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Heat transfer enhancement of heat exchangers is an important matter of concern to achieve 

more effective thermal energy conversion systems. The use of modified twisted tape (TT) 

inserts as passive technique of heat transfer augmentation are effective way to improve 

heat transfer. In this study, a numerical analysis is performed to investigate the heat transfer 

performance enhancement and flow behavior in a circular pipe using TT insert fitted with 

a hemispherical extruded surface (HES). The study is carried out for the turbulent flow 

regime (4000≤Re≤10000) at a twist ratio of 4.0 using ANSYS FLUENT. A flow domain 

is designed and mathematically modeled applying boundary conditions and using 

governing equations for turbulent model. The plain tube data is validated with established 

correlations. The achieved numerical results reveal that for TT fitted with HES leads to 

increment in heat transfer rate up to 69.4% compared to plain tube due to effective swirl 

flow and better mixing caused by the insert. Corresponding increase in friction factor is 

found relative to plain tube. The impact on the thermal performance factor has obtained a 

maximum of 1.24 at constant pumping power for Reynold number 4000. 
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1. INTRODUCTION

Several heat transfer intensification methods are generally 

employed to raise the thermal output of heat exchanger 

because of its extensive applications in industrial fields, for 

instance, refrigeration and air-conditioning, chemical 

manufacturing, solar collectors, electronic device cooling, and 

power generation. Depending on the usage of external power, 

various active and passive approaches are applied to intensify 

the convective heat transfer performance of many heat 

exchangers in the past few decades. Compared to active 

methods, passive methods are popular among engineers and 

researchers as passive methods do not depend on any external 

power sources. Among passive methods, the addition of 

inserts inside the heat exchanger tube to produce swirl flow to 

obtain higher heat transfer performance is reported very useful. 

Twisted tape, helical screwed tape, spiral spring, conical strip, 

and coiled-wire are the examples of most frequently studied 

inserts in the literature and proposed for further investigation 

with modification [1-5]. The function of these inserts is to 

create vortex by generating swirl flow, which reduces thermal 

boundary thickness and causes angular acceleration to the flow 

to enhance flow behavior and heat transfer characteristics. 

Twisted tapes are effective swirl generators due to their 

optimum twisted-shaped design, which can produce vortex 

flow to improve boundary layer perturbation and better 

blending between the central region and boundary regions of 

the tube to boost flow turbulence and thermal performance of 

the systems [6]. However, a significant pressure drop is caused 

by the addition of twisted tapes into the fluid flow. Therefore, 

the optimal design of the twisted tape inserts should be 

established to achieve maximum heat transfer rate with 

minimal frictional resistance through the pipe integrated with 

twisted tapes. 

In recent years, many experimental studies along with 

numerical simulations have been performed by researchers 

worldwide to study the flow mechanism and heat transfer 

phenomena of pipe flow integrated with both conventional and 

modified twisted tapes. Eiamsa-ard et al. [7] observed the 

impact of full-length and equally spread out twisted tape 

inserts on the coefficient of heat transfer and frictional 

properties through a dual-pipe heat exchanger and stated the 

rise in convective heat transfer performance at smaller twist 

ratio with a consequence of the increase in friction factor. 

Furthermore, they concluded that the heat transfer rate was 

more prominent at lower space ratio as well as twist ratio but 

with higher value friction factor. Murugesan et al. [8] 

investigated flow behavior and thermal performance using 

reformed twisted tape inserts with V-cut. The achieved results 

with V-cut supplement exhibited 2.46 and 5.82 times greater 

Nusselt number and resistance caused by friction than a 

smooth tube, respectively. Besides, the depth ratio of V-cut 

performed more heat transfer than the width ratio of the V-cut. 

Tamna et al. [9] experimentally studied performance 

intensification using ribbed twisted tapes. The results revealed 

significant improvement in Nusselt number and thermal 

performance of tubular heat exchanger compared to TT with 

no rib. Eiamsa-ard et al. [10] used helically designed twisted 
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tapes as vortex and turbulence generator and reported heat 

transfer escalation for turbulent flow (6000<Re<20000). The 

obtained findings reveal that the coil-shaped tapes yielded a 

more effective performance factor than regular helical tape 

inserts. Furthermore, heat transfer rate and flow resistance 

went up with reducing twist ratio, whereas; the thermal 

performance showed the opposite movement. 

