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This research examined the synergistic enhancement mechanism of nanofluids 
and hollow single-pitch twisted tapes within heat exchange tubes through nume-
rical simulation analysis. Thermal performance of Al₂O₃, ZnO, and CuO nanoflu-
ids under laminar flow conditions was assessed. This study focused on investiga-
ting the changes in heat transfer coefficient and friction coefficient under low 
Reynolds number conditions by keeping the geometric parameters of the twisted tape 
fixed and altering the nanofluid type, concentration, and inlet temperature. Results 
demonstrate raising the inlet temperature can enhance the heat exchanger's effici-
ency, particularly once the Reynolds number surpasses 1000, as the inlet tempera-
ture on the heat transfer coefficient. In addition, the composite enhancement 
structure using nanofluids significantly improves heat transfer performance. Com-
pared with a pure water solution, the heat transfer coefficient increases substantially 
by 16%-31.6%. Nanofluids at high concentrations show decreased friction coeffici-
ents, however, the pressure drop is greater than with pure water with a range not 
exceeding 10.03%. Thus, despite heat transfer enhancement, the incurred energy 
efficiency loss needs to be accounted for. The novel composite enhanced heat trans-
fer strategy proposed herein integrates nanomaterials and single-pitch twisted tape 
geometry. It offers theoretical support for designing optimized heat exchangers, spe-
cifically for low Reynolds number applications.  

Keywords: nanofluid, single-pitch hollow twisted tape, laminar flow, 
enhanced heat transfer 

Introduction 

As the core component of a heat exchange system, a heat exchanger's performance 

directly governs industrial energy utilisation efficiency. To enhance the performance of heat 

exchangers, scholars have proposed various methods to optimize the heat transfer effect. For 

example, increasing the roughness of the pipe wall surface or introducing passive strengthening 
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methods such as inserts [1, 2]. Among numerous passive enhanced heat transfer technologies, 

the insertion of twisting elements is a common method. Pipes with twisting elements have been 

extensively used in vortex devices to augment heat transfer effectiveness and have been exten-

sively applied in industrial sectors including petroleum, chemical engineering, power, and met-

allurgy [3]. Numerous studies have confirmed the enhancement impact of these technologies 

on the efficiency of heat exchangers. 

Traditional twisted tapes are effective at enhancing fluid mixing and heat transfer, 

but they typically cause higher resistance losses. Enhancing heat transfer with reduced pressure 

drop and resistance, researchers have implemented various optimizations and modifications to 

the twisted tape design. For example, changing the width of the twisted tapes [4], left-right 

twisted tapes [5], non-uniform twisted tapes [6], alternating axis twisted tapes [7], hollow 

twisted tapes [8], and short-interval twisted tapes [9] are all typical representatives among them. 

Among them, the hollow twisted band structure has attracted much attention due to its unique 

advantages. Under laminar flow, Li et al. [10] experimentally compared hollow and ordinary 

twisted tapes at identical pitch, finding the hollow type yielded 28.1% higher overall heat trans-

fer effectiveness. This result indicates that the hollow structure not only effectively improves 

heat transfer but also partially reduces the high resistance associated with traditional twisted 

tapes. He et al. [8] experimentally studied twisted strips with different hollow widths and found 

that the enhanced heat transfer effect of hollow twisted strips under laminar flow conditions 

was better than that under turbulent flow conditions, further verifying its superiority under low 

flow rate conditions. In addition, the design that reduces the length of the twisted band also 

lowers the flow resistance to a certain extent while maintaining a substantial heat transfer effi-

ciency [11]. Since their application, nanofluids have remained prominent in enhancing heat 

transfer research [12]. The primary goal of nanofluids is to attain elevated thermal conductivity 

at minimal concentrations. Therefore, in recent years, nanofluids have been regarded as a 

promising heat transfer enhancement material [13]. Studies show that metals such as Au, Cu, 

and Ag, as well as metal oxides such as Al2O3 and CuO, all perform well in nanofluid heat 

transfer enhancement applications. 

Research shows composite strengthening technology improves heat transfer and ther-

mal performance more effectively than individual methods [14]. For example, Chammam et 
al. [14] numerically simulated twisted tape pitch ratio effects on nanofluid thermal perfor-

mance and friction coefficient within heat pipes. Elevating Reynolds numbers intensified vol-

umetric friction, raising the Nusselt number by 8.45% and the friction coefficient by 3.35%. 

