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A B S T R A C T   

Based on the significance of heat transfer in tubular flows, various methods of heat transfer 
enhancement have been developed by scholars. The use of turbulator inserts like twisted tapes is 
widely discussed and suggested by researchers, and many studies have concentrated on the 
positive influence of these devices. However, the question is whether these devices always 
positively impact heat transfer and fluid flow. In this study, efforts were made to find possible 
adverse impacts of using twisted tapes on the average Nusselt number (Nu), friction factor (f), 
flow behavior, and performance evaluation criterion (PEC) of water-titania nanofluid. Three- 
dimensional (3D) numerical methods were used to assess a combination of three different con
figurations of 156 cases with/without turbulators with different numbers of blades and pitch 
ratios (PR). Results suggest that at Reynolds number (Re) = 4000, 6000, and 8000, only 25 %, 25 
%, and 22.9 % of the examined cases led to PEC values over 1. Based on the results, while twisted 
tapes raised the Nu by up to 65.1 %, the f can be increased by up to more than six times. 
Furthermore, streamlines and velocity magnitude contours were employed to discuss the fluid 
flow behavior in the presence of the turbulators. According to the findings, while with the best 
turbulator, the PEC value was increased by only 6.3 %, some of the turbulators reduced this 
parameter by up to 11.8 %, which is more severe. The worst performance was observed with the 
Case C (three-bladed) turbulator at a PR value of 11, which reduced the PEC by 11.8 %.   

