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This study numerically investigates the enhancement of heat exchanger performance using a passive technique based on vortex generation. The proposed enhancement device, termed a diamond-shaped orifice (DSO), is a modified configuration that combines a conventional orifice plate with a conical ring. The DSO is inserted into a circular tube to modify the flow structure and induce strong vortices, thereby promoting convective heat transfer and improving the overall thermal performance. The effects of key geometric parameters, including the attack angle (α = 20°, 30°, and 45°), flow blockage ratio (FBR = 0.05–0.30), and pitch ratio (PRT = 1–2), are systematically examined under turbulent airflow conditions with Reynolds numbers ranging from 3,000 to 20,000. The results reveal that incorporating the DSO generates intense swirling flow, which effectively disrupts the thermal boundary layer and enhances the convective heat transfer coefficient. The maximum Nusselt number improvement reached 7.16 times that of a plain tube, while the highest thermal enhancement factor (TEF) attained was 1.77, indicating a substantial improvement in heat exchanger performance without additional active energy input.
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1 INTRODUCTION
Heat is a vital form of energy that plays an essential role in driving various systems that support human life. Thermal energy serves as a primary driving force in numerous industrial processes and diverse engineering systems. Recognizing its importance, many organizations have begun to develop strategic plans and practical solutions to utilize thermal energy in the most efficient and cost-effective manner possible. The issue of maximizing thermal energy efficiency and effectiveness has become a prominent concern, not only at the national level but also in global discussions. Both governmental and private sectors have invested significant resources into research efforts aimed at promoting the efficient use of thermal energy. One of the key research areas contributing to this goal is the increment of the efficiency and performance of heat exchangers and thermal systems.
Enhancing the thermal performance of heat exchanger systems can be achieved through various approaches. One promising method that offers improved efficiency without significantly increasing energy consumption is known as the passive method. This approach involves modifying the flow structure and enhancing HT by integrating specially designed devices that generate vortex flow, a mechanism known to improve the convective HT. Numerous studies have explored the selection of vortex generators as a means to enhance HT. In particular, this research focuses on insert-type vortex generators, such as conical rings, twisted tapes, baffle/rib, winglet, which are embedded directly within the heat exchanger to promote swirling flow and thermal mixing. Rinik et al. (2025) numerically investigated HT enhancement using an elliptical twisted inner pipe combined with convergent conical ring turbulators under turbulent flow conditions (Re = 5,000–26000) in a double-pipe heat exchanger. They reported that the full twists generated a swirling motion, while the conical rings inserted inside the outer pipe acted as passive turbulators that guided the flow toward the inner pipe, where the hot fluid passed. Within the investigated range, the highest performance evaluation criterion (PEC) was found to be approximately 2.3. Similarly, Li et al. (2024) employed conical rings to enhance the thermal performance of a micro combustor. Kumar et al. (2023) experimentally investigated HT and friction losses in a heat exchanger using perforated conical rings, twisted tapes, and CuO/H2O nanofluids. The highest thermal-hydraulic performance within their investigated range was approximately 1.45. Hassan et al. (2022) used solid and perforated conical rings to augment HT and improve performance under turbulent flow conditions, concluding that the optimal thermal enhancement factor was 1.2. Alqaed et al. (2024) presented a study on turbulent flow (water–copper nanofluid) in a power plant heat exchanger equipped with conical ring-vortex turbulators. They showed that the smallest turbulator length and diameter, combined with an inter-turbulator distance of 145 mm, generated the maximum frictional entropy. In contrast, smaller distances between turbulators with larger turbulator dimensions resulted in the lowest friction loss. They also summarized that the increasing the hole diameter significantly reduced thermal (by 98.7%), frictional (by 72.5%), and total entropy generation (by 98.5%). Ibrahim et al. (2019) conducted a computational study on HT analysis in a circular tube equipped with conical ring turbulators. They reported that the highest enhancement in tube efficiency was 1.291, and entropy generation increased with increasing Reynolds number for all conical ring configurations. Kumar et al. (2020) proposed new empirical correlations for both HT and pressure drop caused by internal conical ring-vortex generators in an impinging jet solar air heater passage. The optimum HT was found at a relative inside conical ring height of 0.110, a ratio of inlet flow diameter to the inner print diameter of the ring of 1.7, a ratio of ring diameter to ring height of 2.33, a relative X-axis pitch of 5.28, and a relative Y-axis pitch of 3.42. Nakhchi and Esfahani (2019a) and Nakhchi and Esfahani (2019b) numerically investigated turbulent Cu–water