Panja et al. [15] studied Al2O3 and CuO nanofluids with concentrations ranging from 3%-7% 

and analyzed the thermal performance of solar collectors inserted with porous obstacles. The 

results showed that Al2O3 and CuO nanofluids raised average Nusselt numbers by 26.27% and 

36.74%. Kia et al. [16] combined numerical simulations with experiments to examine heat 

transfer and pressure drop in nanofluids within spiral tubes under varying temperatures. The 

study revealed that with increasing temperature, the viscosity of the fluid decreases, resulting 

in an escalation of pressure drop. Ajarostaghi et al. [17] investigated three composite enhanced 

heat transfer techniques, center scavenging twisted belt, bellows and nanofluid through numer-

ical simulations, and the findings demonstrated that increasing nanoparticle concentration en-

hanced the heat transfer coefficient and thermal efficiency of the nanofluid. 

With the expansion of the global industrial scale and the increase in equipment power, 

the complex industrial production environment exacerbates the problem of equipment heat 

dissipation and puts forward higher requirements for heat exchange technology. Therefore, 

improving heat exchanger efficiency is crucial for ensuring the sustained and stable operation 
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of industrial machinery. In recent years, hollow twisted tapes and short-pitch twisted tapes, as 

two optimized structures, have shown remarkable benefits in improving heat transfer. However, 

although nanofluids have been widely used as a heat transfer medium with significant potential 

for heat exchange enhancement [18], current studies have not yet explored their synergistic 

effect with hollow twisted belt structures. Therefore, comprehensive numerical investigations 

that consider a wide range of parameters, including nanoparticle material, concentration, and 

inlet temperature, are required to clarify the enhancement mechanisms and their influencing 

factors. A rigorous assessment of both the improvement in heat transfer and the accompanying 

increase in flow resistance is crucial for guiding the design and application of efficient heat-

exchange systems under low Reynolds number conditions. This study employs numerical sim-

ulation to systematically assess the thermal conductivity of nanofluids within a single-pitch 

hollow tape area. By examining how nanofluids affect the convection heat transfer and friction 

coefficients at varying concentrations, material properties, and temperatures, and incorporating 

the changes in near-wall temperature, radial velocity, and synergistic angle, the potential of 

their application in enhanced heat transfer is further explored. 

Physical model and numerical simulation methods 

Physical model 

The subject of this study is the heat exchange tube structure of an inserted single-

pitch hollow twisted band element, as shown in fig. 1. All relevant geometrical parameters of 

both the tube and the twisted tape are summarized in tab. 1. The definitions of Reynolds num-

ber, average friction coefficient, and heat transfer coefficient are as: 
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where ρ is the fluid density, u – the average inlet velocity (i, j, k are components in three 

directions), D – the diameter of the inner tube, μ – the dynamic viscosity of the fluid, Cp – the 

specific heat capacity of the fluid, k – the thermal conductivity of the fluid, h – the heat transfer 

coefficient, L – the length of the tube, and ΔP – the pressure loss during the flow process. 

Figure 1. Tube contained with single-pitch hollow twisted tape 
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This study explores the different volume fractions of Al2O3-water, ZnO-water and 

CuO-water (1%, 2%, 3%, 4%, 5%) under the inlet temperatures of 22 ℃, 32 ℃, 42 ℃, and 

52 ℃, using the constant wall temperature boundary condition (with a wall temperature of 360 

K). The Reynolds number range is from 200-1800. 

In this study, the density [19], specific heat capacity [20], viscosity, and thermal con-

ductivity [21] of the nanofluid are treated as functions of temperature and updated with the 

local instantaneous temperature during the numerical solution process. Extensive experimental 

and review studies indicate that the viscosity and thermal conductivity of nanofluids exhibit 

significant temperature-dependent variations. Thermal conductivity generally increases with 

rising temperature, while viscosity decreases with increasing temperature, though both prop-

erties are sensitive to nanoparticle concentration and matrix type.Calculating the selected 

nanofluid's thermophysical properties employs single-phase model equations: 
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According to Vajjha and Das [22], from the present experiments, the equation of the 

β-curve fitting relationship is proposed as shown in tab. 2. 

