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Abstract:  

In response to the century-long demand for heat energy, efficient use, conservation, and recovery of 

heat have become critical issues. Heat exchanger manufacturing, with its substantial capital and 

operational costs, now necessitates an efficient and energy-saving approach. Various methods have 

been developed over the years to enhance heat transfer within these systems to improve performance 

and reduce fuel consumption. One such approach is passive heat transfer enhancement, which involves 

introducing geometric alterations in the flow medium, such as using inserts or modifying the tube 

surface. This study aims to examine flow and heat transfer behavior within a horizontal tube, employing 

hexagonal perforated tube (HPT) inserts with varying diameter ratios (DR). To achieve this, a 3D 

model of the HPT inserts was developed and analyzed using finite volume based ANSYS Fluent 

software. The investigation considered Reynolds numbers (Re) within laminar flow regions, ranging 

from 1118 to 1676 while exploring HPT inserts with DR of 0.167, 0.238, 0.357, and 0.476, respectively. 

Results reveal that the Nusselt number (Nu) is notably influenced by both Re and DR of the HPT inserts. 

The enhancement in Nu achieved through the use of HPT inserts can reach up to an impressive 60.4% 

compared to the plain pipe's performance, offering substantial benefits in terms of energy conservation 

and system performance. 
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NOMENCLATURE p Pressure (Nm-2) 

Cp Specific heat (Jmol-1K-1) Re Reynolds number 

D Diameter (m) T Temperature (℃) 

DR Diameter ratios TT Twisted tapes 

HE           Heat exchanger  v⃗  Velocity vector (ms-1) 

HT Heat transfer Greek Symbols 

HPT Hexagonal perforated tube ρ Density (kgm-3) 

Nu Nusselt number μ Dynamic viscosity (Pa s) 

PTT Perforated twisted tapes κ Thermal conductivity (Wm-1K-1) 

1. Introduction  
 

The growing interest and demand for heat exchangers (HE), as indicated by market projections of surpassing $13 

billion by 2025 (HEMT, 2019), have prompted numerous researchers to explore cost-effective alternatives for 

enhancing heat exchanger efficiency. Improving HE efficiency translates directly to enhanced heat transfer (HT) 

rates with minimal energy and material expenses. In the realm of passive HT enhancement techniques, which 

involve the incorporation of inserts into heat exchanger tubes, various insert types have been employed and 

investigated to boost HT rates (Dhumal et al., 2017; Bhattacharyya et al., 2022; Ali et al., 2023). Among these, 

brush inserts, coil wire inserts, twisted tape inserts, and mesh inserts are commonly used (Paneliya et al., 2020; 

Mohammad et al., 2013; Kundan and Darshan, 2022). Indeed, the practice of augmenting mixed convection HT 

by employing inserts in cylinders is well-established across various industries (Sarada et al., 2011). Hence, the 

research on enhancing HT through the use of inserts in horizontal tubes underscores the significance of ongoing 

studies, demanding considerable attention to scrutinize their inherent characteristics. Since the late 1990s when 

hexagonal perforated tube inserts (HPT) were discovered as a means of HT enhancement, there has been a 

consistent upward trend in investigating the ideal insert types with respect to HT modes (Assari et al., 2023; Gabir 

and Alkhafaji, 2021). This suggests that researchers are gradually filtering out less effective methods while 

simultaneously identifying new insert types and advancing potential techniques in pursuit of achieving optimal 

HT rates. 
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To date, the literature has encompassed a wide array of inserts, including twisted tape inserts, wire coil inserts, 

ribbed inserts, baffles, plates, helical screw inserts, mesh inserts, and conical rings (Kanojiya et al., 2014; 

Bhattacharyya et al., 2021; Nandakumar et al., 2022). Extensive research spanning several decades has been 

conducted on these inserts by various scholars, aiming to pinpoint the most effective inserts capable of delivering 

a significant boost in HT while maintaining a reasonable level of pressure drop (Maradiya et al., 2018; Tu et al., 

2015; Vaisi et al., 2023; Kore et al., 2023). Eventually, coil wire inserts and twisted tape inserts began to garner 

more attention than other insert types (Allam et al., 2021). In the early 20th century, Naphon's study (Naphon, 

2006) delved into the impact of coil wire inserts in double-pipe heat exchangers using water as the working 

medium. The wire had a 1 mm diameter and was fashioned into a coil with a 7.80 mm diameter. This investigation 

yielded a notable enhancement in HT within the laminar flow regime, with a gradual decline in effectiveness as 

the Reynolds number (Re) increased. 