nanofluid flow and studied the effects of different geometrical parameters of perforated conical rings on flow structure and HT in heat exchangers. They observed that the HT enhancement provided by the perforated conical rings was 278.2% greater than that of a smooth tube, with the best thermal performance of 1.10 at Re = 5,000. However, rising the number of holes from 4 to 10 reduced the Nusselt number by up to 35.48%, with a maximum thermal performance factor of 1.241. Anvari et al. (2014) and Anvari et al. (2011) experimentally and numerically investigated thermal behavior in tubes with special conical ring-vortex generators. Their results indicated that when water was used as the working fluid (as opposed to air), the conical ring inserts had an unfavorable effect on HT enhancement efficiency. Additionally, the insertion of turbulators enhanced the Nusselt number by up to 521% for diverging conical ring arrangements and up to 355% for converging arrangements, although turbulators caused a significant increase in pressure drop. Sheikholeslami et al. (2016) presented experimental and numerical analyses on the effects of conical rings on turbulent flow and HT in a double-pipe air-to-water heat exchanger. They reported that friction factor decreased with increasing open area ratio, pitch ratio, and Reynolds number, while the Nusselt number decreased with increasing open area ratio and pitch ratio but increased with Reynolds number. They further concluded that thermal performance improves with increasing conical angle for a direct conical ring array. Mohammed et al. (2019) studied two-phase forced convection of nanofluid flow in circular tubes using convergent and divergent conical ring inserts. They claimed that the best performance enhancement criterion, based on the similar pumping force, was achieved by divergent ring arrangement with an improvement of 365%. They also noted that the two-phase mixture model gives more accurate than the single-phase model when compared with experimental and numerical results. Sripattanapipat et al. (2016) numerically investigated HT in a heat exchanger tube with hexagonal conical-ring inserts. Their results showed that V-shaped hexagonal conical rings led to significantly greater HT than the reference case or a smooth tube, while also providing a lower friction factor. Finally, Kongkaitpaiboon et al. (2010a) experimentally investigated HT and turbulent flow friction in tubes fitted with perforated conical rings. The highest thermal performance factor of approximately 0.92 was found at a pitch ratio of 4 and Reynolds number of 4,000. In addition to conical rings, other types of vortex generators—such as twisted tapes (Bizuneh et al., 2025; Kumar and Afzal, 2025; V P et al., 2025; Abajja et al., 2025; Bhattacharyya et al., 2025), baffles/ribs (Salhi et al., 2025; Wang et al., 2025; Zhan et al., 2025; Li et al., 2025; Bennour et al., 2025), and winglets (Feng et al., 2024; Suchatawat et al., 2025; İĞCİ, 2025; Tian et al., 2024; Majmader and Hasan, 2024)—are also commonly employed to rise convective HT and heat exchanger performance.
In this study, the geometric concepts of conical rings and orifices are combined and developed into a novel vortex generator, referred to as the Diamond-Shaped Orifice (DSO), for rising HT in circular tube heat exchangers (CT-HX). The DSO offers several advantages, including ease of fabrication and structural stability when installed in CT-HX. The edges and corners of the DSO play a crucial role in securing the structure firmly within the tube, ensuring reliable performance under actual operating conditions. The gap between the DSO and the inner wall of the tube helps to induce vortex flow, which promotes thermal mixing and enhances HT. Additionally, the DSO design contributes to reducing the pressure drop or friction loss in the system—an important factor in minimizing the required pumping power. A computational fluid dynamics (CFD) approach with a commercial code is adopted to investigate the performance of the proposed DSO. This numerical method allows for detailed analysis and understanding of the flow and thermal behavior within the heat exchanger, which is essential for further optimizing the DSO geometry and advancing heat exchanger design in future applications.
2 NUMERICAL MODEL OF THE CT-HX INSERTED WITH DSO, BOUNDARY AND INITIAL CONDITIONS
The heat exchanger tube used in this study is a circular tube heat exchanger (CT-HX) with an inner diameter of 0.05 m. The DSO units are installed within the CT-HX as illustrated in Figure 1a. The thickness (in y-x plane) of each DSO plate is denoted by e, and the ratio of thickness to tube diameter (e/D) is referred to as the flow blockage ratio (FBR), which takes values of 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30. The axial spacing between adjacent DSO plates (pitch distance) is denoted by P, and the ratio of spacing to tube diameter (P/D) is defined as the pitch ratio (PRT), with values of 1, 1.5, and 2. The attack angle of the DSO plate, represented by α, is set at 20°, 30°, and 45°. The study is conducted under turbulent air flow, with Reynolds numbers varying from 3,000 to 20,000, determined based on the flow conditions at the CT-HX inlet. The computational domain is modeled using a periodic module with a length denoted by L, and the ratio L/D is equal to 1, 1.5, and 2 for the cases of PRT = 1, 1.5, and 2, respectively. The case studies of the present research are summarized in Table 1. The ranges of the parameters are additionally presented.