Hasanpour et al. [11] experimentally and analytically 

examined performance intensification and pressure drop 

through a wavy pipe heat exchanger with conventional and 

modified (U-cut, perforated and V-cut) twisted tapes in 

turbulent regime (Reynold number, 5000 to 15000) at three 

twist ratios. The outcomes depicted maximum heat transfer 

performance for modified V-cut based twisted tapes while the 

least pressure drop attributed to modified perforated type 

twisted tape inserts. Moreover, maximum performance factor 

1.50 was recorded for V-cut inserts at the lowest twist ratio. 

All the results are found to be in accord with numerically 

predicted results with less than 2% deviation. Khoshvaght-

Aliabadi et al. [12] revealed that agitated vessel heat 

exchanger fitted with spiky aluminum twisted tape inserts 

resulted in approximately 67% increased heat transfer 

coefficient than a regular plain pipe. Tusar et al. [13] 

numerically studied heat transfer augmentation and flow 

characteristics of airflow through a tube combined with 

twisted tape inserts for turbulent flow regime. Their findings 

showed that the maximum increment of Nusselt number and 

flow resistance is 62% and 245%, respectively. Besides, 

twisted tapes yielded better heat transfer at the smallest twist 

ratio and lower Reynolds number. In another numerical 

investigation [3] observed the effect of helical screw tapes 

with a 1.92 twist ratio for laminar flow. They found maximum 

of 2.6 times improved Nusselt number for helical screw tapes 

while frictional resistance increased by 8 times compared to 

the smooth pipe. Nakhchi and Esfahani [14] presented a 

numerical study of heat transfer growth for tube heat 

exchanger integrated with dual V-cut twisted tape inserts. The 

obtained results describe a maximum 117.4% augmentation of 

heat transfer rate with V-cut twisted tapes than regular twisted 

tapes and more effective turbulent swirl flow generation due 

to intense collision. Also, larger cuts found to produce higher 

performance factors than a parallel increase in pressure drop 

at 5000< Re <15000. Nakhchi and Esfahani [15] inspected 

thermal-hydraulic behaviors of a circular tube heat exchanger 

fitted with rectangular single-cut and double-cut twisted tape 

inserts in turbulent flow regime. They revealed double-cut 

twisted tape yield higher turbulence than single-cut tape, and 

a maximum 33.26% increment of Nusselt number was 

reported for change in cut ratio from 0.25 to 0.75. Saysroy and 

Eiamsa-ard [16] analyzed flow behavior and performance 

intensification using multi-channel twisted through circular 

tube tapes. Their findings showed that the Nusselt number of 

the flow increase at higher channel number and lesser twist 

ratio for low to high Reynolds numbers. 

The above discussed literatures describe that the heat 

transfer intensification using modified twisted tape inserts is 

an efficient passive technique to obtain better heat transfer 

augmentation due to additional escalation in swirl flow 

generation and turbulence. Among various modified TT, the 

ones with modified designs (ribs and cuts) perform better heat 

transfer enhancement due to additional effective swirl flow 

formed by the ribbed surfaces or cuts and improves the 

turbulent intensity of the fluid flow. However, the effect of 

hemispherical extruded surface (HES) fitted with TT insert 

through a tube has never been studied to date. This inspired the 

present study to perform a numerical analysis using the HES 

integrated with TT insert to investigate the heat transfer 

improvement in a circular pipe flow in the turbulent regime. In 

addition, this analysis could be useful for better understanding 

of heat transfer improvement employing modified TT inserts 

and to design advanced heat exchanges with better efficiency. 

 

 

2. PHYSICAL MODEL 

 

The schematic diagram in Figure 1 shows the geometry of 

the designed fluid domain integrated with TT insert fitted with 

HES. The domain has a length of 500 mm and a diameter (D) 

of 16 mm. The added twisted tape is 400 mm long (L) with 

pitch length (y) of 40 mm and width (w) of 10 mm. Therefore, 

the twist ratio (TR=y/w) is 4. Generally, several types of 

inserts implemented in convective heat transfer intensification 

uses twist ratio between 1 to 10. Promvonge et al. [17] 

investigated twist ratio 2.17-9.39 for double twisted tape in 

helical ribbed channel. Performance was better for higher twist 

ratio with high friction factor. Thianpong et al. [18] 

experimented twisted tape with twist ratio 3, 5, 7 in a dimpled 

tube. Results demonstrated better performance for lower twist 

ratios with relatively less friction factor than helical ribbed 

insert. Hence, a twist ratio in between the range is selected for 

optimum performance in this investigation. The insert is 

placed 50 mm apart from the inlet section and ends 50 mm 

before the outlet. Hemispherical extruded surfaces with 2 mm 

diameter and 1 mm height are fitted on the surface of the TT 

on both sides of the tape to intensify turbulence during the flow.  