 

Garcia et al., (2005) conducted an experimental analysis of HT performance using helical wire coil inserts within 

a round tube spanning from laminar to turbulent flows. Their observations revealed a nine-fold increase in pressure 

drop and a four-fold increase in HT under turbulent conditions when compared to the results of a plain tube. 

Notably, the helical coil wire inserts demonstrated superior performance in the transition flow region compared 

to laminar regimes. Building on this work, Gracia et al., (2012) extended their investigations to assess the thermal 

performance of corrugated tubes, dimpled tubes, and coiled wire inserts. They found that incorporating coil wire 

inserts yielded the most benefits when Re ranged between 200 and 2000. Noothong et al., (2006) explored the 

impact of twisted tape inserts with varying twist ratios in a double pipe HE, utilizing air and water as HT mediums. 

The maximum average Nusselt numbers (Nuavg) observed were 188% and 159% higher than those of a plain tube 

when using twist tapes with twist ratios of 5 and 7, respectively. Several other studies aimed at quantifying HT 

enhancement. Sundar and Sharma (2010) achieved a 33.51% total enhancement in HT using twisted tapes with 

nanofluids at turbulent flow, while Hejazi et al., (2010) concluded that the incorporation of twisted tape inserts 

resulted in a 40% overall increment compared to a plain tube. 

 

Furthermore, persistent efforts have been invested in comparing HT enhancement performance of coiled wire 

inserts and twisted tape inserts. In an experimental study conducted by Wang and Sunden (2002), a comparison 

was made between HT rates of coiled wire inserts and twisted tape inserts. They found that twisted tape inserts 

delivered approximately 42% higher heat performance than coiled wire inserts when the pressure drop was not 

factored in. Conversely, coiled wire inserts exhibited superior thermal efficiency when the pressure drop was 

taken into account. These promising results from insert-based HT enhancement have spurred further research 

endeavors, aiming to explore the optimal design of inserts. Additionally, researchers have explored modifications 

to inserts, with an eye toward achieving improved HT enhancement outcomes while considering factors such as 

material consumption and pressure drop. Rahimi et al. (2009) delved into the performance of classic, perforated, 

notched, and jagged twisted tape inserts. Their findings concluded that geometric modifications applied to twisted 

tape inserts led to greater HT enhancement by introducing higher turbulent intensity near the tube wall surfaces. 

Results indicated an approximate 31% increase in Nu when employing jagged twisted tapes compared to classic 

twisted tapes. In a separate investigation by Chang et al. (2007), the performance of HT enhancement was studied 

by incorporating broken twisted tapes, which resulted in a remarkable increase in thermal performance, reaching 

up to 4.7 times when compared to smooth twisted tape inserts. One notable modification to inserts is perforation, 

involving the creation of holes through the metal sheet, a feature that has gained prominence. 

 

Numerous researchers have undertaken comparative studies between perforated inserts and conventional inserts. 

Eiamsa-ard et al. (2009) achieved a superior HT performance of up to 208% with perforated twisted tapes (PTT) 

inserts in contrast to regular twisted tapes (TT). Mashoofi et al. (2017) also observed enhanced thermal 

performance with PTT compared to TT, particularly under turbulent conditions at Re = 16000. Furthermore, 

Bhuiya et al. (2013) recorded a remarkable 340% increase in Nu and a 59% improvement in the thermal 

performance factor using PTT inserts with varying porosities, as compared to tubes without inserts. Additionally, 

Suri et al. (2017) reported a notable 5.92-fold increase in Nu with square perforated twisted tapes while 

maintaining a reasonable level of friction factor. The research conducted by these scholars collectively indicates 

that perforation features contribute to reducing overall pressure loss. In a similar vein, Salam (2017) investigated 

