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Abstract 

A numerical simulation study on the laminar convective heat transfer and fluid flow 

characteristics in a plain tube equipped with stationary and rotating twisted tapes are performed 

in this study. Three angular velocities, three twisted tape pitches and four Reynolds numbers 

ranging from 250 to 1000 are investigated. The numerical results show that using the twisted 

tape insert increases the heat transfer, friction coefficient and energy consumption (including 

pumping power and motor power to drive the rotating twisted tape). Higher enhancement is 

achieved as the twisted tape starts to rotate and its pitch reduces. As the twisted tape starts to 

rotate, decreasing its pitch does not change the heat transfer rate significantly. As a result 

applying more angular velocity is not rational and leads to more energy consumption. It is also 

found that applying a rotating twisted tape instead of a stationary twisted tape is only practical 
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and beneficial in low Reynolds numbers, in the viewpoint of energy saving. The highest 

dimensionless number of performance evaluation criterion corresponds to the case of stationary 

twisted tape at Reynolds number of 1000 and twisted tape pitch of L/6 which is equal to 1.50. 

Keywords: Rotating twisted tape; Pitch investigation; Secondary flow; Energy saving. 

Nomenclature 
   

A area (m2) Greek symbols 

Cp specific heat coefficient (J/kgK) 𝜇 dynamic viscosity (Pa s) 

D pipe diameter (m) ϑ   kinematic viscosity (m2/s) 

f friction coefficient 𝜌 density (kg/m3) 

F Total pressure and viscos forces 𝜔 twisted tape angular velocity (1/s, rad/s) 

h heat transfer coefficient (W/m2K) 𝜏 torque (kgm2/s2) 

k conductivity (W/mK) Subscripts  

L length (m) avg average  

Nu Nusselt number b bulk 

p pressure (Pa) f    fluid  

P twisted tape pitch s plain tube 

Re Reynolds number Acronyms  

T temperature (K) PEC performance evaluation criterion 

V velocity vector (m/s) PT plain tube 

Ẇp pumping power (W) RTT rotating twisted tape 

Ẇm motor power (W) STT stationary twisted tape 

Ėc energy consumption (W)   

 

1. Introduction 

Convective heat transfer plays a key role in numerous industries and engineering systems, 

including solar systems [1], fuel cells [2], air conditioning equipment [3], thermoelectric 

cooling [4], heat sinks [5], etc [6], [7]. Therefore, enhancing this mode of heat transfer has been 

the focus of several researchers, consequently, various methods have been proposed in the last 

two decades. Among these techniques, increasing the mixing flow effects by inserting different 

types of solids in various configurations such as twisted tapes, and also modifying the 
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characteristics of the working fluid by dispersing nanoparticles in the base fluid (known as 

nanofluid [6-8]) have proven to be efficient methods to improve the thermal performance of 

engineering systems. 

So far, different types of twisted tape inserts have been used for convective heat transfer 

enhancement in different geometries both numerically [11]–[13] and experimentally [12-14]. 

Jaramillo et al. [17] analyzed a parabolic trough collector integrating a twisted tape. They found 

that using the twisted tape improve the efficiency of the solar collector under conditions of low 

twisted ratios operating at low Reynolds numbers. Mwesigye et al. [18] studied the 

hydrothermal characteristics of a parabolic trough receiver numerically integrating with wall-

detached twisted tape. They showed a higher optimal Reynolds number for a higher twist ratio 

and lower width ratios. Man et al. [19] performed an empirical study of a double-pipe heat 

exchanger in which the inner tube is equipped with alternation of clockwise and 

counterclockwise twisted tape compared with conventional twisted tape. They concluded that 

their proposed twisted tape shows a better thermal performance than the typical one. They 

employed the performance evaluation criterion (PEC) number to show the enhanced heat 

transfer versus increased pumping power and reported the highest value of 1.42 for this number 

in their experimental conditions. Lim et al. [20] also studied a double-pipe heat exchanger 

equipped with twisted tape inserts with different pitch ratios. They provided the predictions of 

heat transfer characteristics for various Reynolds numbers. Saylroy and Eiamsa-ard [21] 

embedded a square cut twisted-tape in a circular tube and numerically analyzed it. They 

reported the highest PEC number of 1.37 in their operating conditions. Later on, in another 

study, Saylroy and Eiamsa-ard [22] investigated the multi-channel twisted tapes and showed 

an enhancement of laminar convection heat transfer through applying such twisted tapes. 