[image: (a) Diagram illustrating a cylindrical conduit with periodic modules and diamond-shaped orifices aligned with flow direction, denoted by arrows. Labels indicate angles, module length, and diagram axes.(b) 3D mesh model depicting a conduit with a diamond-shaped orifice. Annotations highlight wall heat flux, periodic inlet and outlet, and insulator properties of the orifice.]FIGURE 1 | Numerical model description for (a) Model configuration and (b) boundary condition.TABLE 1 | Case studies.	Parameters	Range
	FBR	0.05, 0.10, 0.15, 0.20, 0.25, 0.30
	PRT	1, 1.5, 2
	Attack angle	20°, 30°, 45°
	Reynolds number	3,000 - 20,000


The computational model of the CT-HX with DSO inserts is defined with boundary conditions as illustrated in Figure 1b. Periodic boundary conditions are applied at both the inlet and outlet planes for both the flow and thermal fields. The CT-HX wall is subjected to a constant heat flux condition of 600 W/m2, while the DSO plates are modeled as adiabatic surfaces with a heat flux of 0 W/m2.
The initial conditions and assumptions used in this study are summarized as follows:
	• The working fluid is air with an initial temperature of 300 K. The flow and HT at the CT-HX inlet are assumed to be fully developed.
	• The variation in air temperature during the simulation is within 20 °C/K, allowing the thermophysical properties to be treated as constant.
	• The flow and HT are assumed to be three-dimensional and steady-state.
	• Only forced convection is measured in the HT analysis. Natural convection and thermal radiation are negligible and thus not taken into account.
	• Body forces and viscous dissipation are also neglected.

3 MATHEMATICAL FOUNDATION
Based on the details of the investigation stated above, the governing equations used in the current study are as follows (Cengel and Ghajar, 2015):
The continuity equation employed in this research is presented in Equation 1. The flow and HT phenomena are governed by the momentum and energy equations, which are formulated in Equations 2, 3, respectively.
∂∂xiρui=0(1)
∂∂xiρuiuj=−∂p∂xi+∂∂xjμ∂ui∂xj−ρui′uj′¯(2)
∂∂xiρuiT=∂∂xjΓ+Γt∂T∂xj(3)
Γ and Γt denote the molecular and turbulent thermal diffusivities, respectively, and are calculated as Equation 4:
Γ=μ/⁡Pr⁡andΓt=μt/Prt(4)
The Reynolds-averaged approach to turbulence modeling requires that the Reynolds, −ρui′uj′¯ in Equation 2, be modeled. Equation 5 presents the Boussinesq hypothesis, which relates the Reynolds stresses to the mean velocity gradients.:
−ρui′uj′¯=μt∂ui∂xj+∂uj∂xi−23ρk+μt∂ui∂xiδij(5)
Here, the turbulent kinetic energy, k, is defined by k=ui′ui′¯/2 and δij is a Kronecker delta. A key advantage of the Boussinesq approach lies in its relatively low computational cost associated with the calculation of the turbulent viscosity, μt, as given by μt=ρCμk2/ε. From the comparison among different turbulence models, it was found that the RNG k–ε model provided results most consistent with the experimental data. Therefore, this model was selected for use in the present study. The RNG k–ε model is an example of the two-equation models that use the Boussinesq hypothesis. It is derived from the instantaneous Navier–Stokes equations using the renormalization group (RNG) method. The steady-state transport equations are expressed as Equations 6, 7:
∂∂xiρkui=∂∂xjαkμeff∂k∂xj+Gk−ρε(6)
∂∂xiρεui=∂∂xjαkμeff∂ε∂xj+C1εεkGk−C2ερε2k−Rε(7)
Here, αk represents the inverse effective Prandtl number for k, while αε stands for ε. C1ε and C2ε remain constants. The effective viscosity, μeff, is expressed as Equation 8:
μeff=μ+μt=μ+ρCμk2ε(8)
Cμ is constant and identical to 0.0845.
The governing equations were discretized using the QUICK scheme and solved using the finite volume method, with pressure–velocity coupling achieved through the SIMPLE algorithm. A commercial CFD code was employed for the computations. Convergence was assumed when the normalized residuals for all variables fell below 10–5, and below 10–9 for the energy equation. The Reynolds number, friction factor, local Nusselt number, average Nusselt number, and thermal performance enhancement factor were calculated using Equations 9–13, respectively.
Re=ρu¯Dhμ(9)
f=Δp/LDh1/2ρu¯2(10)
Nux=hxDhk(11)
Nu=1A∫NuxdA(12)
TEF=hh0pp=NuNu0pp=Nu/Nu0f/f01/3(13)
Here, Nu0 and f0 represent the Nusselt number and friction factor, respectively, for the smooth CT-HX.
4 NUMERICAL VALIDATION OF THE NUMERICAL MODEL
One of the most critical processes in numerical modeling is the validation of the computational model. In this study, the model validation under turbulent flow conditions is conducted in three parts: (1) validation using a smooth CT-HX; (2) a grid independence test to determine the appropriate mesh resolution; and (3) a comparison of the numerical results with available experimental data.