HT enhancement using rectangular fins with solid and circular perforations along the lateral axis. This led to 

improved thermal performance, as evidenced by an increase in Nu and a reduction in pressure drop when circular 

perforated fins were employed. Moreover, Lei et al. (2012) achieved a further 34.1% to 46.8% enhancement in 

HT and an 8.0% to 16.1% reduction in friction factor by employing modified twisted tapes in comparison to 

smooth twisted tape inserts. This reduction in friction factor was attributed to the hole features of the modified 

twisted tapes, which contributed to alleviating the significant pressure loss observed with smooth twisted tapes. 
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More details on the flow in the pipe are also available in the literature (Saha and Paul, 2014a, b; 215a, b; 2017; 

2018). 

 

The literature has described numerous types of inserts, and many researchers continue to explore new insert 

designs and potential modifications. It is evident from the literature that altering plain inserts leads to improved 

HT rates and thermal enhancement factors. This improvement primarily results from the introduction of small 

gaps through modification features, which effectively manage pressure drop at a reasonable level, consequently 

enhancing overall thermal performance compared to plain inserts. This not only enhances performance but also 

conserves energy and materials. Research on improving HT through the use of perforation feature inserts remains 

relatively limited. Earlier studies have employed circular or square-shaped perforation patterns, with hexagonal 

perforation designs receiving little attention. In this study, we have optimized the geometric domain and 

incorporated various flow control parameters to address this gap in the research. 

 
Fig. 1: (a) Schematic design of the physical model, (b) Configuration of hexagonal perforated tube insert, (c) Enlarged view 

of the tube insert with physical dimensions. 

2. Physical Model and Governing Equations  
 

This research aims to develop an efficient heat transfer technology that may be used in a variety of real-world 

applications, such as heat exchangers, chemical reactors, and air conditioners. ANSYS FLUENT was used to 

evaluate models of hexagonal perforated tube (HPT) inserts. Examinations have been conducted to assess the 

convective HT performance utilizing hexagonal perforated tube (HPT) inserts within a horizontal tube of a shell-

and-tube HE. The schematic representation of this current research is depicted in Fig. 1, wherein the hexagonal 

perforated insert is situated within the fluid flow tube. The tube length was set to 3 cm for shell insertion, while a 

longer plain pipe was used to capture the fully developed profile. The hexagonal pattern perforation serves a 

specific purpose due to its expansive open area, which promotes enhanced medium mixing and fluid flow within 

the horizontal tube without encountering significant obstructions. The hexagonal pattern on the tube's surface has 

been meticulously designed, covering up to 79% of the open area, a strategic approach that minimizes material 

consumption and, consequently, reduces the weight of HE. The hydraulic diameter of the horizontal tube was 

standardized at 0.042 meters, and various diameter ratios of HPT have been analyzed in this investigation. The 
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tube was engineered with a hole diameter of 6.0 mm, a pitch-I distance of 6.76 mm, and a pitch-II distance of 

11.63 mm, as depicted in Fig. 1c. The investigation focused especially on the performance gains that were seen 

at different flow conditions. The paper then attempts to evaluate performance parameters, such as Nusselt number, 

Heat flux, and performance analysis, empirically for HTP inserts with profile cuts at various flow controlling 

parameters. 

In this study, the Navier-Stokes equations are employed to describe the behaviour of the medium, particularly 

when dealing with air as the primary fluid, which is assumed to exhibit Newtonian properties. These equations, 

along with the energy transport equations, make the assumption that the air medium is steady-state, three-

dimensional, incompressible, and devoid of chemical reactions. Additionally, various factors such as buoyancy, 

phase changes, and HT through radiation and conduction are omitted from consideration to maintain simplicity in 

this study. It is presumed that other thermophysical characteristics of the air medium remain constant. Therefore, 

the fundamental mathematical equations governing this flow phenomena encompass continuity, momentum, and 

energy equations are given below (Saha et al., 2010; Xu and Saha, 2014; Al zahrani et al., 2020): 

 

𝛻. (𝜌𝑣 ) = 0

𝛻. (𝜌𝑣 𝑣 ) = −𝛻𝑝 + 𝛻. (𝜇 𝛻𝑣 )

𝛻. (𝜌𝐶𝑝𝑣  𝑇) = 𝛻. (𝜅 𝛻𝑇)
} (1) 

where ρ is the density, 𝜅 is the thermal conductivity, μ is the dynamic viscosity, p is the pressure, T is the 

temperature, 𝑣  is the velocity vector, and Cp is the heat capacity at constant pressure. 