1. Introduction 

In the realm of renewable energies like wind and solar power [1,2], the efficacy of harnessing these sources lies in optimizing 
energy conversion processes. Improving heat exchangers (HXs) becomes paramount, as they play a pivotal role in facilitating efficient 
thermal management within renewable systems [3]. Enhanced heat transfer (HT) capabilities not only bolster the overall performance 
of these technologies but also contribute significantly to the advancement of sustainable energy solutions, ensuring a greener and more 
resilient future [4]. The efficiency of industrial HXs has been improved over the years by applying various methods, such as using fins 
[5–7], porous media, nanofluids, and swirling flow devices [8]. The swirling flow of fluid is created by embedding a suitable swirl flow 
device in the circular tube. To increase the performance of HXs, various shapes of such turbulators were suggested by researchers 
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[8–10]. Stalin et al. [11] investigated the effectiveness of cinque-faced rib roughening in improving the efficiency of solar air heaters 
(SAHs) by introducing a novel design called the cinque-faced rib-roughened triangular channel SAH. Their study aimed to analyze the 
performance of this design considering parameters such as relative roughness pitch and height. The findings revealed remarkable 
efficiency of up to 80.7 % under optimal roughness parameters, showcasing the potential of this innovative design in enhancing solar 
energy utilization. Singh et al. [12] investigated the impact of various obstacle shapes, including Isosceles trapezoid and triangular 
with curved apex, on Nu and f in SAH ducts. The study revealed maximum enhancements in Nu and f with rectangular with curved 
edges obstacles in a staggered configuration, showing an average enhancement factor of 4.37. Additionally, they evaluated the 
thermo-hydraulic performance parameter. Alam et al. [13] investigated the thermo-hydraulic performance of small conical ribs on an 
SAH absorber plate using exergy analysis. They aimed to optimize the rib design by simultaneously considering thermal and hydraulic 
performance. The study revealed that the combination specific rib parameters, such as relative rib height and pitch, resulted in the 
highest exergy efficiency. Additionally, they highlighted the significant impact of solar insolation and Re on exergy efficiency, 
emphasizing the importance of considering surface roughness effects in SAH design. Kumar et al. [14] investigated the enhancement of 
thermal efficiency in parabolic trough solar collectors (PTSCs) by utilizing innovative coolant nanofluids (NFs) and a reconfigured 
receiver tube with oval ribbing. They analyzed the thermal and hydraulic performance of the modified PTSC across various param
eters. Their findings revealed that the incorporation of oval ribbed receiver tubes significantly improved heat transfer within the 
system. Dash et al. [15] explored the impact of cylindrical ribs with variable sector angles on heat transfer in microchannel passages. 
Their study focused on analyzing the Nu, f, and performance values in the Re range of 100–900. They found that changes in rib sector 
angles influenced Nu and f with the highest enhancement observed at a sector angle of 80◦. Ishaque et al. [16] explored the impact of 
HX design on heat pump performance under partial load conditions. They conducted numerical analysis and achieved a maximum 
seasonal performance enhancement of 7.07 %. Their findings highlighted the importance of air-side flow uniformity and suggested 
potential energy savings through optimized HX configurations. Nazir et al. [17] delved into the hydrothermal performance of PTSC 
concentrating systems and focused on the absorber tube. They systematically reviewed various turbulators employed in PTSCs, 
considering Nusselt number (Nu), mean friction factor (f), and thermal–hydraulic behavior. Introducing a novel PTSC with a com
bination of corrugated channels and obstacles, they demonstrated enhanced thermal-hydraulic performance compared to individual 
turbulators. The study highlighted the effectiveness of using specific geometries, such as ribbed absorber tubes and concentric rod 
inserts, providing valuable insights for optimizing PTSC designs. Chupradit et al. [18] explored the use of HXs with unique specifi
cations in the food and automotive industries. Employing Cu-based nanoparticles and Chloro-difluoromethane (R22) as NFs, they 
simulated HT in a turbulator using Fluent Software. The study focused on varying variables in a shell tube HX, including twist pitch 
ratio and diameter ratio. The results indicated significant increases in Nu with higher diameter ratios, especially at elevated Reynolds 
numbers. Furthermore, they observed enhanced HT in turbulators at higher Reynolds numbers and increased torsion pitch ratios. 
Esmaeili et al. [19] investigated the enhancement of thermal performance in parabolic solar collectors (PTCs) through the simulta
neous use of turbulators and NFs as the working fluid. Utilizing three-dimensional numerical simulations, the study explored the 
impact of different turbulator types and hybrid nanoparticles on HT and entropy generation in a PTC absorber tube. The introduction 
of conical helical gear rings as turbulators resulted in a 35.7 % increase in HT and a 32.8 % reduction in total entropy generation. The 
study demonstrated that turbulator insertion significantly improves HT coefficients, with the Bejan number consistently indicating the 
prevalence of thermal entropy generation in all cases. Xiong et al. [20] conducted a comprehensive numerical simulation on 
double-pipe HXs with conical and fusiform turbulators. Involving 21 configurations and considering various tube shapes and Reynolds 
numbers, the study revealed that circular inner pipes resulted in the maximum convective HT coefficient. The optimal configuration 
was identified as the tube with circular inner pipes and 12 mm fusiform turbulators. The findings emphasized the significance of 
turbulator diameter in enhancing HT and highlighted the trade-off between HX performance and pressure drop. Chaurasiya et al. [21] 
employed numerical simulations to explore corrugation effects on inner tube surfaces in a double-pipe HX. They examined internally 
and externally corrugated tubes at various helix angles. Results favored externally corrugated tubes, especially at a helix angle value of 
15◦, showing enhanced efficiency. They emphasized that further investigations are needed on the corrugation’s impact, especially 
regarding helix angle variations. 