Table 1. Physical model parameters and simulation conditions 

Category Parameter Symbol Value 

Tube geometry Inner diameter D 18 mm 

Tube length L 360 mm 

Inlet section length L1 144 mm 

Twisted tape Axial length Le 72 mm 

Thickness δ 1 mm 

Hollow width W 12 mm 

Table 2. Curve-fit relations proposed by Vajjha and Das [22] 

Type of particles β Concentration Temperature 

Al2O3 8.4407 ´ (100/φ)1.07304 1% ≤ φ ≤ 10% 298 K ≤ T ≤ 363 K 

CuO 9.881 ´ (100/φ)0.9446 1% ≤ φ ≤ 6% 298 K ≤ T ≤ 363 K 

ZnO 8.4407 ´ (100/φ)1.07304 1% ≤ φ ≤ 7% 298 K ≤ T ≤ 363 K 
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Numerical simulation method 

The boundary of the element in contact with the fluid is characterized by a no-slip 

boundary condition, ignoring the effects of natural convection, radiation, and accounting for 

temperature influence on fluid physical parameters. The FLUENT was used for the simulation, 

a 3-D steady-state model was selected, the Coupled algorithm with coupled pressure-velocity 

solution was used, and a second-order windward format was used for both momentum and 

energy equations. The convergence criteria for the continuity, momentum, and energy equa-

tions are set below 10–6, 10–6, and 10–8. The governing equations for fluid flow in an enclosed 

control volume are composed of continuity equations, momentum equations and energy equa-

tions. These equations are given in: 
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The torsion element alters fluid-flow characteristics, affecting both the temperature 

and velocity fields. The addition of the twisting and rotating component changes the fluid-flow 

behavior, impacting the temperature and velocity fields. To better understand how this element 

enhances heat transfer and flow characteristics, simply examining the Nusselt number contours 

is not enough. An effective method for studying convective heat transfer [23], the field synergy 

principle has received wide validation for its effectiveness and practicality [24-28]. Flow syn-

ergy theory indicates that heat and mass transfer depend on fluid velocity, physical properties, 

and velocity-temperature field coordination. Where the synergy angle is calculated as: 
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Field synergy studies demonstrate a significant difference between the domain-aver-

age synergy angle and the boundary-layer-localized synergy angle when using temperature as 

the boundary layer criterion [29]. Further analysis reveals that the average synergistic angle 

can reflect the synergistic heat transfer within the fluid to some extent. Therefore, this study 

focuses on analyzing the interpolated torsionally rotating elements at the near-wall location 

and uses the local synergy angle as an indicator to assess their synergistic effect on heat transfer 

at the wall. 

Mesh delineation and irrelevance verification 

In this study, Solidworks is adopted to establish the geometric model, and FLUENT 

meshing is used for mesh division. To eliminate the influence of mesh size on the calculation 

results, polyhedral meshes are adopted and mesh encryption is carried out at the position close 

to the wall surface, as shown in fig. 2. In this study, the grid independence test was conducted 

on the heat exchange tubes with a hollow twisted element structure model under a Reynolds 

number of 800. Eight grid sizes were tested, yielding the Nusselt number versus grid number 
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curves for each model in fig. 3. The findings suggest that once the grid reaches around 1.89 

million cells, the impact of grid size on the Nusselt number becomes insignificant. Therefore, 

1.89 million grid sizes were chosen as the basis for all other structures in this study. 

Verification of simulation methods 

To ensure numerical simulation calcula-

tion accuracy and reliability, experimental data 

from reference [30] were used for verification. 

Initially, a physical model of a twisted tape ele-

ment (TTE) heat exchanger with regular pitch 

was constructed based on the parameters speci-

fied in the reference [30]. The model featured a 

pitch of P = 90 mm and spacer lengths of 201 

mm. Detailed numerical simulations were then 

conducted for Reynolds numbers ranging from 

60-1800, with 57 °C inlet temperature and sugar-

water mixture flow rates of 4-18 Lpm. The pres-

sure drop and heat transfer rate at various Reynolds numbers were compared with the experi-

mental data to validate the results. Figure 4 demonstrates that the simulated data closely match 

the experimental results, with errors kept within an acceptable range. This confirms that nu-

merical modeling is suitable for the studied subject and offers dependable data for future re-

search. 

Figure 2. A mesh diagram for the hollow twisted tap 

Figure 3. Results of mesh independence test

Figure 4. Validation study against the data of [30] 
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Numerical simulation results and analysis 

In this study, the effect of hollow twisted tape inserts on the thermal properties of 

Al2O3, ZnO, and CuO nanofluids in heat exchanger tubes is investigated. The variations of 

different nanomaterials, nanometer concentrations and inlet temperatures were considered, and 

the geometric parameters of the hollow twisted tape remained constant. Under laminar flow 

(Re = 200-1800), we compared heat and friction coefficient variations using the single-variable 

method to evaluate nanofluid impacts on flow and heat transfer in hollow twisted tapes. 