 

In laminar flow considerations, HT approach is distinguished in terms of the dimensionless quantity known as the 

Nusselt number (Nu). Hence, the study mainly is focused on the convective HT by Nu which is expressed in Eq. 

2. The ratio of convective to conductive heat transfer is estimated by the non-dimensional quantity Nusselt 

number. It is commonly applied to calculate the efficiency of fluid flow in transmission heat from lower heat 

energy to higher heat region. The Nu for forced convection inside a tube or pipe with HTP inserts can be 

determined by using Eq. (3) according to the study conducted by Kadbhane and Pangavhane (2024): 

3. Numerical Method  
 

3.1 Model formulation 
 

The precise numerical approach employed here provides a detailed explanation of the computations involved in 

utilizing a HPT insert to enhance convection within a horizontal tube under laminar flow conditions. This 

investigation encompasses an analysis of fluid flow and HT, which leverages meticulously devised simulation 

techniques based on computational fluid dynamics (CFD). To conduct this analysis, numerical simulations of the 

governing equations were executed using the commercially available simulation software ANSYS Fluent 

(version: 19.2), in conjunction with SolidWorks for designing the three-dimensional model. The simulation was 

configured with a sequential algorithm to attain a stable solution, employing the SIMPLE algorithm as the 

pressure-velocity coupling method and the QUICK scheme for solving the energy and momentum equations. The 

inlet boundary and initial conditions were set to a fixed axial velocity, while the outlet condition was maintained 

at the average static pressure, equivalent to standard atmospheric pressure. All tube walls remained stationary, 

and a non-slip boundary condition was applied. A constant wall temperature of 380 K was maintained. The laminar 

flow experiments were carried out at three distinct ranges of Re. Table 1 provides an overview of the parameters 

controlling the flow and other thermophysical properties within the fluid domain. 

 
Table 1: Initial and boundary conditions applied in this study. 

Parameters/Properties Values 

Inlet velocity  0.4, 0.5 and 0.6 

Re 1118, 1397 and 1676 

𝜌  1.205 

𝜇 1.81 × 10−5 

𝜅 0.027 

𝑁𝑢 =
𝑞𝑐𝑜𝑛𝑣 𝐷

(𝑇𝑤 − 𝑇𝑚) 𝜅
, 𝑇𝑚 =

1

2
(𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡) (2) 

𝑁𝑢 = 0.214 × (𝑅𝑒0.8 − 100) × 𝑃𝑟0.4 (3) 
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3.2 Grid refinement tests 
 

The entire computational domain for the cylindrical structure, including HPT insert, was modelled. Commercial 

software ANSYS Fluent 19.2 was employed to create this domain, using a tetrahedral grid structure. This grid 

consisted of a varying number of nodes, ranging from 47,360 to 168,279, and was generated using a multi-zone 

meshing approach, illustrated in Fig. 2. To enhance accuracy, inflation techniques were applied in areas with 

higher grid concentration, such as near-wall contact regions and insert-fluid contact regions. Additionally, a denser 

mesh was employed at radial angles to ensure proper resolution of intricate flow patterns. 

 
Fig. 2: Computational mesh structure of the domain. 

 

Grid refinement tests were conducted to assess the stability of the mesh generated within the domain and to 

determine the most suitable mesh configuration for achieving highly accurate numerical solutions. In the context 

of this study, five distinct grid refinement tests were executed, corresponding to the utilization of five different 

models illustrated in Fig. 3. One model featured a plain horizontal tube, while the remaining four incorporated 

HPT inserts with varying DR. Notably, the mesh size was inversely related to the number of nodes, with the 

densest mesh having the smallest grid size. Throughout the grid resolution analysis, outlet velocities were 

extracted for each grid size.  
 