Sundar et al. [23] studied and analyzed the thermal performance of a solar water heater using 

passive techniques of nanofluid and twisted tape. They concluded that at Re=13000, 21% 



4 

 

modification occurs in heat transfer for 0.3% nanofluid for the plain tube while it is enhanced 

by almost 50% using twisted tape. He et al. [24] employed cross hollow twisted tape inserts in 

a tube to empirically study its thermal characteristics. They showed that the PEC number ranges 

from 0.87 to 0.98 for Reynolds numbers varying from 5600 to 18000. Qi et al. [25] studied 

rotating and static built-in twisted tapes using nanofluid experimentally. They showed that 

using rotating twisted tape along with the nanofluid result in 101.6% enhancement in heat 

transfer. Ravi Kumar et al. [26] employed the effectiveness-number of transfer units (ε-NTU) 

method to assess a double-pipe U-bend integrating twisted tape showing effectiveness 

enhancement. Samruaisin et al. [27] investigated regularly-spaced quadruple twisted tape 

elements in a tube in the turbulent regime and found the maximum value of 1.27 for PEC 

number in the range of their operational conditions. Ruengpayungsak et al. [28] numerically 

investigated the heat transfer enhancement of a tube using centrally-perforated twisted tape 

inserts in both laminar and turbulent regimes and obtained the maximum value for PEC number 

to be approx. 8.92 and 1.33 for laminar and turbulent regimes, respectively. Hong et al. [29] 

carried out an empirical study of a spiral grooved tube equipped with twin overlapped twisted 

tapes in turbulent regime with Reynolds numbers of 8000 to 22000. Their results revealed an 

enhancement in both heat transfer and friction coefficient as the overlapped twisted ratio 

augments. Later, Hong et al. [30] employed overlapped multiple-twisted tapes in a similar 

experimental study. They showed lower and higher entropy generation due to heat transfer and 

friction resistance, respectively, for a higher tape number and a lower overlapped twisted ratio. 

Hasanpour et al. [31] investigated the hydrothermal characteristics of a corrugated tube heat 

exchanger inserting twisted tapes using the optimization method. They the maximum heat 

transfer at V-cut twisted tape model and the minimum pressure drop is achieved at perforated 

twisted tape model. Later on, a numerical study of a tri-lobbed tube equipped with twisted tapes 

performed by Hemmat Esfe et al. [32] in Reynolds numbers varying from 5000 to 20000. They 
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showed that the pitch ratio enhancement causes an increase in Nusselt number, friction factor 

and overall thermal performance. Rashidi et al. [33] studied nanofluid flow through a square 

duct fitted with transverse twisted-baffles. They presented lower entropy for a higher 

nanoparticles concentration and also for the case with baffles in the duct. They also reported 

the optimum geometries in terms of maximum heat transfer and minimum pressure drop. 

Reviewing the literature in this field suggests that indeed, many attempts have been made in 

recent years to study different types of twisted tape inserts with different configurations and in 

various geometries. Besides, many parametric studies have been carried out to analyze the 

effect of various twisted tapes toward the optimal configurations. However, in nearly all the 

studies performed in this field so far, the twisted tapes were stationary and to the best of 

authors’ knowledge, no study has been carried out to investigate the effect of using rotating 

twisted tapes examining the angular velocity and twisted tape pitch effects which the setup of 

rotating tube with twisted tape inserts first was conducted in the experimental study of 

Muralidhara Rao and Sastri [34]. Therefore, this study aims to numerically analyze the 

application of rotating twisted tapes for laminar convection heat transfer enhancement in a tube. 

Finally, the performance evaluation criterion is presented to evaluate the effectiveness of using 

rotating twisted tape at different pitch magnitudes. 