Effect of different nanofluidic materials on 

flow heat transfer 

In this section, four nanomaterials with different properties are considered, namely 

water, Al2O3 solution at 5% concentration, ZnO solution at 5% concentration and CuO solution 

at 5% concentration. The dimensions of the hollow twisted tape, with a width, W, of 12 mm 

and a pitch, P, of 72 mm, remained unchanged. Figure 5 plots heat transfer coefficients for 

four solutions in laminar flow. Results show increasing heat transfer coefficients for both 5% 

concentration nanofluid and pure water with rising Reynolds number. In particular, the heat 

transfer coefficients of the nanofluids exhibited a noticeable increase compared to those of the 

pure aqueous solution, indicating that the nanofluids can effectively enhance heat transfer per-

formance. In laminar flow, nanofluid heat transfer coefficients exceeded pure aqueous solution 

values by 16%-31.6%. 

In addition to thermal performance, pressure drop and friction coefficient also need 

to be considered when evaluating the enhanced heat transfer effect. Figure 6 illustrates the 

relationship between the pressure drop and friction factor with Reynolds number for four 

types of fluids, where the friction coefficient is calculated by eq. (2). According to fig. 6, 

within the range of low Reynolds numbers, the pressure drop differences among the four 

fluids are relatively small, with the pressure drop range not exceeding 10.03%. However, as 

the Reynolds number increases, the nanofluid, due to its higher viscosity compared to pure 

aqueous solutions, leads to greater friction, which leads to a higher pressure drop. As the 

Reynolds number rises further, the friction coefficient decreases while the pressure tends to 

increase. According to eq. (2), the increase in Reynolds number increases both the numerator 

and denominator, but the denominator increases at a greater rate than the numerator, resulting 

Figure 5. Relationship between the         Figure 6. Relationship between the 

heat transfer coefficient of nanofluids and  friction coefficient and pressure drop of 
Reynolds number      different nanofluids and Reynolds number 
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in a decrease in the coefficient of friction. In addition, fig. 6 shows that the friction coefficient 

of the nanofluid is lower than that of the pure aqueous solution, with a maximum reduction of 

10.2%. 

To deeply explore the influence of nanomaterials on heat transfer, heat exchange 

tubes with a Reynolds number of 1000 and a hollow width of the interpolated torsion element 

(W = 12 mm) were selected for analysis at three different cross-sectional positions. The specific 

positions are shown in fig. 1, where S1, S2, and S3 are located at 0.12 m, 0.18 m, and 0.24 m, 

respectively. As shown in fig. 7, the wall heat flux, near-wall temperature, radial velocity and 

co-angle at these cross-sectional positions were analyzed emphatically. In the cloud diagram 

shown in fig. 8, the flow fields of the four fluids in the S2 cross-section all present symmetry. 

Therefore, taking the points along the axial direction of each cross-section as the center of the 

circle, the semi-circular period with a radius of 0.0087 m is selected as the near-wall analysis 

object. Figure 7 shows that at the S1 cross-sectional position, the parameter changes of the three 

nanofluids are similar to those of the pure water solution and remain constant. Section S2 shows 

significant variation in fluid parameters caused by the hollow twisted tape, with notable differ-

ences across solutions. In particular, nanofluid wall heat flux generally exceeds pure aqueous 

solution values, while wall temperature remains constant at this cross-section with minor near-

wall gradients. Near-wall heat flux variation primarily results from the combined radial veloc-

ity and the nanofluid's enhanced thermal conductivity. Nanofluids have high thermal conduc-

tivity and low viscosity, reducing the resistance to flow and providing greater velocity com-

pared to pure aqueous solutions. The nanofluids show better synergies through the analysis of 

the near-wall synergy angle, which explains the advantage of their enhanced heat transfer. At 

Figure 7. Trend of different cross-section parameters at Re = 1000 
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the S3 cross-sectional position, the fluid still exhibits a vortex phenomenon at the end of the 

torsion element, indicating that the torsion element has some hysteresis to the fluid perturbation. 