As illustrated in Fig. 3a, the computed grid sizes ranged from 8,906 to 266,236 nodes, and the outlet velocities 

displayed minimal variation between grid sizes 114,456 and 266,236. The consistency of these computational 

outcomes underscores the fact that the solution's accuracy hinges on the number of cells into which the domain is 

divided. Consequently, a mesh size of 114,456 nodes was chosen for all simulations involving the plain tube 

investigation, ensuring efficient computational time utilization without compromising result accuracy. Similarly, 

for Figs. 3(b to e), representing HPT inserts A to D, the selected grid sizes were 168,279, 47,360, 99,138, and 

138,876 nodes. These choices were based on the convergence of results while maintaining an optimal 

computational cost. These grid configurations were correspondingly employed for post-processing procedures. 

The velocity profiles for each model reached a stable level, confirming that the models were well-converged at 

the minimum grid size. 
 

3.3 Model validation 
 

The validation of numerical findings against previous experimental data is a critical step in assessing their 

alignment with established correlations. The equations (Eq. 2 and Eq. 3) have been used to calculate the Nusselt 

number for both experimental and numerical studies. An experimental study, conducted under identical parameter 

conditions as the computational investigation, featured a comprehensive experimental setup depicted in Fig. 4. 

Moreover, Fig. 5 provides a side-by-side comparison of Nu values obtained from both experiments and numerical 

simulations for plain tubes and tubes equipped with the HPT-A insert across various Re conditions. Remarkably, 

the computed Nu values for HPT-A from the computational model consistently exceeded the corresponding 

experimental Nu values. Conversely, Nu values for plain tubes were consistently underestimated across all Re 

ranges. The increase in Re is attributed to the growing prominence of fluid viscous forces, leading to reduced 

shear between the fluid and the tube wall, responsible for increased momentum (Holman, 2010). However, the 

disparities observed in Nu between the numerical and experimental results may stem from variations in the 

experimental conditions, yielding different Nu quantities. Inevitable factors include the inclusion of conduction 

and radiation HT conditions in the experimental setup and fluctuations in the current and voltage supplied from 

the laboratory, potentially affecting the air flow velocity from the blower during the experimental studies. 

Calibrating uncertainties in the devices used in the experiment could also contribute to variations in the final 

investigation results. Furthermore, in the experimental configuration, convection heat fluxes were assumed to be 

constant for all cases, diverging from the numerical investigation where individual heat fluxes were efficiently 

computed using software. These collective factors contribute to the distinctions between the experimental and 

numerical results. 
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Fig. 3: Grid refinement test at various grid sizes. (a) Velocity distribution for plain tube, (b) Velocity distribution for HPT - A 

insert, (c) Velocity distribution for HPT - B insert, (d) Velocity distribution for HPT - C insert, (e) Velocity distribution 

for HPT - D insert. 
 

 
Fig. 4: Image of the experimental configuration. 
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Fig. 5: Comparison between experimental results and numerical results for the model validation in the case of plain tube and 

HPT - A inserts. 

The proposed model was comprehensively validated with another experimental study by Naik et al. (2013). We built a 

computational domain based on their protocol and used similar flow conditions. We monitored the average Nusselt number 

relative to Reynolds numbers, optimizing flow conditions and geometry through trial and error. Figure 6 shows the mean Nu 

as a function of Reynolds number, revealing a consistent upward trend with minimal fluctuation that aligns with experimental 

findings. 

 

Fig. 6: Comparison of averaged Nusselt number as the function Reynolds number from present study with numerical findings 

from Naik et al. (2013) study. 

4. Results and Discussion  
 

In this section, we explore the enhancement of convective HT effects. We also analyze and discuss various aspects, 

including temperature and velocity contours, convective heat flux, as well as Nu within the numerical domain. 