4.1 Smooth CT-HX validation
The predicted Nusselt number and friction factor for a smooth CT-HX obtained from the developed numerical model were compared with those calculated using a standard empirical correlation (Cengel and Ghajar, 2015) within the studied turbulent flow regime. The comparison results show that the discrepancies between the numerical and empirical values are 1.7% for the Nusselt number and 4.2% for the friction factor, respectively (see Figure 2). These small deviations indicate good agreement and validate the accuracy of the numerical model.
[image: Graph showing relationships between Reynolds number (Re) and two variables, \(f_0\) and \(Nu_0\). The \(f_0\) correlation is plotted with a black solid line and the \(f_0\) presented result with a black dashed line, both decreasing. The \(Nu_0\) correlation and presented result are shown with red solid and dashed lines, both increasing. Re values range from four thousand to twenty thousand. \(f_0\) values range from 0.025 to 0.050, and \(Nu_0\) values range from 0 to 60.]FIGURE 2 | Smooth tube validation.4.2 Grid independence
A grid independence study was conducted for the CT-HX equipped with a DSO (PRT = 1, FBR = 0.20, α = 30°) using five different grid densities: 80,000; 120,000; 220,000; 320,000; and 420,000 elements (see Figure 3). The comparison of results across these models revealed that increasing the grid count from 220,000 to 420,000 had negligible impact on both the Nusselt number and friction factor over the entire range of Reynolds numbers studied. Based on the balance between accuracy and computational cost, a grid resolution of approximately 220,000 elements was selected for all subsequent simulations. For models with extended domain lengths, the number of grid elements was scaled proportionally to maintain mesh quality and solution consistency.
[image: Two graphs display results for different grid elements in relation to Reynolds number (Re) with parameters PRT = 1, FBR = 0.20, and α = 30 degrees. Graph (a) shows the ratio Nu/Nu₀ decreasing from 4.4 to 3.0 as Re increases from 4,000 to 20,000. Graph (b) shows the ratio f/f₀ increasing from 27 to 41 over the same Re range. Different symbols represent various grid elements, with a red dashed line illustrating the trend.]FIGURE 3 | Grid independence for (a) Nu/Nu0 and (b) f/f0.4.3 Comparison of the experimental result
Since there are no previous studies that have developed a vortex generator identical to the DSO proposed in this research, a validation was conducted by comparing the present model with reference studies (Kongkaitpaiboon et al., 2010b; Jedsadaratanachai and Boonloi, 2017), which investigated the use of a circular ring (Kongkaitpaiboon et al., 2010b) and a V-orifice (Jedsadaratanachai and Boonloi, 2017) installed inside a CT-HX. The comparison involved both the Nusselt number and the friction factor. The results revealed that the Nusselt number and friction factor obtained from the present model deviated from those reported in (Kongkaitpaiboon et al., 2010b) by approximately 6% and 15%, respectively. In contrast, the deviations from the data in (Jedsadaratanachai and Boonloi, 2017) were minimal, with differences of only 0.02% for both the Nusselt number and the friction factor. These findings indicate that the generated model is sufficiently reliable for predicting fluid flow behavior and HT in the CT-HX equipped with the proposed DSO vortex generator.
5 NUMERICAL RESULT AND DISCUSSION
The numerical results obtained in this study are presented in two main parts. The first part focuses on the flow structure and HT characteristics within the CT-HX when DSO inserts are employed. Understanding these flow and thermal behaviors is essential for the further development of heat exchanger equipment and the design of vortex generators. The second part involves the analysis of the HT rate, pressure drop, and thermal performance, expressed in terms of dimensionless parameters.
5.1 Air flow topology and thermal structure in the CT-HX equipped with the DSO
Figure 4a illustrates the flow structure in the form of streamlines in a cross-sectional plane of the CT-HX equipped with DSO inserts at various attack angles, with Re = 8,000, PRT = 1 and FBR = 0.20. The results clearly show that the presence of the DSO significantly alters the flow structure compared to the smooth, plain tube, leading to the formation of vortical flows at all investigated attack angles. The vortex cores, denoted as VC, are highlighted in the figure. The flow exhibits top-bottom symmetry, which corresponds to the geometric symmetry of the DSO configuration. At an attack angle of 20°, the largest number of vortex cores is observed—typically ranging from 6 to 8 depending on the axial position along the tube. At 30°, fewer vortex cores are observed compared to the 20° case, but still more than at 60°, with six distinct vortex cores identified. At 60°, the number of vortex cores ranges between 4 and 6. The presence of a higher number of VCs is beneficial for enhancing the temperature distribution within the fluid, which positively affects the HT rate. However, it is also observed that as the number of vortex cores increases, the vortex strength of each core tends to decrease. This reduction in vortex strength may potentially lead to a decline in the overall HT performance. Therefore, it is not sufficient to draw conclusions based solely on the flow structure, and further analysis of the HT behavior is required.