Twisted tapes (TTs) are known as one of the common turbulators because their design and construction are very simple. They are 
widely employed for rotating the fluid and escalating the turbulence level within the tubes or channels. By making use of TTs as 
turbulators, the HT level is improved, which can result in a dramatic reduction in the size of the equipment. Different shapes of HXs 
with various TTs as turbulators were studied by many researchers [22–24]. Heeraman et al. [25] explored Nu and f properties in a 
double-pipe HX with TT inserts with dimple configurations. They investigated the effects of various dimple sizes and dimple 
diameter-to-depth ratios on these properties. Their findings revealed that TT inserts with dimples significantly enhance heat transfer 
rate and friction factor compared to plain tube arrangements, particularly beyond a certain Reynolds number threshold. Singh et al. 
[26] investigated the impact of toothed V-cut TT inserts on Nu, f, and performance properties in a double-pipe HX. Their experiments 
revealed that incorporating teeth on the v-cut TTs enhances results in better performance, particularly at higher Reynolds numbers, 
owing to secondary vortex flow generation. Additionally, the toothed v-cut inserts showed a superior balance between Nu and f 
properties. Sundar [27] investigated the HT characteristics of nanodiamond-Fe3O4/water hybrid NF in a tube with TT inserts. 
Experimental evaluations under turbulent flow conditions revealed that the NF exhibited significant enhancements in Nu and exergy 
efficiency compared to plain water tubes, particularly with TT inserts. The use of 0.2 % volume loading of NF, along with a TT insert of 
5, showed remarkable improvements in thermal entropy generation reduction (48.58 %) and frictional entropy generation increase 
(74.81 %). The study emphasized the promising potential of NFs with TT inserts for enhancing HT in HX tubes. Samutpraphut et al. 
[28] investigated the impact of sawtooth TT (S-TTs) on HT rate, f, and aerothermal performance index (API) within a pipe. By 
introducing intermittent flowing disturbance and swirling flow, the S-TTs demonstrated enhanced HT rates and higher f compared to 
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typical TTs. The optimum API of 1.33 was achieved with the S-TT featuring a 70◦ sawtooth angle. The study emphasizes the potential 
of S-TTs, outperforming TT and plain tubes in Nu. Feng et al. [29] investigated the HT enhancement in mini-channels using combined 
inserts of TT and wire coil. The study explored various configurations and found that the mini-channel with a full-length combination 
of these devices demonstrated the maximum HT rate, while the mini-channel with wire coil alone exhibited the highest overall thermal 
performance. The findings suggested that the combined structure effectively promoted flow mixing and HT, with the best overall 
thermal performance observed at different mass flow rates. 

In this brief literature review, it was aimed to illuminate the advancements in the field of turbulators and their impact on heat 
transfer and pressure drop. Previous studies have frequently demonstrated a remarkable augmentation in heat transfer rates through 
the implementation of turbulators. However, an essential question arises: do turbulators consistently yield favorable effects on heat 
transfer and fluid flow? This study endeavors to explore potential adverse consequences associated with the use of turbulators on Nu, f, 
flow behavior, and performance evaluation criterion (PEC) of water-titania nanofluid. Employing numerical methods, a compre
hensive analysis was conducted across different configurations comprising 156 cases with and without turbulators featuring varying 
numbers of blades (Case A = 1, Case B = 2, and Case C = 3) and pitch ratios (PR = 44, 22, 15, and 11, equivalent to the twist angles of 
2π, 4π, 6π and 8π, respectively) at different Re number in the turbulent flow regime (Re = 4000, 6000, and 8000) of titania-water 
nanofluid with various nanofluid concentrations (φ = 0.01, 0.02, and 0.03). Unlike most previous studies, which were based on 
step-by-step optimization, and set the determined and optimized variables constant for the next stages, the simulations were done for 
the cases with all of these variables, providing an extensive database. Additionally, the study utilized streamlines and velocity 
magnitude contours to elucidate the fluid flow behavior in the presence of turbulators. By addressing these complexities, the outcomes 
of this research endeavor aim to provide valuable insights to guide future studies and inform decision-making processes concerning the 
design and application of turbulators in heat transfer systems. 

2. Problem definition and boundary conditions 

The heat transfer and flow behavior of nanofluid in a tube equipped with a turbulator are numerically investigated in this article. 
For this purpose, tubes with lengths and diameters of 0.6 m and 0.00457 m were created in computer-aid design (CAD) software. Since 
not considering an inlet and outlet zone can lead to errors such as reverse flow in the numerical model, which can negatively influence 
the accuracy of the setup [30], the tubes were divided into three sections, each with a length of 0.2 m. The reason for considering these 
two sections before and after the test section (with heated wall) is to eliminate the effects of inlet and outlet conditions on the obtained 
results. It is important to note that the TTs are located in the middle section of the tube. Fig. 1 (a) shows the tube with different types of 
turbulators. The cross-section of the turbulator in Case A is a rectangle with a length and width of 0.003 m and 0.0004 m, respectively. 
In Case B and Case C, the cross sections of turbulators are obtained by connecting two and three rectangles to form a cross or semi-cross 
shape. Also, the TiO2–H2O nanofluid, the thermophysical characteristics of which are presented in Table 1, is chosen as the working 
fluid in this study. 