 

4.1 Temperature contours 

 

Temperature profiles, particularly at the outlet and along the tube, were visualized through the creation of 

temperature contours for both the plain tube and tubes equipped with HPT inserts, as depicted in Fig. 7 (a and b). 
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In Fig. 7a, temperature contours extracted from the plain tube at different Re = 1676, 1397, and 1118 at the outlet 

are presented. The maximum temperature (Tmax, 377.6 K) on the plain tube was observed at the outer wall, while 

the minimum temperature (Tmin, 300 K) was recorded in the central region of the tube. Furthermore, in Fig. 7b, 

the outlet temperature contours of tubes fitted with HPT inserts at different DR are illustrated. The development 

of these contours followed the same heating and Re conditions as those of the plain tube. Consequently, upon 

comparing the temperature contours of the plain tube as shown in Fig. 7a and those of the tube equipped with 

HPT inserts as shown in Fig. 7b, a notable observation is the temperature increase in tubes with HPT inserts. The 

average temperature extracted from the tubes enhanced with HPT inserts was found to be up to 4.5% higher than 

in the plain tube. This temperature increment resulting from the insertion of HPT inserts is attributed to the 

heightened disturbance within the boundary layer due to increased fluid mixing.  

 

Fig. 7a: Temperature contour plots for different Re at outlet of plain tube 

 

 
Fig. 7b: Temperature contour plots for different Re at outlet of plain tube employed with (a) HPT - A, (b) HPT - B, (c) HPT – 

C, (d) HPT – D. 

 

4.2 Velocity contours 

 

To gain insights into the fluid dynamics influenced by HPT inserts, velocity contours at the tube outlet were 

generated for each scenario, as depicted in Fig. 8. Figure 8a illustrates the outlet velocity contours when a plain 

tube is employed at various Re. In all cases with the plain tube, a consistent pattern emerges, with higher velocities 

concentrated at the tube's center, gradually diminishing near the tube's wall. This pattern suggests fully developed 

and parabolic flow. In contrast, when comparing the velocity contours obtained with plain tube to those utilizing 

HPT inserts, a noticeable contrast becomes apparent in Figs. 8 (b-e), showing the outlet velocity contours for tubes 

equipped with HPT inserts A, B, C, and D, respectively.  
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The incorporation of HPT inserts brings about notable changes in flow patterns within the tube when contrasted 

with the plain tube. Examining Figs. 8 (b-e), it becomes evident that the application of HPT inserts has a 

substantial impact on velocity profiles within the tube. In the depicted figures, the velocity in proximity to the 

tube wall rises owing to the amplified mixing and swirling effects generated by the HPT inserts. This results in 

velocity magnitudes of approximately 15.19%, 3.15%, and 6.67% higher for HPT-A, HPT-B, HPT-C, and HPT-

D, respectively, at Re = 1676. Interestingly, the peak outlet velocity for the tube with HPT-B is approximately 

4.88% lower compared to the plain tube. This discrepancy underscores how different HPT insert designs can lead 

to distinct disturbance effects. Figs. 8 (b-e) show that higher DR of the HPT inserts generate higher velocities 

within the inserts themselves, while lower DR of HPT inserts lead to higher velocities outside the inserts, between 

the tube's walls. Consequently, this creates variations in velocity magnitude along the tube, reflecting the 

disturbance effects brought about by the HPT inserts. 

 
Fig. 8: Velocity contour plots for different Re at outlet of the geometry along the cross-section of the cylinder: (a) plain 

cylinder, (b) HPT-A, (c) HPT-B, (d) HPT-C and (e) HPT-D. 

 

4.3 Heat transfer and heat flux analysis 
 

Figure 9 illustrates the average surface convective heat fluxes. Notably, the heat flux calculated for tubes equipped 

with HPT inserts significantly surpassed those achieved in plain tubes. Specifically, for Re = 1676, the convective 

heat flux for tubes featuring HPT-A, HPT-B, HPT-C, and HPT-D was 54.5%, 23.2%, 23.6%, and 10.6%, 

respectively. Similarly, at Re = 1397, these values increased by 53.1%, 22.6%, 22.6%, and 10.1% for HPT-A, 

HPT-B, HPT-C, and HPT-D, respectively. Finally, at Re = 1118, we observed respective increments of 56.9%, 

21.3%, 21.4%, and 9.7% for HPT-A, HPT-B, HPT-C, and HPT-D. Notably, HPT-A inserts consistently 

outperformed the other HPT inserts in generating higher convective heat flux. 
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Fig. 9: Convective Heat Flux computed for each of the cylinder with and without HPT inserts. 