 

 
 

Figure 1. Schematic diagram of designed twisted tape insert 

fitted with a hemispherical extruded surface (a) full insert 

view, (b) geometry of TT (c) geometry of the hemispherical 

extruded surface 

 

 

3. MATHEMATICAL MODEL  

 

3.1 Governing equations 
 

The numerical domain for the tube flow with twisted tape 

insert fitted with HES is established. Considering assumptions 

and boundary conditions stated in the next section, the fluid 

flow behavior and heat transfer characteristics are carried out 

with a set of differential governing equations. The governing 

equations are utilized for a three-dimensional model are stated 

below. 

Continuity equation: 
 

𝜕

𝜕𝑥𝑖

(𝜌𝑢𝑖) = 0  (1) 

 

Energy equation: 
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𝜕

𝜕𝑥𝑖
[𝑢𝑖(𝜌𝐸 + 𝑃)] =

𝜕

𝜕𝑥𝑗
[𝑘𝑒𝑓𝑓 (

𝜕

𝜕𝑥𝑗
)]  (2) 

 

𝐸 = ℎ −
𝑃

𝜌
+

𝑢2

2
  (3) 

 

Momentum equation: 

 
𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
  

+
𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
−

2

3
𝛿𝑖𝑗

𝜕𝑢𝑘

𝜕𝑥𝑘
)] +

𝜕

𝜕𝑥𝑗
(−𝜌�́�𝑖𝑢�́�

̅̅ ̅̅ ̅)  
(4) 

 

where, −𝜌�́�𝑖𝑢�́�
̅̅ ̅̅ ̅ is the Reynold stresses, and it can be found 

from Boussinesq equations. 

 

−𝜌�́�𝑖𝑢�́�
̅̅ ̅̅ ̅ = 𝜇𝑡 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)  −

2

3
(𝜌𝑘 + 𝑢𝑡

𝜕𝑢𝑘

𝜕𝑥𝑘
) 𝛿𝑖𝑗  (5) 

 

where, 𝜌 is the fluid density, 𝑢𝑖 is the velocity component at 

x_i, dynamic viscosity 𝜇 , pressure 𝑃 , fluctuating velocity 

component �́�, and 𝑢𝑡 is the viscosity due to turbulence. 𝑢𝑡 can 

be defined as; 

 

𝑢𝑡 =
𝜌𝐶𝜇𝑘2

ℰ
  (6) 

 

where, turbulent kinetic energy 𝑘 = 1/2�́�𝑖𝑢�́�
̅̅ ̅̅ ̅. 

 

3.2 Boundary conditions 

 

At the inlet flow domain, the velocity inlet state is applied 

with water enters at 300K temperature in correspondent 

velocity while the pressure outlet boundary condition is 

implemented at the outlet pipe section for all the simulations. 

The flow is three-dimensional, steady, turbulent, and 

incompressible. Pressure drop is calculated considering zero-

gauge pressure at the outlet. Simulations were run for both 

bare tube and the integrated tube with twisted tapes at constant 

wall temperature condition. The constant heat flux standards 

are utilized to perform the simulation. Twisted tape insert 

fitted with hemispherical extruded surface immersed into 

water with adiabatic boundary condition; therefore, heat loss 

is negligible. No-slip boundary condition is considered for 

twisted tape surface and tube wall. 

 

3.3 Data reduction 

 

This research primarily focuses on the key parameters in 

heat transfer, such as heat transfer coefficient, flow behavior, 

Nusselt number (Nu), and the thermal performance factor of 

the system.  

The heat transfer coefficient is defined by  

 

ℎ =
𝑄

𝐴.∆𝑇
  (7) 

 

The Nusselt number is calculated by 

 

𝑁𝑢 =
ℎ𝑑

𝑘
  (8) 

 

The average value of Nu can be determined by 

 

 

𝑁𝑢𝑎𝑣𝑔 =
1

𝐿
∫ 𝑁𝑢(𝑥)𝜕𝑥  (9) 

 

The flow behavior (friction factor) can be defined by  

 

𝑓 =
2𝐷

𝐿

∆𝑝

𝜌𝑢2  (10) 

 

The thermal performance factor (η) is evaluated with the 

following equation: 

 

𝜂 =

𝑁𝑢

𝑁𝑢𝑝

(
𝑓

𝑓𝑝
)

1
3

  (11) 

 

where, 𝑁𝑢𝑝  and 𝑓𝑝 is the Nusselt number and friction factor for 

a plain tube. 