 

2. Problem Definition 

2.1 Geometrical Details 

Fig. 1 shows the schematic of a tube equipped with a twisted tape. The height of the twisted 

tape, H, is 95% of the tube diameter (D=20 mm) and length (L= 400 mm) with the thickness, t 

= 0.4 mm and equivalent pitches of 400 mm. Besides, r and θ are the radial and tangential 

directions, respectively. Water enters the tube at the temperature of 300K and constant heat 
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flux is applied at the walls. The twisted tape is rotating inside the tube at three angular velocities 

of 
𝑉inlet

𝑟
 (i.e. RTT1), 

2𝑉inlet

𝑟
 (i.e. RTT2), and 

3𝑉inlet

𝑟
 (i.e. RTT3).  

 

Fig. 1. A heat pipe integrated with twisted tape 

2.2. Governing equations 

This research investigated a steady laminar flow of incompressible water fluid neglecting the 

effects of radiation and viscosity losses. The governing equations are defined below. 

(1) ∇ . (𝜌�⃗� ) = 0 

  (2) ∇. (𝜌�⃗� �⃗� ) = −∇𝑝 + 𝜇∇2�⃗�  

(3) ∇. (𝜌�⃗� 𝐶𝑝𝑇) = ∇. (𝑘∇𝑇) 

The local and average coefficient of heat transfer, as well as friction factor, are defined as: 

(4) 𝑓avg = (−
∆𝑃

𝑙
)

𝐷

1/2𝜌𝑈2    

(5) ℎ𝑥 =
𝑞′′

𝑇𝑤−𝑇𝑏
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(6) 𝑁𝑢𝑥 =
ℎ𝑥𝐷ℎ

𝑘
    

(7) 𝑁𝑢avg =
1

𝑙
∫ 𝑁𝑢𝑥𝑑𝑥

𝑙

0
    

where  

(8) 𝐷ℎ =
4𝐴

𝑃
 

PEC number is defined by many authors [33-35] in the literature to evaluate the performance 

of the heat exchanger; however, since the motor power exists in this study, PEC number is 

defined based on the total energy consumption in this study as follow: 

(9) PEC =
Nu/Nu𝑠

(�̇�𝑐/�̇�𝑐,𝑠)1/3
 

In Eq. (9), subscript “s” belongs to PT and �̇�𝑐 represents the total energy consumption in the 

system including pumping power and motor power (as a motor is needed to drive the rotation 

of the twisted tape which is equal to zero in PT and STT cases). The energy consumption is 

therefore defined as follows: 

(10) �̇�𝑐 = �̇�p + �̇�m 

where 

(11) �̇�p = �̇�∆𝑝 

(12) �̇�m = 𝑇𝜔 

(13) T = (∫(r × (τ̿ ∙ n̂))ds

s

) ∙ â 

where 𝜔 is the angular velocity, T is the torque, S is the surface comprising all rotating parts, 

τ̿ is the total stress tensor, n̂ is a unit vector normal to the surface, r  is the position vector and 

â is a unit vector parallel to the axis of rotation. In the CFD post-processing module, the torque 

is calculated from the above surface integral on the moving parts with respect to the axial 
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direction. Knowing the torque from the CFD post, it is possible to estimate the power 

consumption through multiplying it by the rotational speed [38]. 

 

2.3. Boundary conditions  

At the tube inlet, constant velocity and temperature are considered while pressure outlet is 

employed at the outlet. The channel wall is exposed to a uniform heat flux of 5000 W/m2 and 

the twisted tape rotates at three different angular velocities in which its outer walls are 

adiabatic. In fact, the rotating wall boundary condition is used in this study for simulating the 

rotating twisted tapes [39], [40]. 

 

3. Numerical Procedure 

3.1. Code and Convergence 

The commercial CFD code ANSYS FLUENT (version 18.0) is employed using the Coupled 

algorithm for the velocity–pressure coupling [41], [42]. Design Modeler and Ansys Meshing 

are used to generate the geometry and grid in this study, respectively. Moreover, the second-

order upwind scheme is used for discretization of both momentum and energy equations. The 

convergence criteria are considered less than 10-6, 10-6, and 10-9, respectively, for continuity, 

momentum, and energy equations, along with the observation of mass-weighted average 

magnitudes of velocity and temperature at the tube outlet. 