Overall, the wall heat flux is negatively correlated with the near-wall temperature. Figure 8 

further shows that the temperature gradient and fluid perturbation of the nanofluid at the same 

cross-section location are more significant, and the overall synergistic effect is better than that 

of the pure aqueous solution. 

Effect of different concentrations of nanofluids on 

flow heat transfer 

In the preceding section, an analysis was conducted to compare the impact of various 

nanomaterial solutions with a pure water solution on heat transfer coefficient, pressure drop 

and friction factor. This section further explores the flow and heat transfer characteristics of 

different concentrations of Al2O3 solutions in a hollow torsion element heat exchanger tube. 

Figure 9 shows that enhanced heat transfer coefficient, h. with the rising nanofluid concentra-

tion. In all Reynolds number ranges, the heat transfer coefficients of the nanofluids increased 

Figure 8. Cloud diagram of different fluid parameters at S2 section 
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by 6.29%-8.5%, 8.79%-11.68%, 11.3%-14.95%, 13.89%-18.3%, and 16.47%-21.7%, respec-

tively, in order of magnitude, in comparison with the pure aqueous solution. 

Nanofluid friction coefficient and pressure drop vs. Reynolds number (200-1800) in 

fig. 10. As the Reynolds number rises, the friction coefficient falls. High-concentration 

nanofluid exhibits the lowest friction coefficient, while water the highest at identical Reynolds 

number. Nanofluid concentration exerts a minimal effect on pressure drop variations. As the 

Reynolds number rises, so does the overall trend. It is worth noting that nanofluids with con-

centrations between 1% and 2% exhibit a lower overall pressure drop compared to pure water. 

However, when the concentration is increased to between 4% and 5%, the overall pressure 

drop of the nanofluid exceeds that of pure water. The 3% concentration nanofluid solution's 

pressure drop variation trend is comparable to that of the pure water solution. 

Effect of nanofluids with different inlet temperatures on 

flow heat transfer 

In this section, the flow and heat transfer properties of Al2O3 solutions with 1% con-

centration were investigated at different inlet temperatures of 295 K, 305 K, 315 K, and 325 

K. The wall temperature was 360 K, and the Reynolds number varied in the range of 200-1800. 

Under low Reynolds number (200-600), fig.11 shows small inlet temperature effects on heat 

transfer coefficient and comparable variations among the four temperatures. However, as the 

Reynolds number increases to 1000, the heat transfer coefficients for the four temperature con-

ditions show significant differences, and higher inlet temperatures can effectively increase the 

heat transfer coefficients, suggesting that nanofluids at higher temperatures can help to enhance 

the heat transfer efficiency. In fig.12, by examining the variations in heat transfer coefficients 

between neighboring temperatures under consistent Reynolds number conditions at different 

inlet temperatures (295 K, 305 K, 315 K, and 325 K), the growth of heat transfer coefficients 

is greater within the Reynolds number range of 200-600 at 315 K compared to 325 K, indicat-

ing that temperature exerts stronger effects on heat transfer coefficients within this specific 

range. The growth of the heat transfer coefficient between 295 K and 305 K increases expo-

nentially from Reynolds number to 600 and is significantly higher than the other temperature 

intervals with increasing Reynolds number. While the growth trend of the heat transfer coeffi-

cient continues to increase at 315 K and 325 K, the growth of the heat transfer coefficient tends 

Figure 9. Variation of heat transfer          Figure 10. Variation of friction coefficient 

coefficients of different concentrations of   and pressure drop in laminar flow with 
Al2O3 solutions in laminar flow      different concentration of Al2O3 solution 
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to be similar to that at the Reynolds number of 1400 when the Reynolds number reaches 1800, 

indicating the temperature's influence on the heat transfer coefficient diminishes at higher 

Reynolds numbers. 

Figure 13 shows the variation of friction 

coefficient and pressure drop with Reynolds 

number for 1% concentration Al2O3 nanofluid 

at different inlet temperatures. The results show 

that the differences in pressure drop due to dif-

ferent inlet temperatures are significant, and the 

pressure drop is enhanced with increasing inlet 

flow rate for all temperature conditions. In par-

ticular, the pressure drops corresponding to 

higher inlet temperatures are all lower than 

those at 295 K under the same Reynolds number 

conditions. Specifically, in the 200-1800 Reyn-

olds number range, the pressure drop reduction 

is 3.1%-3.5% for 305 K, 6.0%-6.8% for 315 K, 

and 8.5%-8.9% for 325 K, compared to 295 K. 

