. Furthermore, the area of vortex interaction in the inner vortex pairs does not 

increase with PN, primarily because vortex dissipation is not significant when PN 

exceeds 5, as shown in Figure 7.7 (b). The primary difference between cases D6 and 

D7 lies in the intensity of flow disturbance. Therefore, to improve the overall working 

performance of the flow fields, optimization can be achieved based on the effect of PN 

on the adjustment in the disturbance intensity. 

 

Figure 7.10 The contours of velocity and temperature at z = 274 mm in different 
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cases: (a) case D1; (b) case D2; (c) case D3; (d) case D4; (e) case D5; (f) case D6; (g) 

case D7. 

 

Figure 7.11 shows the contours of the surface local Nusselt number for different cases. 

As αv increases, the high-Nu region around the vortex generator significantly decreases, 

as the vortex interaction in this region weakens compared to other regions. The primary 

reason is that the effect of outer vortex pairs on flow disturbance becomes weaker than 

that of inner vortex pairs. Therefore, the uniformity of the flow field in case D3 is more 

significant than in cases D1 and D2. Furthermore, the local Nu values behind the strong 

flow disturbance are between 30-55 in case D1, that are between 35-60 in case D2, and 

that are between 40-55 in case D3. This indicates that the intensity of local heat transfer 

behind the high-Nu region in case D1 exhibits a weaker trend compared to cases D2 

and D3, resulting in a more significant overall local surface Nu gradient in case D1. As 

BR increases, the area of the high-Nu region around the vortex generator expands due 

to enhanced flow disturbance. Furthermore, compared to cases with increasing αv, the 

high-Nu regions become closer to each other, which is attributed to stronger vortex 

interaction induced by higher BR. It can be concluded that cases of modified BR are 

suitable for optimizing flow disturbance, while cases of modified αv are better for 

improving heat transfer uniformity. Furthermore, the local Nu values behind the strong 

flow disturbance are between 40-60 in case D4, while that are between 40-65 in case 

D5. It suggests that the overall local surface Nu in cases D4 and D5 is higher than in 

cases D2 and D3, indicating that stronger flow disturbance is crucial for enhancing the 

overall working performance of heat exchangers. As PN increases, the area of the high-

Nu region around the vortex generator also increases, but its increase is weaker than 

that in cases with increasing BR. Furthermore, the number of strong flow disturbance 

regions increases in cases D6 and D7 due to increasing winglet pairs. The local Nu 

values behind the strong flow disturbance are between 35-60 in case D6, while that are 

between 40-60 in case D7, demonstrating that increasing PN is helpful for enhancing 

the intensity of local heat transfer. 
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Figure 7.11 The contours of surface local Nusselt number in different cases. 

 

7.5 Flow and thermal characteristics analysis 

This section analyzes the variations of Nu, Nu/Nu0, f, f/f0, and TEF in various cases at 

different Re values, aiming to summarize the heat transfer and pressure drop 

characteristics of flow fields. 

 

Figure 7.12 displays the influence of various cases on heat transfer. As shown in Figure 

7.12 (a), the Nu values show an increasing trend as Re increases due to higher 

turbulence intensity. Compared to novel self-join winglets applied in circular tubes 

(Figure 4.13), the Nu difference between each case becomes smaller, indicating that the 

Re range is a key factor affecting the sensitivity of structural variables. The Nu values 

in case D5 are the highest, consistent with analysis in case A5 in Figure 4.13, suggesting 

that the effect of modified BR is less influenced by wall limitations. Furthermore, the 
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characteristics diameter used in this chapter is the same as that applied in annular tubes 

with traditional delta winglets in this work. However, the Nu difference between the 

two types of winglets is not significant due to constraints in winglet size. The highest 

Nu value is 112.0 % of that reported in case C5 in Figure 6.14. As shown in Figure 7.12 

(b), the Nu values increase by 1.40–2.20 times those of the smooth tube, with both 

maximum and minimum values lower than those in case C7 (Figure 6.14). It can be 

concluded that novel self-join winglets have the potential to enhance the contribution 

of heat transfer in the flow system. The Nu/Nu0 values increase to 101.9 % and 100.8 % 

of those in case D1 as α increases, respectively. Furthermore, with the increase in BR, 

the Nu/Nu0 values are 102.5 % and 104.5 % of those in case D1, respectively. Similarly, 

as PN increases, the Nu/Nu0 values are 101.0 % and 102.4 % of those in case D1, 

respectively. The Nu/Nu0 values decrease nonlinearly as Re increases, consistent with 

the trend in circular tubes equipped with novel self-join winglets. Consequently, 

compared to smooth tubes, the effect of increasing Re on heat transfer enhancement is 

weaker. 

 

Figure 7.12 Influence of various cases on heat transfer: (a) Nu vs. Re (b) Nu/Nu0 vs. 