 

 

4. NUMERICAL ANALYSIS 

 

4.1 Numerical method and grid sensitivity analysis 

 

Heat transfer characteristics and the flow behavior of the 

turbulent flow through a tube with twisted tape inserts fitted 

with the hemispherical extruded surface are predicted by 

solving relevant governing equations. Navier-Stokes equation 

is used to determine the developed flow motion of the working 

fluid. To resolve the Navier-Stokes equations Semi-Implicit 

Method for Pressure-Linked Equations (SIMPLE) algorithm 

is implicated, whereas the second-order upwind technique is 

used to convert these equations. The numerical study is 

performed by considering the convergence below 10-7 for 

residual energy and below 10-4 for moment equations. 

Commercial ANSYS software is used to perform the 

numerical investigation. The properties of working fluid 

(water) are provided in Table 1. The geometry of insert fitted 

tube is complex in nature. Therefore, unstructured meshing is 

used for better mesh quality. It produces hexahedral elements 

in relatively simple geometry and tetrahedral, prism mesh in 

interfaces, where the geometry is complex and boundary 

changes rapidly. Figure 2 depicts the discretized insert domain 

of the developed model. Dense mesh was generated in the 

vicinity of HES to capture the physics perfectly. Inflation 

layers were implemented on heat flux surface and insert wall 

to produce multiple element layers in thin area as flow 

phenomena changes rapidly in boundary layer. 

 

 
 

Figure 2. Mesh generation for the TT insert fitted with HES 

 

Table 1. Properties of working fluid (water) 

 
Properties Value 

Thermal conductivity, k 0.6 W/m-k 
Specific heat capacity, CP 4180 J/kg-k 

Prandtl number, Pr 7 
Density, ρ 998 Kg/m3 

Dynamic viscosity, µ 1.003×10-3 Kg/m-s 
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Table 2. Grid sensitivity test 

 
Mash size 

(elements) 
Re Outlet temperature (K) Error (%) 

869054 

 

 

7000 

300.12 -- 

1107129 303.36 1.07 

1418576 305.17 0.59 

1719321 306.60 0.46 

2123479 306.84 0.07 

 

To check grid sensitivity, average outlet temperature of 

water is recorded against corresponding mesh elements for TT 

fitted with HES and pain tube using mesh size of 1 to 3 mm at 

Re 7000. The results in Table 2 shows that the variation in 

temperature between 1719321 and 2123479 is 0.46 and 0.07% 

respectively. Therefore, elements no 2123479 is used to 

perform the simulations. Average mesh metrics are good as 

well with element quality of 0.74, aspect ratio of 2.4 and 

skewness of 0.21. 

 

4.2 Validation for plain tube 

 

To assess the accuracy and precision of the present 

numerical study, the friction factor and Nusselt number results 

for the plain tube are validated with the Petukhov correlation 

and Gnielinski correlation [19, 20] respectively in Figure 3 

(a&b). As found, Nu and friction factor results of plain tube 

are within ±8.21 and ±6.66% of those from the respective 

correlations. From the stated results, it can be concluded that 

this numerical study provides satisfactory simulation accuracy 

as the results are in good agreement with the mentioned 

standard correlations. 

 

 
 

Figure 3. Validation of plain tube numerical data with respect to Reynolds number (a) Nusselt number (b) Friction factor 

 

 

5. RESULTS AND DISCUSSION 

 

5.1 Heat transfer characteristics 

 

As the constant heat flux condition is applied for both plain 

tube (PT) and TT with HES, an equal amount of heat is 

maintained for both cases. For PT, the fluid velocity is near 

zero at the adjacent region of the boundary due to no-slip 

condition and results in less heat transfer rate. Whereas for TT 

fitted with HES, velocity enhances due to intensification in 

swirl flow with the integration of TT in the plain tube and 

results in significant improvement in heat transfer rate (Nu). 

Figure 4 represents a rise in Nusselt number (Nu) with the 

increase in Reynolds number (Re) in the pipe flow with TT 

fitted HES. Therefore, noteworthy enhancement is observed in 

the heat transfer rate with increasing Re from 4000 to 10000 

due to escalation in swirl flow intensity and heat convection in 

the considered turbulent flow regime. The addition of TT fitted 

with HES resulted in up to 69.4% enhanced Nu than the bare 

tube alone. However, 𝑁𝑢/𝑁𝑢𝑝 tends to decrease at higher Re 

from Figure 4(b). This is attributed to the thicker boundary 

layer at lower value of Re. 