[image: Sequential diagrams depicting airflow and temperature around spherical objects at varying angles, labeled alpha = 20, 30, and 45 degrees. Top diagrams illustrate airflow patterns, with color-coded vectors indicating direction. Bottom diagrams show temperature distributions, with a color bar ranging from 298 to 314.]FIGURE 4 | Mechanisms in the CT-HX inserted with the DSO for (a) streamlines in transverse planes and (b) temperature distribution in transverse planes at Re = 8,000, PRT = 1 and FBR = 0.20.Figure 4b presents the thermal behavior in terms of temperature distribution across the transverse plane of the CT-HX equipped with DSO inserts, at Re = 8,000, PRT = 1, and FBR = 0.20, for various attack angles. It is clearly observed that the presence of DSO promotes vortex formation, which enhances the mixing and thermal distribution of the fluid at all investigated attack angles compared to the smooth, plain tube. In the contour plots, the blue regions represent low-temperature air, which is seen to spread outward from the center of the plane. Meanwhile, the red contours, indicating high-temperature air near the outer edge of the cross-sectional plane, become thinner due to enhanced thermal mixing. Among the investigated cases, the attack angle of 45° exhibits the thinnest high-temperature layer near the wall, whereas the 20° case shows the opposite trend. This indicates that the 45° attack angle generates the strongest vortex structures compared to the other configurations. The red temperature contours can also be used to indicate the disturbance of the T-BL. The results suggest that an attack angle of 45° leads to the most significant T-BL disturbance among the tested cases. For the case with a 30° attack angle, the disturbance is greater than that observed at 20°, indicating a progressive increase in T-BL disruption with increasing attack angle.
When considering the variations in flow structure resulting from different flow blockage ratios (FBR), as illustrated in Figure 5, it is observed that vortex generation occurs at all FBR values. The number of vortex cores (VC) for each attack angle remains relatively similar across different FBRs (see Figure 6). However, the positions of the vortex cores may exhibit slight shifts depending on the FBR.
[image: A series of contour plots illustrating flow patterns at three different angles: \( \alpha = 20^\circ \), \( \alpha = 30^\circ \), and \( \alpha = 45^\circ \). Each row corresponds to an angle, showing variations in fluid flow structures as the Factor of Buoyancy Ratio (FBR) increases from 0.05 to 0.30. The X, Y, Z axes are indicated for reference.]FIGURE 5 | Streamlines in transverse planes in CT-HX inserted with the DSO at various flow attack angles and FBR for PRT = 1.[image: Three circular flow field diagrams show vortical structures at angles 20, 30, and 45 degrees. Red, magenta, and blue lines highlight vortex points, marked as VC. Each diagram is annotated with its respective angle.]FIGURE 6 | Vortex core description at various flow attack angles.The mechanism of vortex generation in the CT-HX equipped with DSO inserts can be explained as follows. The DSO acts as a flow obstruction, creating a pressure difference between its front and rear surfaces. This pressure gradient induces vortex formation as air flows past the DSO. Figure 7 shows the longitudinal flow streamlines in the CT-HX with DSO inserts at various FBR values. It is clearly observed that as the FBR increases, the length of the longitudinal helical vortices becomes shorter. A higher FBR leads to a greater pressure differential across the DSO, resulting in stronger vortex generation. Consequently, at FBR = 0.30, the highest vortex strength is observed, while at FBR = 0.05, the vortex strength is the weakest.
[image: Fluid flow simulations within cylindrical structures, displayed in five diagrams. Each diagram represents a different Flow Blockage Ratio (FBR) of 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30. Flow direction is indicated by red arrows, moving from left to right.]FIGURE 7 | Longitudinal flow in the CT-HX inserted with the DSO at various FBR for PRT = 1, α = 30° and Re = 8,000.Upon examining the vortex structures generated within the CT-HX equipped with DSO inserts, it is found that the vortices can be categorized into two distinct regions. The first region consists of vortices that do not interact with the CT-HX wall (as shown in Figure 8a). These vortices enhance fluid mixing by promoting better interaction between fluid layers of different temperatures, thereby improving thermal homogeneity. The second region involves vortices that impinge upon the CT-HX wall (see Figure 8b). These vortices directly disturb the T-BL, leading to what is referred to as T-BL disturbance. As a result, the T-BL becomes thinner, which increases the local convective HT coefficient at the wall. Both of these mechanisms—enhanced fluid mixing and T-BL disturbance—play a crucial role in augmenting the HT rate within the CT-HX.