 

3.2. Grid 

Fig. 2 displays the mesh which is refined near the wall regions due to the presence of large 

velocity and temperature gradients. Grids with different numbers of elements are examined to 

ensure the grid independency. The average Nusselt number has been selected as the criteria to 

examine the grid independency. Table 2 presents the cases considered for mesh independence 
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analysis. Case 3 has eventually been chosen to conduct all the simulations, since using finer 

meshes lead to relative errors less than 1%. 

 

 
 

Fig. 2. The final mesh used in the present study. 

 

Table 2. Grid independence analysis. 

Case Number of elements Nusselt number Error (%) 

1 1,000,000 26.30 33.11 

2 1,350,000 25.35 3.70 

3 1,750,000 25.21 0.59 

4 2,250,000 25.20 0.03 

 

3.3. Experimental Validation 

To verify the code, the average Nusselt number for different Reynolds numbers reported in the 

study of Sundar and Sharma [43] is considered as a comparison parameter. Sundar and Sharma 

empirically investigated the effects of twisted tape inserts with the thickness of 1mm and height 

to diameter ratio of 5 on fully-developed laminar convective heat transfer through a copper 

tube with 12 mm diameter exposing to a constant heat flux of 1000 W. As shown in Fig. 3, 

there is a good agreement between the experimental data and present numerical results. 
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Fig. 3. Validation study against the data of Sundar and Sharma [43]. 

 

4. Results and Discussion 

Numerical simulations are performed for a circular tube inserting stationary twisted tapes 

(STT) and rotating ones with three angular velocities (RTT1, RTT2, RTT3) at three pitches of 

L/6, L/4, L/2 and four Reynolds numbers of 250, 500, 750, 1000. 

Fig. 4 displays the local Nusselt number along the tube length for plain tube and STT insert at 

different pitches and Reynolds number of 250. This figure shows that using STT insert and 

decreasing its pitch increases the local 𝑁𝑢 significantly throughout the tube length. In fact, 

STTs generate a swirling/secondary flow, leading to an enhancement in flow mixing and 

thermal boundary layer disturbance, which in turn increases heat transfer. In other words, the 

twisted tape redirects the colder core fluid with the higher cooling capacity to the heated walls 

of the tube where cooling is required. Also, decreasing the twisted tape pitch intensifies such 

phenomenon resulting in higher local 𝑁𝑢 and heat transfer.  
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Fig. 4. Local 𝑁𝑢 along the tube length for plain tube and STTs with three pitches (L/2, L/4, 

L/6) at Re = 250. 

 

To clarify the reason for heat transfer enhancement by twisted tape pitch reduction in Fig. 4, 

Fig. 5 presents streamlines colored by velocity magnitude for plain tube and STT at various 

pitches. The swirl flow generation in the presence of STTs can clearly be seen in this figure. It 

is evident that as the twisted tape pitch decreases, the mixing flow strengthens resulting in 

stronger secondary flow, consequently, higher heat dissipation from the heated wall is 

achieved. Besides, looking at the generated swirl flow patterns shows that at lower twisted tape 

pitch values, more radial velocity is obtained, implying a better flow mixing and secondary 

flow and as a result more efficient cooling process. 
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PT P=L/2 P=L/4 P=L/6 

Fig. 5. Streamlines colored by velocity magnitude for cases of the plain tube and STT with 

three pitches of L/2, L/4, L/6 at 𝑅𝑒 = 250.  

 

The effect of twisted tape pitch on the cooling of the heated wall at 𝑅𝑒 = 250 is shown in Fig. 

6. The temperature distribution on the heated wall indicates the cooling capacity and the 

secondary flow intensity. In the plain tube, the temperature continuously increases through the 

tube length as the fluid flows showing the thermal boundary layer development. Inserting the 

twisted tape has modified the temperature distribution and has made it more uniform with some 

hot spots following the twisted tape pitch reduction. As the twisted tape pitch decreases the 

temperature distribution gets more uniform and also the outlet temperature decreases indicating 

the better cooling performance of the system.  