The sides of the first and third sections of the tube are insulated; however, a constant heat flux is considered on the side of the tube’s 
middle part, where the turbulators are located. A velocity inlet condition is imposed on the inlet boundary, and an outflow condition is 
selected for the outlet. The turbulators are created by twisting the tapes around the x-axis. The TTs are twisted with various angles 
along the tube to create a rotational flow in the fluid. Fig. 1 (b) shows the turbulators from the defined cases. It is necessary to mention 
that while the twist angles in this figure are 8π, the twisted angles of 2π, 4π, 6π and 8π are also examined for each case. The pitch ratio 
(PR) is known as the ratio of the length of twisted pitch (p) to the diameter of the pipe. For the twisted angles of 2π, 4π, 6π and 8π, PR is 
calculated to be 44, 22, 15, and 11, respectively. 

Fig. 1. Tubes with different turbulators. (a) The lateral view of tubes, and (b) the 3D view of turbulators.  
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3. Governing equations and numerical procedure 

Heat transfer and the behavior of nanofluid flow in a pipe with different turbulators are studied by solving the continuity, mo
mentum, and energy equations [32–34]. Based on previous studies [35,36], for modeling turbulence, the Renormalized Group (RNG) 
k-ε turbulence model is adopted for the simulations, as this approach has a suitable accuracy for considering the effects of swirling flow 
on turbulence [37]. The RNG k-ε model was introduced to enhance the efficacy of the standard K-ε model, particularly for swirling 
turbulent flow prediction. 
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where, ui and uj are the velocities in the xi and xj directions. T is the temperature of the nanofluid. k and ε are the kinetic energy of 
turbulence and the dissipation rate of the kinetic energy of turbulence. Gk and Gb are the generation of kinetic energy of turbulence due 
to the velocity gradient and buoyancy, respectively. C1ε, C2ε and C3ε are constant. 

The effective parameters of the employed nanofluid, such as density (ρnf), heat capacity (Cnf), and thermal conductivity (knf) are 
defined in the following forms [38]: 
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Moreover, the nanofluid’s viscosity is expressed by the following correlation [39]: 
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The previous parameter is a function of nanoparticle diameter (dp), which was considered 25 nm [40], nanofluid concentration, and 
df, which is defined as follows: 
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3

(10) 

The effective parameters are then substituted in Eqs. (1)–(5). The correlations are numerically solved with ANSYS Fluent 19.1. The 
Nu, f, and PEC values are employed to indicate the performance of the HX and are defined as follows: 
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Table 1 
The thermophysical properties of the materials involved in simulations [31].  

Materials Specific Thermal Capacity [J/kg.K] Density [kg/m3] Viscosity [Pa.s] Thermal Conductivity [W/m. K] 

Water 4179 997.1 0.00089 0.605 
TiO2 692 4230 – 8.4  
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Regarding the solution method, it should be noted that the second-order upwind scheme is applied to discretize the equations, 
while The SIMPLE algorithm is chosen to model the pressure-velocity coupling. 

4. Validation and grid sensitivity tests 

To assess the accuracy of this study, a tube fitted with a two-channel TT insert and constant wall heat flux from the experimental 
work of Eiamsa-ard and Promvonge [41] was chosen. The inner diameter of the tube was 47 mm, with a thickness and length of 1.5 mm 
and 1250 mm. To validate both the hydraulic and thermal aspects of the numerical simulation, the validation process was done by 
analyzing the average Nu and f values within the turbulent Re range of 5000–20000. The result is illustrated in Fig. 2. As can be 
observed, the numerical method predicts the pattern of changes, and the maximum deviation of the Nu and f are 5.8 and 3.2 %. 