Re. 

 

Figure 7.13 shows the influence of various cases on fluid flow. As shown in Figure 7.13 

(a), the f values first increase and then decrease as αv increases, which is inconsistent 

with the trend in circular tubes with novel self-join winglets (Figure 4.14). An αv of 90 

º is the turning point for optimization in annular tubes. Furthermore, the f values 
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increase significantly as BR increases due to the augmentation of flow disturbance. 

Similarly, the variation trend caused by increasing PN is the same as that caused by a 

larger BR. However, the difference between these two variables is the intensity of flow 

disturbance. Cases with modified PN are more suitable for improving heat transfer 

uniformity in flow fields. The highest f value is 161.3 % of that reported in case C5 in 

Figure 6.14. As shown in Figure 7.13 (b), the f/f0 values exhibit an increasing trend with 

Re, consistent with the detrimental effect of a higher Re in circular tubes with novel 

self-join winglets (Figure 4.14). This suggests that wall limitations have little effect on 

flow fields induced by a higher Re. The f values increase by 2.64–3.91 times those of 

plain tubes. As αv increases, the f/f0 values increase to 107.7 %–109.7 % and 102.2 %–

104.9 % of those in case D1, respectively. Furthermore, as BR increases, the f/f0 values 

range from 116.3 % to 119.4 % and 132.6 % to 135.5 % of those in case D1, respectively. 

Similarly, with increasing PN, the f/f0 values range from 104.3 % to 106.5 % and 111.5 % 

to 116.1 % of those in case D1, respectively. While large BR and PN can enhance the 

heat transfer performance, they also increase pressure loss. In contrast, modified αv does 

not exhibit this variation characteristics, suggesting that the variation of αv can affect 

the vortex interaction induced by wall limitations. 

 

Figure 7.13 Influence of various cases on fluid flow: (a) f vs. Re (b) f/f0 vs. Re. 

 

Figure 7.14 shows the variations of TEF with different Re. As shown in Figure 7.14, 

the TEF demonstrates a decreasing trend with Re, as the effect of flow resistance is 

stronger than that of heat transfer. Cases with modified αv exhibit superior TEF 
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performance compared to cases with modified BR and PN, due to their effect on vortex 

interactions induced by wall limitations. Cases D1 and D3 achieve the maximum TEF 

of 1.52, suggesting that the αv of 60 º and 120 º are the optimal choices for enhancing 

flow disturbance and improving heat transfer uniformity, respectively. Furthermore, the 

minimum TEF of 0.93 occurs in case D5. While this value is below 1, it remains above 

0.9 even under high pressure drop conditions, indicating that cases with modified BR 

hold potential for improving winglet design. 

 

Figure 7.14 Variations of TEF with different Re. 

 

7.6 Empirical correlations for Nu and f 

Figure 7.15 compares the predicted Nu and f values from the correlations with the 

experimental data. The maximum deviations are 1.0 % and 5.5 % for Nu and f, 

respectively. Therefore, the predicted data are in good agreement with the experimental 

data. The predicted results are valuable for guiding the design and optimization of novel 

winglet structures in the future. The correlations and constraints are provided as follows, 

 Nu=0.07478Re0.80003BR0.05853PN0.04772(1+𝛼𝑣π/180)0.02682+0.00193(7.1) 

 f=3.08199Re-0.36467BR0.57571PN0.38096(1+𝛼𝑣π/180)0.18264+0.03863(7.2) 

where 2304 ≤ Re ≤ 7488, 0.10 ≤ BR ≤ 0.20, 4 ≤ PN ≤ 6, and 60 ° ≤ αv ≤ 120 °. 
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Figure 7.15 Comparisons of the predicted Nu and f with experimental data: (a) Nu; (b) 

f. 

 

7.7 Chapter conclusion 

In this chapter, novel self-join winglet vortex generators are applied in annular tubes. 

The effects of blockage ratio (BR), winglet pairs number (PN), and included angle (αv) 

on heat transfer uniformity and flow disturbance are investigated in annular tubes with 

novel self-join winglets. Furthermore, empirical correlations for Nu and f based on 

experimental data are obtained. The key findings of this chapter are as follows: 

 

(1) Compared to circular tubes, the movement distance of boundary vortices increases 

because of wall limitation. Furthermore, the number of vortex pairs induced by 

novel self-join winglets is twice that induced by traditional delta winglets. 

(2) As αv increases, the development space of outer boundary vortices decreases, 

resulting in an acceleration in the dissipation of the outer boundary vortices. 

However, the effect of increasing BR is primarily on vortex intensity. Furthermore, 

the dissipation mechanism in cases of increasing PN is consistent with that observed 

in cases of increasing αv. 

(3) Nusselt number and friction factor increase by 1.40–2.20 and 2.64–3.91 times, 

respectively, compared with the smooth tube. 