13 

 

 

PT P=L/2 P=L/4 P=L/6 

Fig. 6. Temperature contours on the heated wall for cases of the plain tube and STT with 

three pitches of L/2, L/4, L/6 at 𝑅𝑒 = 250. 

 

Fig. 7 displays the cross-sectional temperature contours, at five surfaces with the distance of 

L/4 from each other, for plain tube and STT with different pitch values at 𝑅𝑒 = 250. The plain 

tube cross-sectional temperature contours show the normal development of the thermal 

boundary layer along the tube length followed by a significant drop in heat transfer. Inserting 

the twisted tape results in a thinner thermal boundary layer due to the disturbance of this layer 

via the STT resulting in improved heat transfer rate between the heated wall and the fluid across 

the channel; however, there are still some hotspots in the temperature contours along the tube 

length affecting the displayed hotspots on the temperature distribution of the heated wall in 

Fig. 6. Moreover, the redirection of the colder core fluid to the vicinity of the heated wall is 

visible by using STT leading to an enhanced secondary flow and heat dissipation from the 

heated wall. Both phenomena, including thinner thermal boundary layer through the tube 

length and improved flow mixing by redirecting the colder core flow to the heated wall, are 

observed as the twisted tape pitch reduces, implying a better cooling process. Besides, some 
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local hotspots along the perimeter are visible in this figure which would cause local thermal 

stress and would be harmful in practical usages. As a result, in such cases, more manufacturing 

considerations are required. 

 

PT P=L/2 P=L/4 P=L/6 

Fig. 7. temperature contours for plain tube and STT with three pitches of L/2, L/4, L/6 at 

𝑅𝑒 = 250 at different cross-sections. 

 

Since the cross-sectional velocity of the fluid along the channel length indicates the secondary 

flow intensity, Fig. 8 is provided in which the cross-sectional velocity contours and vectors 

through the tube for plain tube and STT with different pitches at 𝑅𝑒 = 250 are shown. The 

plain tube velocity contours represent the expected development of the hydrodynamic 

boundary layer and velocity distribution through the channel showing the maximum velocity 

in the core with the most capacity of cooling resulting in ineffective cooling. On the other hand, 

inserting STTs has transferred the colder core fluid velocity to the heated wall vicinity resulting 

in better heat transfer between the wall and fluid. This has been strengthened as the twisted 

tape pitch has decreased which has led to a higher heat transfer rate.  



15 

 

To quantify the heat transfer and fluid flow characteristics of the so far presented cases, figures 

9 and 10 are provided to show the variations of average 𝑁𝑢 and 𝑓 with respect to the 𝑅𝑒 for 

the plain tube and STT with three various pitches. Fig. 9 illustrates that increasing 𝑅𝑒 increases 

𝑁𝑢 and the heat transfer rate due to the better advection effect of the fluid and higher fluid 

momentum near the heated wall. This can be also explained using Fig. 11 which indicates a 

thinner thermal boundary layer. Moreover, improved distribution of the colder core fluid 

around the heated wall at higher Reynolds numbers in a cross-sectional surface in the middle 

of the tube length is visible in this figure. The improvement of the cooling performance by 

applying STT and decreasing its pitch can also be observed in Fig. 11 such that compared to 

the case of the plain tube, using SST with the pitch of L/2, L/4, L/6 respectively increases the 

average 𝑁𝑢 by approx. 15%, 24%, 37% for 𝑅𝑒 of 250; 17%, 45%, 68% for 𝑅𝑒 of 500; 19%, 

56%, 75% for 𝑅𝑒 of 750; 23%, 61%, 79% for 𝑅𝑒 of 1000. 

 

PT P=L/2 P=L/4 P=L/6 

Fig. 8. Cross-sectional velocity contours and vectors for cases of the plain tube and STT with 

three pitches of L/2, L/4, L/6 at 𝑅𝑒 = 250. 
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Fig. 9. Average 𝑁𝑢 for the plain tube and STT at various Reynolds numbers and twisted tape 

pitch values. 