Due to the complex nature of tube geometries with turbulator inserts, for all of the cases, an unstructured grid network was 
generated over the entire computational domain. To be able to better examine the flow and heat transfer in delicate areas, the 
computational cells located in the regions near the turbulator and wall of the pipe were chosen to be finer. Therefore, the test section 
where the evaluations were conducted, had more precise mesh sizing compared to the inlet and outlet zones, which were solely added 
to eliminate the inlet and outlet effects. 

To select the sizing setting of the mesh network, Case C with PR = 44 was selected as the reference. Grid independence tests were 
carried out using setups with 435000, 1127000, 1820000, 2463000, and 3176000 cells. The results of the average Nu with each of 
these setups, as well as their relative difference, have been presented in Fig. 3a. As it can be noticed from these plots, the setup with 
2463000 cells has a relative difference of less than 0.13 %; thus, since this option provides the best balance between the accuracy and 
computational time, it has been selected for this case. The grid network for this case can be observed in Fig. 3b. It is noteworthy that the 
configurations of this case have been extended to other cases as well. 

5. Results and discussions 

In this section, the influence of TTs on the changes in thermal and hydraulic behavior of the tubular fluid flow will be discussed. 
First, a plain tube will be selected as the benchmark case with different NP concentrations, then different TT inserts with various 
numbers of blades and PRs will be tested at Re = 4000–6000, and their effects on the Nu, f, flow behavior, and the PEC will be 
extensively discussed. 

Fig. 2. Comparison of the acquired numerical values with the experimental values of Eiamsa-ard and Promvonge [41]. The red line and blue line 
indicate the friction factor and Nusselt number values, respectively. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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5.1. Plain tube (base model) 

In a plain tube without a turbulator, the variations of Nu and f with various nanofluid concentrations and at different Re values are 
shown in Fig. 4. For this case, the variations in these values show that by raising the Re, the Nu values are increased, while f values are 
in a downward trend. The obtained results also reveal that with the growth of the nanoparticle concentration, the Nu is slightly 
augmented, while the increment in f values seems more severe. 

Fig. 3. (a) Grid independence tests, and (b) the generated grid for one of the cases.  

Fig. 4. Variations of (a) Nu and (b) f with various nanofluid concentrations and Re values for the plain tube without a turbulator.  
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5.2. The impact of turbulators on the average Nu number 

To evaluate the influence of TT insertion in the tubes, simulations were also carried out for the tubes with Case A, B, and C tur
bulators, with PR values of 44, 22, 15, and 11 at Re = 4000, 6000, and 8000. The variation of Nu and Nu/Nu0 ratios at various 
nanofluid concentrations for different cases and different PR values at Re = 4000 is shown in Fig. 5a. Looking at Nu/Nu0 ratios shows 

Fig. 5. Variation of Nu and Nu/Nu0 for (a) Re = 4000, (b) Re = 6000, and (c) Re = 8000.  
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that the insertion of turbulators in the tube leads to the increase in the value of Nu with ratios between 1.651 and 1.471, meaning that 
at this Re, the Nu number was increased at least 47.1 % (for Case A turbulator with PR = 11) and at maximum 65.1 % (for Case C 
turbulator with PR = 44). The reason can be sought in the alternation of the boundary layer on the tube wall under the effects of the 
rotational motion of fluid near the walls in the cases with turbulators. The changes in the flow pattern will be later discussed using the 
streamline and contours. It is found that Nu increases with the growth in the number of turbulator blades. Since the flow is guided by 
the grooves of turbulators, in the cases with a higher number of turbulator blades, a higher portion of the fluid is affected by the TT, and 

Fig. 6. The f and f/f0 values for different PRs at (a) Re = 4000, (b) 6000, and (c) 8000.  
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Nu can be expected to increase in these cases. Therefore, the Nu for Case C is more than that of Case B, and the Nu for Case A is lower 
than that of Case B. According to Fig. 5a, Nu is reduced by the growth in the value of PR. In other words, raising the PR, which is 
equivalent to the reduction of the twist angle, weakens the rotational motion of fluid in the vicinity of the hot walls. This seems logical, 
as with higher PR values, the twist angle of TTs is reduced, and since at this Re, the flow can follow the twist pattern of the TTs, lower 
twist angles are associated with less rotational flow and a lower level of turbulence; thus, it offers lower Nu numbers. Another critical 
point is that even though higher NP concentrations are associated with higher Nu numbers, the Nu/Nu0 ratios are reduced as this 
variable is raised. In other words, at higher NP concentrations, the influence of TTs in raising the Nu loses some of its significance. 