[image: Illustrations depict airflow dynamics through tubes with diamond-shaped orifices. In the top image, red and black lines show airflow interacting with the orifice edges, marked by yellow arrows. The flow direction is labeled, accompanied by axes for orientation. In the bottom image, similar airflow lines interact with yellow-highlighted surfaces, indicating where fluid impacts. Both illustrations emphasize airflow influenced by specific geometric features with annotations highlighting key areas.]FIGURE 8 | Longitudinal flow in the CT-HX inserted with the DSO for (a) vortex flow passes edges of the DSO and (b) impinging flow on the CT-HX wall at the leading edge of the DSO.Figure 9 illustrates the temperature distribution of air in the cross-sectional plane for different values of FBR and flow attack angles. It is clearly observed from the figure that the air temperature distribution improves in all investigated cases. The blue temperature contours are dispersed outward from the center of the plane, while the red contours near the plane boundaries become thinner (see Figure 10). Upon examining the red contours, it is found that an increase in FBR results in a thinner red contour region. This phenomenon is attributed to the enhancement of vortex strength associated with higher FBR values. The increase in vortex strength intensifies the disturbance of the T-BL. Consequently, the reduced thickness of the red contour indicates a greater level of T-BL disturbance.
[image: Sixteen circular diagrams show temperature distribution in a spherical object at three tilt angles (20, 30, 45 degrees) and six FBR values (0.05, 0.10, 0.15, 0.20, 0.25, 0.30). Colors range from red (hotter) to blue (cooler) indicating temperature variations. A 3D coordinate system and a temperature scale (298 to 325) are included.]FIGURE 9 | Temperature distributions in transverse planes in the CT-HX inserted with the DSO at various flow attack angles and FBR for PRT = 1.[image: Three spherical diagrams show fluid mixing quality at different angles: 20, 30, and 45 degrees. Each sphere displays red and blue layers, with arrows indicating flow directions. The red layer denotes observation points for changes in the thermal boundary layer (TBL), while the blue layer shows enhanced fluid-mixing quality. The temperature scale ranges from 298 to 325 degrees. The red layer appears thinner at 45 degrees compared to lower angles.]FIGURE 10 | Thermal behavior description in the CT-HX inserted with the DSO at various flow attack angles.Figures 11a–c present the Nusselt number distribution contours on the CT-HX surface for flow attack angles (α) of 20°, 30°, and 45°, respectively, at various PRT and FBR values. It can be observed that the presence of DSO enhances the Nusselt number compared to the smooth plain tube in all investigated cases. This enhancement is primarily due to the generation of swirling flow that impinges on the CT-HX surface, leading to an increase in convective HT coefficient and improved fluid mixing. Localized red contours are observed on the CT-HX surface, indicating regions with significantly higher Nusselt numbers. These areas correspond to the impingement zones of the vortex flow (see Figure 12 in conjunction with Figure 8b), where the convective HT is notably intensified. In all cases, the impingement occurs consistently at the leading edge of the DSO, which is identified as the primary region of elevated HT performance (refer to Figure 8b). An increase in FBR and a decrease in PRT lead to stronger vortex structures, which, in turn, further enhance the Nusselt number due to more intense T-BL disturbance.
[image: Diagram showing a series of heat distribution simulations displayed in three rows labeled (a), (b), and (c), each with three sections indicating PRT values (1, 1.5, 2). Columns within each section represent different FBR values: 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30. The heat is visualized with a color gradient from blue (low) to red (high), indicating varying levels of heat distribution across elliptical shapes. An axis and color scale are included to illustrate orientation and intensity.]FIGURE 11 | Nusselt number contours on the CT-HX surface of the CT-HX inserted with the DSO at various FBR and PRT for (a) α = 20°, (b) α = 30° and (c) α = 45° at Re = 8,000.[image: Three contour plots illustrate the local Nusselt number at angles of 20, 30, and 45 degrees. Color variation from blue to red indicates increasing values, highlighting flow impingement areas with elevated Nusselt numbers. A caption notes the observation of elevated values in regions where flow impingement occurs. A 3D coordinate system is shown above, and a color scale ranges from 0 to 100.]FIGURE 12 | Description of contours Nusselt number at various flow attack angles.Figure 13 summarizes the flow behavior and HT mechanisms in the CT-HX equipped with a DSO (Diamond-Shaped Orifice). When the DSO is installed, it acts as a flow obstruction, creating a pressure difference between its upstream and downstream sides. This pressure gradient induces vortex formation. A portion of the generated vortices impinges on the CT-HX wall, disturbing the T-BL. This interaction enhances the local convective HT coefficient and results in an increase in the local Nusselt number, as evidenced by the red contours in the Nusselt number distribution. Meanwhile, another portion of the vortices that does not directly impinge on the CT-HX wall contributes to improved mixing of fluid elements with different temperatures. This enhanced mixing further supports HT throughout the domain. Overall, these mechanisms—vortex-induced boundary layer disruption and thermal mixing—explain the significant improvement in overall HT rate and thermal performance when a DSO is incorporated into the CT-HX.