 

Fig. 10 demonstrates that inserting STT results in higher values for 𝑓 due to the added surface 

area of the twisted tape for fluid flow and also the flow blockage created by the tape inserted 

in the tube. The same effect can be seen when decreasing the twisted tape pitch. This figure 

also reveals that 𝑅𝑒 is inversely proportional to 𝑓. This can be explained using equation (18) 

which includes U2 in the denominator of 𝑓 correlation. This is also can be explained using Fig. 

11 which indicates more flow mixing and intense secondary flow in a cross-sectional surface 

in the middle of the tube length. 
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Fig. 10. Average 𝑓 for different cases of plain tube and STT at various Reynolds numbers 

twisted tape pitch values. 

 

For the remainder of this section, the heat transfer and fluid flow characteristics of the cases 

studied so far will be investigated by applying rotating twisted tapes with three angular 

velocities (RTT1, RTT2 and RTT3). 

Fig. 12 displays the local 𝑁𝑢 along the tube length for the cases of STT, RTT1, RTT2, and 

RTT3 with three twisted tape pitches at Re=250. This figure reveals that at all twisted tape 

pitches as the twisted tape starts to rotate the local 𝑁𝑢 increases through the tube due to the 

fact that applying RTT causes better mixing flow, more intense secondary flow and higher 

disturbance of the thermal boundary layer and as a result, enhanced cooling performance is 

achieved. On the other hand, increasing the twisted tape angular velocity at the three twisted 

tape pitches from RTT1 to RTT3 shows a slight enhancement in local 𝑁𝑢 through the channel. 

To better quantify the overall heat transfer in the proposed cases, Fig. 13 is provided to 

represent the variations of average 𝑁𝑢 with the plain tube and three pitches of twisted tape for 

cases of STT, RTT1, RTT2, and RTT3 at 𝑅𝑒 = 250. This figure highlights the differences 
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between the STT and RTT cases variations with twisted tape pitch reduction. This figure 

reveals that as the twisted tape starts to rotate, decreasing its pitch does not have any significant 

effects on the heat transfer rate. Furthermore, increasing the angular velocity from RTT1 to 

RTT2 leads to a notable heat transfer enhancement, while further increasing the angular 

velocity from RTT2 to RTT3, has a much small impact on heat transfer. The reason is that 

disturbing and thinning the thermal boundary layer from RTT1 to RTT2 is noticeable; however, 

the thermal boundary layer is thinned enough as using RTT3 over RTT2 is less effective. This 

implies that raising the angular velocity any further beyond RTT2 is unlikely to bring any 

useful benefits and in fact may result in the waste of energy. In this figure, the average Nu 

increases by about 65.9%, 63.6%, 55.1%, and 39.0% in the cases of STT, RTT1, RTT2, and 

RTT3, respectively, for Re of 1000 and the twisted tape pitch value of L/6. This potential waste 

of energy is more noticeable when considering 𝑓 variations in different cases in Fig. 14, in 

which higher 𝑓 values are obtained at higher twisted tape angular velocities. The same trend 

between the 𝑁𝑢 and 𝑓 is observed by decreasing the twisted tape pitch in RTT cases such that 

the 𝑓 variations with twisted tape pitch reduction in RTT cases is insignificant. 
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Fig. 11. Temperature, velocity contours and vector on a cross-sectional plane located at 

L=0.3 in the STT case at P= L/2 and Re= 250, 500, 750, 1000. 
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Fig. 12. Local 𝑁𝑢 through the tube length for three twisted tape angular velocities, at Re=250 

and (a) P= L/2, (b) P= L/4, and (c) P= L/6. 

a

Z*

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

N
u

 l
o
c

5

10

15

20

25

30

35

40

45

b

Z*

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

N
u

 l
o
c

5

10

15

20

25

30

35

40

45

c

Z*

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

N
u

 l
o
c

5

10

15

20

25

30

35

40

45

STT

RTT 1

RTT 2

RTT 3

STT

RTT 1

RTT 2

RTT 3

STT

RTT 1

RTT 2

RTT 3



21 

 

 

Fig. 13. Average 𝑁𝑢 for different cases of STT, RTT1, RTT2, and RTT3 at various pitch 

values. 