The effect of turbulators with different pitch ratios on Nu and Nu/Nu0 ratios at the Re = 6000 is shown in Fig. 5b. It can be noticed 
that based on the Nu/Nu0 ratios that by inserting the turbulators in the tube, the ratios range between 1.562 and 1.321, meaning that at 
this Re, the Nu number was increased at least 32.1 % (for Case A turbulator with PR = 44) and at maximum 56.2 % (for Case C 
turbulator with PR = 44). As it can be observed, while Nu increases with the growth in the number of the turbulator blades (Case C >
Case B > Case A) at Re = 6000, this parameter is a complicated function of PR. For Case A, Nu is a descending function of PR; whereas, 
it is an increasing function of PR for Case C. In the tube with the Case B turbulator, Nu is an increasing function of PR in the lower 
nanofluid concentrations and a decreasing function of PR in the higher nanofluid concentrations. Nevertheless, regardless of the 
turbulator geometric shape or NP concentration, the presence of TTs, improves the Nu number at this Re number, even though the 
improvement is not as significant as the augmentations at Re = 4000. 

The variation of Nu at different PR and nanofluid concentrations is shown in Fig. 5c for the cases at Re = 8000. As depicted in this 
figure, the range of the Nu/Nu0 ratio is between 1.530 and 1.254, which means the improvement in the Nu number over the base model 
(plain tube) was between 53.0 % (for Case C turbulator with PR = 44) and 25.4 % (for Case A turbulator with PR = 11). By observing 
the pattern of changes in the Nu values, it is evident that the value of Nu grows by raising the number of turbulator blades. It means that 
Nu in Case C is more than that in Case B and Nu of Case B is more than that of Case A. By increasing the number of TT blades, the flow of 
fluid is highly affected by the turbulators and the stronger rotational motion of the fluid is created in the tube. The results also reveal 
that Nu increases with the growth in the value of PR at the Re = 8000, because, as it will be discussed later using the streamlines, they 
cannot properly follow the TT profile if the TT has a high twist angle (a low PR). 

Fig. 7. The streamlines and the contours of velocity magnitude of tubes fitted with Case A turbulators (the values are in m/s).  
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5.3. The impact of the turbulators on the f values 

The impacts of nanofluid fraction, Re, and PR on the f and f/f0 ratios are shown in Fig. 6. According to the results, the insertion of 
turbulators inside the tube increases the f dramatically compared to that of the simple tube (Fig. 4b), so that the maximum f/f0 ratios at 
Re = 4000, 6000, and 8000, are 6.300, 4.810, 4.481, respectively, which all belong to the tube with Case C turbulator and PR = 11. 
These values are significant, as they suggest that even though the Nu number was only increased up to 65.1 %, the f values were 
increased up to more than six times. The rise of the f value is associated with considerably higher pumping power, so not only does it 
lead to higher power consumption, but sometimes it requires more expensive and bigger pumping systems, which can create 
considerable problems in practice. This indicates that the trade-off between the increased Nu number and the raised f values should be 
examined more closely using the PEC to ensure that the presence of TT can be advantageous. 