In this study, we have extracted the local Nu values along the dimensionless distance of the tube and presented 

them in Fig. 10. Figure 10 displays the graphs illustrating the local Nu profiles for tubes equipped with HPT-A, 

HPT-B, HPT-C, and HPT-D at Re of 1118, 1397, and 1676. The Nu values in these graphs were computed along 

the dimensionless distance from the tube inlet to the outlet. Observations from the plot panels reveal a consistent 

trend where the local Nu curve gradually decreases from the inlet and stabilizes near the outlet. This behaviour 

signifies the impact of Re on Nu for these geometrically modified perforated tube inserts. Given that the 

distribution of the local Nu along the tube predominantly reflects the temperature gradient along its length, the 

stable curves near the tube's outlet suggest minimal or no variations in temperature, thus indicating the stability 

of the convective Nu in this region. 
 

 
 

Fig. 10: Local Nu along the dimensionless distance of tube induced with (a) HPT-A, (b) HPT-B, (c) HPT-C and (d) HPT-D. 
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Table 2 displays the percentage improvements in convective Nu achieved by HPT-A, HPT-B, HPT-C, and HPT-

D in comparison to a plain tube. It is evident that the inclusion of HPT inserts leads to significantly higher 

convective Nu compared to a plain tube. According to the findings of Gou et al. (2011), this increase in Nu, 

resulting from the use of inserts, is attributed to a reduction in the cross-sectional area of the flow and an increase 

in the velocity of the induced tubes, as illustrated in Fig. 8, which enhances swirl flow within the tube. These 

factors collectively contribute to an increase in HT coefficient of the induced tube. Furthermore, the incorporation 

of perforated features in the inserts promotes additional swirl flows, further augmenting the velocity magnitude. 

It is noteworthy that the overall enhancement of Nu achieved by HPT-A, HPT-B, HPT-C, and HPT-D at Re = 

1118 is 52.4%, 20.6%, 13.7%, and 8.7%, respectively. At Re = 1397, the Nu enhancements are 58.8%, 21.0%, 

15.2%, and 8.8% for HPT-A, HPT-B, HPT-C, and HPT-D, respectively. Additionally, at Re = 1676, the 

enhancements in Nu are 60.4%, 21.7%, 16.6%, and 8.9% for HPT-A, HPT-B, HPT-C, and HPT-D, respectively. 

These results clearly indicate that higher Re lead to greater improvements in convective Nu. Furthermore, a 

noteworthy insight gleaned from this current study is the influence of DR of HPT inserts on the distribution and 

magnitude of swirl flows generated within the tube, consequently leading to varying degrees of Nu enhancement. 

In the context of this study, as evidenced in Table 2, it is evident that a larger DR of the HPT inserts resulted in a 

greater enhancement of Nu (specifically, HPT-A yielded the highest Nu enhancement). 
 

Table 2: Percentage of Nu enhancement by various HPT inserts. 

 Reynolds number (Re) 

Models 1118 1397 1676 

HPT-A 52.37% 58.76% 60.40% 

HPT-B 20.60% 21.02% 21.68% 

HPT-C 13.67% 15.16% 16.63% 

HPT-D 8.72% 8.81% 8.94% 

5. Conclusions  

Numerical analysis was conducted to examine the augmentation of Nu within a horizontal tube through the 

utilization of HPT inserts under laminar flow conditions, covering a range of Re from 1118 to 1676. The key 

findings from this study are summarized as follows: 

 

 HPT-A achieved a remarkable convective Nu enhancement of up to 60.4% at Re = 1676. 

 An increase in Re leads to a corresponding increase in convective Nu, attributed to improved fluid mixing 

and swirling within the tube. 

 DR of the HPT inserts directly impacts flow disturbance and swirl, resulting in varying levels of Nu 

enhancement. 

 

The study presented qualitative results by depicting temperature and velocity contours for both plain tubes and 

tubes with HPT inserts. Furthermore, the local and average Nu distribution was analyzed across different Re and 

DR values for HPTs. Additionally, a comparative analysis was conducted to assess the convective Nu 

enhancement between tubes with and without inserts. The insights gained from this investigation hold significant 

potential for the design of more efficient industrial HT equipment. Thus, this research makes a valuable 

contribution to the field of enhancing convective heat transfer through the use of passive HPT insert techniques. 
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