(4) The maximum thermal enhancement factor reaches 1.52 when BR = 0.10, PN = 4, 

and αv = 60 º or 120 º, suggesting that the αv of 60 º and 120 º are the optimal choices 



 

157 

 

for enhancing flow disturbance and improving heat transfer uniformity, respectively. 

Furthermore, the lowest TEF reaches 0.93 when BR = 0.20, PN = 4, and αv = 60 º. 

While this value is below 1, it remains above 0.9 even under high pressure drop 

conditions, indicating that cases with modified BR hold potential for improving 

winglet design. 

(5) Cases of larger αv are suitable for applications in enhancing vortex disturbance, 

while cases of smaller αv are better for improving flow uniformity. An αv of 90 º is 

a turning point for optimizing vortex interactions. 
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Chapter 8: Conclusion and future work 

8.1 Conclusion 

Based on previous studies about winglet vortex generators, novel self-join winglet 

structures are proposed in this work. This thesis successfully achieves the objectives 

presented in section 1.3 of Chapter 1. The key conclusions in this thesis are as follows: 

 

Objective 1: To summarize the heat transfer and pressure drop characteristics and obtain 

the optimal flow structure induced by novel self-join winglet structures in the tube and 

shell sides. 

(1) Compared to smooth tubes, the Nusselt number and friction factor in tube sides 

increase by 1.90–2.32 and 2.23–5.10 times, respectively, while those in shell 

sides increase by 1.40–2.20 and 2.64–3.91 times, respectively. 

(2) Longitudinal vortices near the tube wall are induced by winglets because of lift 

angles. Furthermore, the number of vortex pairs induced by novel self-join 

winglets is twice that induced by traditional delta winglets. 

 

Objective 2: To understand the vortex interaction and vortex flow behaviors in the tube 

and shell sides fitted with novel self-join winglets. 

(1) The vortex pairs near the tube wall contribute to enhancing the mixing 

uniformity of fluid flows in circular tubes. Furthermore, the dissipation intensity 

of the vortex pairs near the tube wall is increased with increasing included angle. 

Higher values of blockage ratio and winglet pairs number adversely affect fluid 

flows in tubes. 

(2) Compared to circular tubes, the movement distance of boundary vortices in 

annular tubes increases because of wall limitation. As included angle and 

winglet pair number increases, the development space of outer boundary 

vortices decreases, resulting in an acceleration in the dissipation of the outer 

boundary vortices. However, the effect of increasing blockage ratio is primarily 

on vortex intensity. 
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Objective 3: To perform parametric studies and propose strategies for optimizing the 

flow structures and novel winglet designs in circular and annular tubes. 

(1) In circular tubes, as curved diameter increases, the disturbed distribution in 

high-speed region is adjusted to the boundary layer. The reason is the variations 

of curved diameter adjust the region of vortex development. Increasing the 

included angle improves the uniformity of the flow fields, while increasing the 

lift angle enhances the regional disturbance. 

(2) In annular tubes, cases of larger included angles are suitable for applications in 

enhancing vortex disturbance, while cases of smaller included angles are better 

for improving flow uniformity. An included angle of 90 º is a turning point for 

optimizing vortex interactions. 

 

This thesis aims to reveal the variation mechanism of vortex interactions induced by 

novel self-join winglets in circular and annular tubes. These findings provide valuable 

guidance for enhancing the working performance of heat exchangers, thereby 

significantly reducing carbon emissions and promoting economic development. 

Furthermore, these results provide novel strategies for optimizing vortex interactions 

and winglet designs. 

 

8.2 Future work 

Based on current studies about flow fields induced by novel self-join winglet vortex 

generators, further research is needed in the future. These future studies hold significant 

potential for improving the heat transfer performance of heat exchangers and can be 

divided into the following three directions: 

 

(1) Boundary vortex 

The boundary vortices induced by novel self-join winglets are crucial for improving 

the heat transfer uniformity of flow fields. However, in circular tubes, these vortices 

dissipate more quickly than those near the core region. The flow field in circular 
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tubes cannot maintain mixing uniformity for a long distance. Therefore, further 

research is needed to understand how to reduce the dissipation rate of boundary 

vortices in future work. 

(2) Wall limitation 

The wall limitation has the advantage of maintaining the mixing uniformity and 

steady vortex structure. The structural limitations of annular tube walls are key 

factors for further optimizing vortex interactions. The interaction mechanism 

between wall and vortex pairs can be better investigated in the future. 

(3) Structural optimization 

The results from structural variables investigated in this thesis provide valuable 

guidance for efficient applications of novel winglets in tube and shell sides of heat 

exchangers. However, the structural and arrangement variables examined in this 

work remain limited. Consequently, future work should focus on further optimizing 

the winglet structure.
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