Considering the absolute values in these plots, it is apparent that raising the number of TT blades increases the contact surface with 
fluids, leading to higher f values. On the other hand, as the PR values are reduced, the twist angle of the TT is increased, raising the 
contact surface with the fluid and creating more complexity within the fluid flow. The changes in these values stem from alternating 
fluid flow behavior within the tubes. The turbulators lead to variation in the flow field which will be later discussed with streamlines. 
Aside from this, the velocity vector alters from the axial vector in the tube without the turbulator to two components of velocity in the 
tube with a turbulator which are named axial velocity and angular velocity. The changes in the velocity field are caused by the twisted 
geometry of the TTs and the fact that they can act as obstacles preventing the fluid flow from passing normally within the tube, which 
leads to the increase in the f. As can be observed, the influence of Re and PR parameters on the f values seems less complicated than 
their influence on the Nu. As the twist angle of the turbulator increases, which is associated with the decrease in PR, the TT blades act as 
a more intense obstacle in the axial direction of the fluid flow passage, which results in higher f values. Moreover, it is noticeable that 
raising the Re values reduces the friction factor, which is in line with the equation of this parameter, which has a fluid velocity value in 
its denominator. Also, raising the nanofluid concentration can increase the f value since it leads to higher fluid viscosity which is 
associated with higher pumping powers. 

Fig. 8. The streamlines and the contours of velocity magnitude of tubes fitted with Case B turbulators (the values are in m/s).  

A. Mohadjer et al.                                                                                                                                                                                                     



Heliyon 10 (2024) e30333

11

5.4. The impact of turbulators on flow behavior and velocity contours 

To analyze the changes in the flow pattern, it is necessary to examine velocity magnitude contours as well as streamlines. Fig. 7 
illustrates the streamlines and velocity magnitude contours at various cross sections in the tube with Case A turbulator with different 
PR values of PR = 44, PR = 22, PR = 15, and PR = 11 at Re = 6000. It can be found that fluid flow behavior is altered by locating 
turbulators in the tube. The TT causes the fluid to revolve around the tube’s axis, leading to the variation in the boundary layers on the 
heated wall. By inserting turbulators, the maximum velocity of the fluid at flow cross-sections does not occur in the center of the tube, 
and the velocity magnitude patterns undergo severe changes. Also, the fluid flow is forced to follow the rotational profile of the TTs, 
which is more significant when TTs have lower PR values (higher twist angles). In other words, the flow is more rotational with lower 
PR values. 

Similarly, the streamlines and velocity magnitudes in the tube with the Case B turbulators are shown in Fig. 8. The velocity contours 
and streamlines are obtained for PR = 44, PR = 22, PR = 15, and PR = 11, at Re = 6000. Comparison between Figs. 6 and 7 suggests 
that the maximum fluid velocity at different cross sections increases by inserting the Case B turbulator instead of the Case A turbulator. 
By making use of the Case B turbulator, the flow passage area is decreased, which can increase the fluid velocity up to some extent for a 
constant mass flow rate. On the other hand, the contact surface between the fluid and turbulator is elevated in Case B, which can create 
the boundary layer on a wider surface (with no-slip boundary condition). Because the mass flow rate should remain constant, the 
reduction of fluid velocity in the vicinity of the wider boundary layer should be compensated by increasing the fluid velocity in the 
areas farther from the surface. Hence, the maximum velocity of the fluid in the tube with the Case B turbulator is more than that with 
the Case A turbulator. 

Fig. 9 shows the velocity contours at different flow cross sections as well as streamlines in the tube with Case C turbulator. The 
results are achieved for different twist angles of the turbulator at Re = 6000. It can be found that the maximum velocity of the fluid at 
different flow cross sections for Case C is higher than those of Case B (Fig. 8) and Case A (Fig. 7). The contact surface between the fluid 
and the turbulator increases in Case C compared to those of Case B and Case A, which leads to the formation of the boundary layer on a 
wider region. The reduction of fluid velocity in the boundary layer occurs on the larger area which brings about the increase in the 
value of fluid velocity at sufficient distance from surfaces for having a constant mass flow rate of nanofluid. 

Another point that can be considered important is that by increasing the twist angle, the fluid cannot completely flow through the 
grooves. The behavior of streamlines in the areas far away from the center of the tube reveals that the rotational motion of the fluid is 
not entirely consistent with the twist pattern of the turbulators. It means that the increase in the twist angle of tapes does not 
necessarily lead to the further rotational motion of fluid around the walls. 