The pressure drops for 305 K and 315 K are in 

the 200-1800 Reynolds number range, and the pressure drops for 325 K are in the 3.1%-3.5% 

range. In addition, fig. 13 displays friction coefficient vs. Reynolds number relationships for 

nanofluid at varying inlet temperatures. The coefficient of friction shows a decreasing trend as 

the Reynolds number increases. It is noteworthy that higher inlet temperature decreases the 

friction coefficient at the same flow rate, and this phenomenon is accompanied by enhanced 

heat transfer performance. 

Figures 14 and 15 show the comparative analysis of friction coefficient and pressure 

drop differences with Reynolds number between neighboring temperatures for different inlet 

temperatures, respectively. According to fig. 14, the reduction of the friction coefficient is 

greater in the low-temperature inlet zone (305-295 K) than in the other two high temperature 

inlet zones (315 K and 325 K). Furthermore, the trend of the friction coefficient varying with 

the Reynolds number in each temperature range is consistent. Specifically, in low Reynolds 

number ranges, friction coefficient reduction is notably significant, while in high Reynolds 

Figure 11. Effect of different inlet temperatures  Figure 12. Range of heat transfer coefficients for 
on the heat transfer coefficient in laminar flow     different inlet temperature zones 

Figure 13. Effect of different inlet temperatures 
on friction coefficient and pressure drop in 

laminar flow 
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number ranges, friction coefficient changes under each temperature condition remain con-

sistent, indicating temperature's influence on friction coefficient gradually weakens at high 

Reynolds numbers. Figure 15 further demonstrates increasing pressure drop with Reynolds 

number across all temperatures. Within the Reynolds number range of 200 to 400, although 

the variation trend of the pressure drop difference at adjacent temperatures is similar, with the 

continuous increase of the Reynolds number, the decrease in pressure drop in the low-temper-

ature inlet area (295 K and 305 K) is significantly greater than that in other higher temperature 

areas (305 K and 315 K, 315 K and 325 K). It indicates that the influence of temperature change 

on pressure drop under low-temperature conditions is relatively significant. 

Conclusions 

In this study, numerical simulations analyzed flow and heat transfer characteristics 

of Al₂O₃, CuO, and ZnO nanofluids within single-pitch hollow twisted ribbon tubes. Laminar 

flow simulations in FLUENT quantified heat transfer coefficient, pressure drop, and friction 

coefficient through variations in nanofluid type, concentration, and inlet temperature. 

Nanofluid heat transfer enhancement mechanisms were subsequently investigated via field 

synergy principles. The following key conclusions were drawn as follows. 

• Compared with pure water, the heat transfer coefficients of 5% concentration Al2O3, ZnO,

and CuO nanofluids have increased by 16%-31.6%. The heat transfer coefficients were

significantly increased with increasing nanofluid concentration in all Reynolds number

ranges from 6.29%-21.7%. However, higher concentrations of nanofluids also resulted in a

significant increase in pressure drop, which was higher than that of pure aqueous solutions.

• Raising the inlet temperature can enhance the heat exchanger's efficiency, particularly once

the Reynolds number surpasses 1000, as the inlet temperature on the heat transfer coeffi-

cient. In addition, a higher inlet temperature can further reduce the coefficient of friction.

When the inlet temperatures are 305 K, 315 K and 325 K, the coefficient of friction is

reduced by 3.1%, 5.9% and 8.5% respectively, compared with 295 K.

• The high thermal conductivity of the nanofluid and the synergistic nature of the fluid flow

significantly enhance the wall heat flux, further strengthening the heat transfer performance.

Compared to pure aqueous solution, the nanofluid exhibits a higher temperature gradient

and stronger fluid perturbation at the near-wall location, which optimizes the heat transfer

efficiency.