[image: Flow visualization diagram showing three stages: first, flow impingement indicated by red circles over diamond-shaped orifices; second, thermal boundary layer thinning with temperature gradient; third, increased heat transfer and Nusselt numbers highlighted. Axes markers in XYZ orientation are present.]FIGURE 13 | Conclusion of thermal and flow mechanisms in the CT-HX inserted with the DSO.5.2 Enhanced heat transfer and pressure drop in the CT-HX equipped with the DSO
This section presents the evaluation of thermal performance in terms of dimensionless parameters. The HT rate is expressed using the Nusselt number, while the pressure drop is represented by the friction factor. The overall efficiency of the CT-HX is assessed using the thermal enhancement factor (TEF).
Figures 14a,b illustrate the variation of Nu/Nu0 vs. Re and f/f0 vs. Re, respectively, for a CT-HX equipped with DSO at different flow impingement angles, FBR values, and PRT values. It is evident that the presence of DSO leads to an increase in both the HT rate and the friction factor compared to the smooth plain tube, as indicated by Nu/Nu0 and f/f0 values greater than 1 in all examined cases. The enhancement in these parameters is attributed to the flow and HT mechanisms discussed previously. An increase in FBR and a decrease in PRT result in higher values of both Nu/Nu0 and f/f0, due to stronger vortex generation and more pronounced flow disturbance. The Nu/Nu0 ratio tends to decrease as Reynolds number increases, whereas the f/f0 ratio shows an increasing trend with higher Re values. Among the three tested impingement angles, α = 45° provides the highest HT and pressure drop, while α = 20° yields the lowest performance. Specifically, Nu/Nu0 ranges from 1.29 to 4.45, 1.83–5.60, and 1.77–7.16 for α = 20°, 30°, and 45°, respectively. Correspondingly, f/f0 values range from 2.80 to 27.69, 9.76–82.56, and 11.59–194.00 for α = 20°, 30°, and 45°, respectively.
[image: Nine graphs display trends of dimensionless heat transfer (Nu/Nu₀) against Reynolds number (Re) for different fin base ratios (FBR) and angles (α) 20°, 30°, 45°, with PRT values 1, 1.5, and 2. Each plot shows the effect of FBR (0.05 to 0.30) on the heat transfer performance, indicating minimum and maximum values. Nine line graphs comparing friction factor ratios (f/f₀) against Reynolds numbers (Re) for different apex angles (α) and pitch ratios (PRT). Each graph represents a distinct combination of α = 20°, 30°, 45° with PRT = 1, 1.5, 2. The graphs also vary by fiber blockage ratio (FBR) symbolized by different markers. Minimum and maximum values are noted in blue and red respectively in each chart. Nine line graphs display TEF versus Re for different parameters of alpha and PRT, each with varying FBR values represented by different symbols. Each graph highlights a maximum TEF value in red and an associated FBR in blue. Alpha angles are 20, 30, and 45 degrees, and PRT values are 1, 1.5, and 2. The graphs demonstrate how TEF decreases as Re increases across different conditions.]FIGURE 14 | Performance assessments in the CT-HX inserted with the DSO for (a) Nu/Nu0 vs. Re, (b) f/f0 vs. Re and (c) TEF vs. Re.5.3 TEF assessment in the CT-HX equipped with the DSO
Figure 14c presents the relationship between the Thermal Enhancement Factor (TEF) and the Reynolds number for various case studies. The results indicate that the installation of a DSO in the CT-HX enhances both the HT rate and the pressure drop across the system. While the increased HT rate is beneficial for improving thermal performance, the associated rise in pressure drop has a detrimental effect, as it requires additional pumping power. Therefore, to evaluate the practical effectiveness of incorporating the DSO, it is essential to assess performance at equal pumping power conditions, which is represented by the TEF. According to the results, TEF values show a decreasing trend with increasing Reynolds number in all investigated cases. The highest TEF values were observed as 1.77, 1.47, and 1.44 for flow impingement angles of 20°, 30°, and 45°, respectively. Among the evaluated configurations, the optimal TEF was achieved at PRT = 1. In terms of FBR, the best performance was observed at FBR = 0.20 for α = 20°, and at FBR = 0.30 for α = 30° and 45°.
Figure 15 presents a TEF contour plot constructed at Re = 3,000, showing the relationship between TEF, PRT, and FBR. Based on the figure, it can be concluded that for a flow impingement angle of 20°, the optimal FBR range yielding the highest TEF lies between 0.20 and 0.25. For flow impingement angles of 30° and 45°, the optimal FBR range shifts to 0.25–0.30. In all cases, the recommended PRT values fall within the range of 1–1.5. This contour plot serves as a practical reference for the preliminary prediction of TEF, offering guidance on suitable design parameters when implementing DSO in real-world heat exchanger applications.