 

Fig. 14. Average 𝑓 for different cases of STT, RTT1, RTT2, and RTT3 at various pitch 

values. 

 

Fig. 15 illustrates the temperature and velocity contours and vectors at different cross-sections 

for the cases of STT, RTT1, RTT2, and RTT3 at twisted tape pitch of L/2 and 𝑅𝑒 = 250. The 

temperature contours indicate that the thermal boundary layer of STT case is much thicker than 

those of RTT cases, also a better redirection of the colder core fluid to the heated wall vicinity 

is observable in RTT cases proving the heat transfer improvement in RTT cases. Besides, the 
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slight difference in cross-sectional temperature contours of RTT2 and RTT3 cases in their 

thermal boundary layer and colder core fluid distribution implies a slight difference in heat 

transfer of these cases shown in Fig. 13 quantitatively. The velocity contours and vectors show 

the higher secondary flow intensity at RTT cases and also better mixing flow at higher angular 

velocities. 
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Fig. 15. Temperature, velocity contours and vectors on a cross-sectional plane located at 

L=0.3 in the cases of STT, RTT1, RTT2, and RTT3 at P= L/2 and Re= 250. 
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Fig. 16 depicts the streamlines colored by velocity magnitude for the cases of STT, RTT1, 

RTT2 and RTT3 at the twisted tape pitch of L/2 and 𝑅𝑒 = 250. The figure shows that STT 

redirects the flow path and creates a smooth secondary flow in the tube. However, as the twisted 

tape starts to rotate, the flow experiences a strong swirling effect in which swirl flow patterns 

are visible in the streamlines. Looking at the first pitch of the twisted tape (from inlet to the 

half-length of the tube) reveals that as the angular velocity increases from RTT1 to RTT3, the 

number of swirling flow vortices increases from one to three. These large swirling vortices 

result in more effective mixing flow that the colder core fluid is redirected more effectively 

towards the heated wall in comparison with the STT case. Moreover, higher velocity 

magnitudes are visible at the heated wall vicinity as the twisted tape angular velocity augments. 

This can be attributed to the streamlines color at the wider section of the swirl flow patterns 

varying from green to red by enhancing the angular velocity from RTT1 to RTT3.  

 

 

STT RTT 1 RTT 2 RTT 3 

Fig. 16. Streamlines colored by velocity magnitude for cases of STT, RTT1, RTT2, and 

RTT3 at P= L/2 and Re= 250. 
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Fig. 17 displays the pumping power and energy consumption of the system in all captured 

configurations. As displayed in Fig. 17 (a), a higher Reynolds number causes higher pumping 

power due to the generation of more intense mixing and secondary flow and also higher contact 

area between the fluid and solid twisted tapes. In addition, this figure reveals that decreasing 

the pitch of the twisted tape increases the pumping power in case of the stationary twisted tape 

as a result of stronger secondary flow and the higher contact area between the fluid and solid. 

This enhancement in pumping power by pitch reduction reduces as the twisted tape starts to 

rotate, such that there is a subtle change in the pumping power for RTT3. The reason is 

attributed to an intense disturbance in the viscose boundary layer in RTTs, prohibiting the 

growth of the boundary layer through the channel. This phenomenon is further intensified by 

increasing the twisted tape angular velocity, such that the twisted tapes with different pitch 

values in RTT3 case have almost equivalent pumping power values. The highest pumping 

power values correspond to the STT cases followed by RTT1, RTT2 and RTT3 cases. Figure 

17(b) shows the electric motor power consumption for rotating twisted tape cases. As seen in 

this figure, increasing the Reynolds number and twisted tape angular velocity is accompanied 

by an increase in the electric motor consumption, while a decrease in the pitch of the twisted 

tape reduces the electric power required to rotate the twisted tape. Figure 17(c) shows the total 

energy consumption of the considered configurations at different Reynolds numbers and 

various pitch distance of the twisted tapes. It is evident that higher Reynolds number and 

angular velocity enhances the total energy consumption of the system. The results of this figure 

suggest that a decrease in the pitch of twisted tape increases the total energy consumption of 

STT. Moving from STT to RTT1 results in reducing the rate of increase in the energy 

consumption. Further increase in the angular velocity (i.e. RTT2 and RTT3) is associated with 

a reduction in the energy consumption due to the domination of lower motor power 

consumption to the higher pumping power requirement in these cases.  
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(a) 

 
(b) 

 
(c) 

 

Fig. 17. (a) Pumping power, (b) electric motor power and (c) total energy consumption. 