Figure 14. Range of friction coefficient for   Figure 15. Pressure drop range for 

different inlet temperature intervals      different inlet temperature intervals 
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Nomenclature 

Cp – specific heat capacity of 
the fluid, [Jkg–1K–1] 

D – inner diameter of the circular tube, [mm] 
f – friction factor 
h – heat transfer coefficient, [Wm–²K–1] 
k – thermal conductivity, [Wm–1K–1] 
L – pipe length, [m] 
Le – length of the hollow TTE, [mm] 
Nu – Nusselt number 
DP – pressure drop, [Pa] 
P – twisted tape pitch 
q – heat transfer rate, [W] 
Re – Reynolds number 
T – temperature, [K] 
∇T – temperature gradient vector, 

representing the direction and rate of 
temperature change 

U – velocity vector of the fluid, 
representing the direction and 
magnitude of fluid motion 

u – velocity, [ms–1] 
W – twisted tape clear width, [mm] 

Greek symbols 

δ – thickness of the twisted tape, [mm] 
ρ – density, [kgm–3] 

Subscripts 

avg – average 
b – bulk 
bf – base fluid 
nf – nanofluid 
np – nanoparticle 
w – wall 

Acronyms 

FSP – field synergy principle 
TTE – twisted tape element

References 

[1] Dewan, A., et al.,. Review of Passive Heat Transfer Augmentation Techniques, Proceedings of the 
Institution of Mechanical Engineers, Part A: Journal of Power and Energy, 218 (2004), 7, pp. 509-527 

[2] Bergles, A. E.. ExHFT for Fourth Generation Heat Transfer Technology, Experimental Thermal and 
Fluid Science, 26 (2002), 2-4, pp. 335-344 

[3] Eiamsa-Ard, S., et al., Convective Heat Transfer in a Circular Tube with Short-Length Twisted Tape 
Insert, International Communications in Heat and Mass Transfer, 36 (2009), 4, pp. 365-371 

[4] Samruaisin, P., et al., Silver-Water Nanofluid Flow and Convective Heat Transfer in a Microfin Tube 
Equipped with Loose-Fit Twisted Tapes, Journal of Thermal Analysis and Calorimetry, 140 (2020), 5, 
pp. 2541-2554  

[5] Nagarajan, P. K., et al., Studies on Heat Transfer and Friction Factor Characteristics of Turbulent Flow 
Through a Micro-Finned Tube Fitted with Left-Right Inserts, Applied Thermal Engineering, 30 (2010), 
13, pp. 1666-1672  

[6] Jafaryar, M., et al., CuO-Water Nanofluid Flow and Heat Transfer in a Heat Exchanger Tube with Twisted 
Tape Turbulator, Powder Technology, 336 (2018), Aug., pp. 131-143  

[7] Eiamsa-ard, S., Wongcharee, K., Convective Heat Transfer Enhancement Using Ag-Water Nanofluid in 
a Micro-Fin Tube Combined with Non-Uniform Twisted Tape, International Journal of Mechanical 
Sciences, 146 (2018), Oct., pp. 337-354  

[8] He, Y., et al., Experimental Study on Heat Transfer Enhancement Characteristics of Tube with Cross 
Hollow Twisted Tape Inserts, Applied Thermal Engineering, 131 (2018), Feb., pp. 743-749  

[9] Armbruster, S., et al., Short and Spaced Twisted Tapes to Mitigate Fouling in Tubular Membranes, 
Journal of Membrane Science, 595 (2020), 117426  

[10] Li, P., et al.,. Numerical Study on Heat Transfer Enhancement Characteristics of Tube Inserted with 
Centrally Hollow Narrow Twisted Tapes, International Journal of Heat and Mass Transfer, 88 (2015), 
Sept., pp. 481-491 

[11] Eiamsa-Ard, S., et al., Convective Heat Transfer in a Circular Tube with Short-Length Twisted Tape 
Insert, International Communications in Heat and Mass Transfer, 36 (2009), 4, pp. 365-371  



Ti, S., et al.: Numerical Simulation Study on the Flow and Heat Transfer … 2342 THERMAL SCIENCE: Year 2026, Vol. 30, No. 3B, pp. 2329-2342 

[12] Choi, S. U., Eastman, J. A., Enhancing Thermal Conductivity of Fluids with Nanoparticles (No. 
ANL/MSD/CP-84938; CONF-951135-29), Argonne National Lab, Argonne, Ill., USA, 1995 

[13] Chandrasekar, M., et al., Experimental Studies on Heat Transfer and Friction Factor Characteristics of 
Al2O3/Water Nanofluid in a Circular Pipe Under Laminar Flow with Wire Coil Inserts, Experimental 
Thermal and Fluid Science, 34 (2010), 2, pp. 122-130  

[14] Chammam, W., et al., Estimation of Heat Transfer Coefficient and Friction Factor with Showering of 
Aluminum Nitride and Alumina Water Based Hybrid Nanofluid in a Tube with Twisted Tape Insert, 
Scientific Reports, 13 (2023), 1, 23071  