[image: Three contour maps show the relationship between PRT (y-axis) and FBR (x-axis) at angles of 20, 30, and 45 degrees. Color gradients represent varying data values, ranging from blue to red.]FIGURE 15 | TEF contours at various PRT and FBR for Re = 3,000.6 CONCLUSION
This study investigates the enhancement of HT and thermal performance in a CT-HX equipped with the DSO. The analysis focuses on the flow structure and thermal behavior under various configurations of the DSO: PRT = 1–2, FBR = 0.05–0.30, and flow impingement angles (α = 20°, 30°, and 45°). The investigation is conducted within the turbulent flow regime, with inlet Reynolds numbers ranging from 3,000 to 20,000. Based on the results, the following conclusions can be drawn:
	• The installation of the DSO, which acts as a flow obstruction, induces a pressure difference between the upstream and downstream regions of the orifice. This pressure gradient generates vortex flow, which can be classified into two components. The first component does not impinge on the HT surface but enhances thermal mixing by promoting better interaction between air streams at different temperatures. The second component directly impinges on the CT-HX surface, disturbing the T-BL, which leads to an increase in the convective HT coefficient. This enhancement is directly correlated with an increase in the Nusselt number and, consequently, the overall HT rate.
	• An increase in FBR and a decrease in PRT lead to an enhancement in both the HT rate and the friction factor. Among the tested configurations, a flow impingement angle of 45° results in the highest values of HT rate and pressure drop, while the angle of 20° yields the lowest performance in both aspects. Within the investigated Reynolds number range, the HT rate in the DSO-installed tube was found to be 1.29 to 7.16 times greater than that of the smooth plain tube. The maximum observed TEF was 1.77. The recommended design parameters based on the results are as follows: PRT: 1.0–1.5 for all cases, FBR: 0.20–0.25 for a flow angle of 20°, and 0.25–0.30 for flow angles of 30° and 45°.
	• When comparing the TEF values of the present study with those reported in previous publications, it was found that the TEF in this study is higher than that of the conical ring-type vortex generator (Nakhchi and Esfahani, 2019b; Anvari et al., 2014; Sripattanapipat et al., 2016), due to its ability to generate greater vortex strength while maintaining a comparable or even lower system pressure drop in some cases. However, when compared to the V-orifice (Jedsadaratanachai and Boonloi, 2017), which conforms to the curvature of the tube along the orifice surface, the present study shows slightly lower TEF values in the cross-flow plane. Specifically, the V-orifice (Jedsadaratanachai and Boonloi, 2017) achieves a maximum TEF of 2.25, whereas the present study reaches a maximum of 1.77, indicating a reduction of approximately 21%. Nevertheless, in terms of installation stability, the current study exhibits a comparable stability trend while clearly producing a lower system pressure loss.

7 ADDITIONAL RECOMMENDATIONS
In considering the application of DSOs in industrial heat exchanger systems, it has been found that fabricating DSO plates is relatively straightforward and does not require strict selection of materials based on thermal conductivity. Furthermore, the installation of DSO plates is stable, as the four corners of each DSO provide support and prevent tilting in any direction. For future research, DSO plates could be adapted for use in other types of heat exchangers. Additionally, design modifications—such as converting the DSO into a V-shaped square-orifice configuration—could be explored to further enhance heat transfer rates while minimizing pressure drop in the system.
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GLOSSARY
Cμ constant value (=0.0845)
D tube diameter, m
e DSO thickness, m
f friction factor, friction loss
h convective HT coefficient, W m-2 K−1
k turbulent kinetic energy, k=ui′ui′¯/2
kt thermal conductivity, W m-1 K−1
L numerical model length/periodic length
Nu Nusselt number
p static pressure, Pa
P pitch spacing, m
Pr Prandtl number
Re Reynolds number
T fluid temperature, K
u¯ fluid mean velocity in square duct, m s-1
ui mean component of velocity in the direction xi, m s-1
u' fluctuating component of velocity, m s-1
α flow attack angle
ρ density, kg m-3
µ dynamic viscosity, kg m-1s-1
μeff effective viscosity
μt turbulent viscosity μt=ρCμk2/ε
αk inverse effective Prandtl number for k
αε inverse effective Prandtl number for ε
Γ molecular thermal diffusivity
Γt turbulent thermal diffusivity
δij a Kronecker delta
0 smooth duct
pp driving force
CT-HX circular tube heat exchanger
DSO diamond shaped orifice
FBR flow blockage ratio
HT heat transfer
PRT pitch ratio
TEF thermal enhancement factor (=(Nu/Nu0)/(f/f0)1/3)
T-BL thermal boundary layer
VC vortex core
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