The discussions presented above showed the enhancement of both heat transfer (as a desirable 

outcome) and energy consumption (as an undesirable outcome) in both stationary and rotating 

twisted tapes as well as lower twisted tape pitches. Hence, there must be a trade-off between 

the benefits of using STT and RTTs in lower pitches in heat transfer enhancement, and their 

side effects in requiring more pumping and motor powers. To evaluate this issue, the 

dimensionless number of PEC determined in Eq. (9) is examined here. It is worth noting that 

the PEC number represents the practical use of enhancement devices in the viewpoint of 

energy-saving potential in which higher PEC values imply superior energy saving. Also, the 

unit value for PEC represents the plain tube based on its definition. 

Fig. 18 shows the PEC number for all captured configurations. At Re=250 and all three twisted 

tape pitches, applying RTT1 increases the PEC number; however, enhancing the angular 
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velocity from RTT1 to RTT2/RTT3 leads to a reduction in the PEC number. On the other hand, 

in the higher Reynolds numbers (500, 750, 1000), the PEC number reduces as the twisted tape 

starts to rotate in almost all cases. Consequently, applying the RTT instead of the STT is only 

practical and beneficial at lower Reynolds numbers, in terms of energy consumption. Overall, 

by comparing the PEC number for all cases, it is found that the highest PEC number 

(PEC=1.50) is found for the case of STT at Re=1000 and the twisted tape pitch value of L/6. 
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Fig 18. Variations of PEC number with three twisted tape angular velocities, at Re=250 

and (a) P= L/2, (b) P= L/4, and (c) P= L/6. 

 

 

5. Conclusion 
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In this study, a CFD-based parametric study was conducted to investigate the laminar 

convective heat transfer and fluid flow characteristics in a plain tube equipped with stationary 

and rotating twisted tapes with three angular velocities (RTT1, RTT2, RTT3) and three twisted 

tape pitches (L/2, L/4, L/6) at four Reynolds numbers (250, 500, 750, 1000). The main 

conclusions to draw from this work are as follows: 

• Using twisted tape insert increases heat transfer, friction coefficient, energy 

consumption (including pumping power and motor power to drive the rotating twisted 

tape) and higher enhancement obtains as the twisted tape starts to rotate and the twisted 

tape pitch reduces. 

• As the twisted tape starts to rotate, decreasing its pitch has no significant effect on the 

heat transfer rate, consequently, raising the angular velocity beyond a certain point (e.g. 

RTT2 in this case) is unlikely to bring any useful benefits and in fact may result in the 

waste of energy. 

• Using SST with the pitch of L/2, L/4, L/6 respectively increases the average 𝑁𝑢 by 

approx. 15%, 24%, 37% for 𝑅𝑒 of 250; 17%, 45%, 68% for 𝑅𝑒 of 500; 19%, 56%, 75% 

for 𝑅𝑒 of 750; 23%, 61%, 79% for 𝑅𝑒 of 1000. Also the average Nu increases by about 

65.9%, 63.6%, 55.1%, and 39.0% in the cases of STT, RTT1, RTT2, and RTT3, 

respectively, for Re of 1000 and twisted tape pitch of L/6. 

• From energy consumption viewpoint, applying rotating twisted tape instead of 

stationary twisted tape is only feasible and beneficial at lower Reynolds numbers. 

• The present parametric study the highest dimensionless heat transfer to energy 

consumption ratio (represented through the PEC number) is found for the case of 

stationary twisted tapes at the Reynolds number of 1000 and the twisted tape pitch of 

L/6 which is equal to 1.50. 
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