[15] Panja, S. K., et al., Numerical Study of Parabolic Trough Solar Collector's Thermo-Hydraulic 
Performance Using CuO and Al2O3 Nanofluids, Applied Thermal Engineering, 248 (2024), 123179  

[16] Kia, S., et al., Experimental and Numerical Investigation on Heat Transfer and Pressure Drop of SiO2 and 
Al2O3 Oil-Based Nanofluid Characteristics Through the Different Helical Tubes Under Constant Heat 
Fluxes, International Journal of Thermal Sciences, 185 (2023), 108082  

[17] Mousavi Ajarostaghi, S. S., et al., Heat Transfer Performance of a Nanofluid-Filled Tube with Wall 
Corrugations and Center-Cleared Twisted-Tape Inserts, Energy Sources, Part A: Recovery, Utilization, 
and Environmental Effects, 47 (2025), 2, 1841860  

[18] Obalalu, A. M., et al., Enhancing Heat Transfer in Solar-Powered Ships: A Study on Hybrid Nanofluids 
with Carbon Nanotubes and Their Application in Parabolic Trough Solar Collectors with Electromagnetic 
Controls, Scientific Reports, 13 (2023), 1, 9476  

[19] Pak, B. C., Cho, Y. I., Hydrodynamic and Heat Transfer Study of Dispersed Fluids with Submicron 
Metallic Oxide Particles, Experimental Heat Transfer an Int. Journal, 11 (1998), 2, pp. 151-170  

[20] Xuan, Y., Roetzel, W., Conceptions for Heat Transfer Correlation of Nanofluids, International Journal 
of Heat and Mass Transfer, 43 (2000), 19, pp. 3701-3707  

[21] Vajjha, R. S., et al., Development of New Correlations for Convective Heat Transfer and Friction Factor 
in Turbulent Regime for Nanofluids, International Journal of Heat and Mass Transfer, 53 (2010), 21-22, 
pp. 4607-4618  

[22] Vajjha, R. S., Das, D. K., Experimental Determination of Thermal Conductivity of Three Nanofluids and 
Development of New Correlations, International Journal of Heat and Mass Transfer, 52 (2009), 21-22, 
pp. 4675-4682  

[23] Guo, Z. Y., et al., A Novel Concept for Convective Heat Transfer Enhancement, International Journal 
of Heat and Mass Transfer, 41 (1998), 14, pp. 2221-2225  

[24] Tao, W. Q., et al., Field Synergy Principle for Enhancing Convective Heat Transfer--Its Extension and 
Numerical Verifications, International Journal of Heat and Mass Transfer, 45 (2002), 18, pp. 3849-3856  

[25] Tao, W. Q., et al., A Unified Analysis on Enhancing Single Phase Convective Heat Transfer with Field 
Synergy Principle, International Journal of Heat and Mass Transfer, 45 (2002), 24, pp. 4871-4879  

[26] Guo, Z. Y., et al., The Field Synergy (Coordination) Principle and Its Applications in Enhancing Single 
Phase Convective Heat Transfer, International Journal of Heat and Mass Transfer, 48 (2005), 9, pp. 
1797-1807  

[27] Zhai, Y. L., et al.,. Heat Transfer in the Microchannels with Fan-Shaped Reentrant Cavities and Different 
Ribs Based on Field Synergy Principle and Entropy Generation Analysis, International Journal of Heat 
and Mass Transfer, 68 (2014), Jan., pp. 224-233  

[28] Yu, Z. Q., et al., Study on the Consistency Between Field Synergy Principle and Entransy Dissipation 
Extremum Principle, International Journal of Heat and Mass Transfer, 116 (2018), Jan., pp. 621-634  

[29] Zhu, X. W., Zhao, J. Q., Improvement in Field Synergy Principle: More Rigorous Application, Better 
Results, International Journal of Heat and Mass Transfer, 100 (2016), Sept., pp. 347-354  

[30] Moya-Rico, J. D., et al.,. Experimental Characterization of a Double Tube Heat Exchanger with Inserted 
Twisted Tape Elements, Applied Thermal Engineering, 174 (2020), 115234  

 

Paper submitted: October 29, 2025 .  
Paper revised: November 15, 2025 2026 Published by the Vinča Institute of Nuclear Sciences, Belgrade, Serbia. 
Paper accepted: November 21, 2025 This is an open access article distributed under the CC BY 4.0 terms and conditions.  