5.5. The impacts of the turbulators on the PEC values 

Fig. 10 shows the effects of nanofluid concentration and PR on the PEC of heat exchangers with the turbulators of Case A, Case B, 
and Case C at various Re values. Based on the results, the maximum PEC values at Re = 4000, 6000, and 8000, were found to be 1.063, 
1.052, and 1.032. On the other hand, the minimum PEC values at these Re numbers were calculated to be 0.881, 0.903, and 0.901. It is 
also noteworthy that at Re = 4000 and 6000, out of the 48 examined simulations conducted at each of these Re numbers, only 12 led to 
PEC values over 1 (25 % of cases). At Re = 8000, the results were even more frustrating, as only 11 cases had PEC values over 1 (22.9 % 
of the cases). 

It is observed that the PEC value slightly decreases with the growth in the number of turbulator blades because as the number of 
blades is increased, the f values are increased so severely that cannot be compensated by the rise of the Nu number, which leads to 
considerably lower PEC values. Thus, the comparison between the acquired numerical results by employing the suggested cases in this 
article reveals that Case A has a more appropriate PEC. It is significant to note that the use of a turbulator with a higher number of 
blades, which leads to stronger rotational motion of fluid, does not necessarily increase the PEC value. Increasing PR is equivalent to 
decreasing the rotational angle of the turbulator. It was expected from most of the previous works that the higher values of the 
rotational angle of the TTs lead to the improvement of the PEC of the heat exchanger. The acquired numerical result by applying the 
proposed turbulators in this study is opposite to what is expected from previous works. It is shown that increasing the twist angle of the 
proposed turbulators reduces the PEC of the heat exchanger, which is more noticeable in the higher values of Re. 

6. Conclusion 

In this research, it was tried to find the possible adverse effects of using turbulators in tubular heat exchangers. The Nusselt number 
(Nu), friction factor (f), and the performance evaluation criterion (PEC) were used as decisive parameters. Also, streamlines and ve
locity magnitude contours were employed to examine the behavior of the fluid flow. For this purpose, several parametric studies 
including 156 cases with and without turbulators with different blades (Case A = 1, Case B = 2, and Case C = 3) and pitch ratios (PR =
44, 22, 15, and 11, equivalent to the twist angles of 2π, 4π, 6π and 8π, respectively) were examined at various Reynolds numbers (Re =
4000, 6000, and 8000) and titania nanoparticle concentrations (φ = 0.01, 0.02, and 0.03). The main findings are summarized as 
follows.  

• Increasing the number of turbulator blades leads to higher Nu numbers. Based on the results, the Case C turbulator with three blades 
raised the Nu number by up to 65.1 %, 56.2 %, and 53.0 % compared to the benchmark cases, at Re = 4000, 6000, and 8000, 
respectively. 
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• The Nu number has a negative relationship with the PR at Re = 4000 and a positive relationship at Re = 8000. At Re = 6000, the 
connection between these two parameters is more complex as it depends on the case and nanoparticle concentration.  

• The f is significantly raised by inserting turbulators, and the influence of these devices is more considerable on this parameter than 
on the Nu number.  

• A higher number of blades and lower PR values lead to higher f values, so that the f/f0 for the case with Case C turbulator and PR =
11 was 6.300, meaning that the friction factor was raised by up to more than six times.  

• Lower number of turbulator blades, and higher PR values provide better PEC values (Case A turbulator with PR = 44), even though 
the provided improvement is limited to only 6.3 %.  

• In 25 %, 25 %, and 22.9 % of the examined cases with Case A, Case B, and Case C turbulators, the PEC value was dropped to lower 
than 1, meaning that the overall performance of the heat exchanger was reduced in the majority of examined cases.  

• While with the best turbulator, the PEC value was increased by only 6.3 %, some of the turbulators reduced this parameter by up to 
11.8 %, which is more severe.  

• Employing turbulators is suggested as one of the solutions that, if used properly, can increase the heat exchanger efficiency. This 
study reveals that heat transfer and PEC do not necessarily improve by applying turbulators. 

It is recommended that researchers in this field focus on adding some minor alternations to traditional TT inserts instead of working 
on multi-bladed ones which are associated with considerable pressure drops. 
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