Figure 5 (a and b) demonstrate the temperature profile for 

Re (4000 to 10000) at the outlet for plain tube and the TT fitted 

with HES, respectively. Similarly, Figure 5 (c and d) show the 

wall temperature gradient for without insert and with insert. 

The figures describe that for constant heat flux condition, 

boundary wall temperature and outlet temperature is higher for 

PT at both Nusselt numbers because of less velocity and heat 

dissipation capacity. But for TT fitted with HES, effective heat 

distribution and intense swirl generation provide less 

temperature difference between surface and the outlet, which 

results in improved heat transfer characteristics of TT fitted 

with HES than PT. 

 

5.2 Friction factor characteristics 

 

Figure 6 depicts variation fluid flow characteristic (friction 

factor) for PT and TT with HES against Re. For the considered 

range of the Re, friction factor tends to decrease with Re, 

whereas f/fp increases at a higher value of Re. Although 

significant intensification is found using TT fitted HES with 

the PT, friction factor elevated correspondingly due to the 

presence of the TT fitted with HES. The friction factor is 

directly related to the pressure drop of a system therefore, high 

pumping power is required to run the system at a high friction 

factor. 

At TR 4.0, friction factor escalated 149-188% for TT fitted 

HES compared to the PT. This is due to the resistance to the 

flow and turbulence caused by the higher velocity of the fluid 

flow. The results are in accord with relevant studies with 

twisted tapes [10, 21, 22]. 
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Figure 4. Characteristics of Nusselt number against Reynolds number (a) enhancement of Nu for TT with HES at TR 4.0 (b) 

enhancement ratio for TT with HES to the plain tube 

 

 
 

Figure 5. Temperature profile at Re=4000 and Re=10000 for (a) Plain tube outlet (b) TT outlet and tube outlet with insert (left to 

right) (c) Pipe wall alone (d) Pipe wall with TT fitted with HES 

 

 
 

Figure 6. Friction factor characteristics against Reynolds number (a) rise in friction factor using TT fitted with HES (b) ratio of 

friction factors 
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5.3 Thermal performance analysis 

 

Figure 7 demonstrates the effect of Reynolds number on 

thermal performance factor at constant pumping power of the 

system. As stated by previous studies [23, 24]. 

 

 
 

Figure 7. Thermal performance factor against Reynolds 

number 

 

Performance enhancement using turbulators (t) in a plain 

tube (p) at constant pumping power can be determined by the 

following equations: 

For constant pumping power: 

 
(𝑄∆𝑃)𝑝 = (𝑄∆𝑃)𝑡  (12) 

 

From the relationship between friction factor and Reynolds 

number: 

 

(𝑓𝑅𝑒3)𝑝 = (𝑓𝑅𝑒3)𝑡 (13) 

 

𝑅𝑒𝑡 = 𝑅𝑒𝑝 (
𝑓𝑝

𝑓𝑡

) (14) 

 

According to the definition of thermal performance factor: 

 

𝜂 =

𝑁𝑢
𝑁𝑢𝑝

(
𝑓
𝑓𝑝

)

1
3

 (15) 

 

The relationship implies that the value of the thermal 

enhancement factor remained higher than unity for considered 

Re number range. Therefore, TT fitted with HES has a positive 

impact on heat transfer enhancement of the system. Results 

depicted that η is higher at lower Reynolds number, being 

maximum 1.24 at Re 4000. 

 

 

6. CONCLUSION 

 

A numerical study on fluid flow characteristics of turbulent 

flow through a tube with twisted tape inserts fitted with 

hemispherical extruded surface is performed at twist ratio 

(TR) 4.0 using ANSYS, a commercial software. The key 

findings of the study are as follows: 

(1) Reduction of wall surface temperature and 

intensification of swirl flow with an integrated arrangement of 

PT with TT fitted with HES lead to convection improved heat 

transfer behaviour of the system with the inserted TT instead 

of PT. 

(2) Heat transfer rate (Nu) augmented significantly against 

Reynolds number (Re) with the addition of TT fitted with HES 

at TR 4.0. The maximum enhancement achieved 69.4% 

compared to the plain tube. 

(3) Fluid flow characteristics for TT fitted with HES 

evaluated in terms of friction factor, which tends to increase 

correspondingly with increasing Re up to 188% than PT. 

(4) The thermal performance factor is obtained higher than 

unity (ranged 1.02-1.24), indicate a positive impact on the 

system energy savings.  

The performance achieved in the current study offered by 

HES fitted TT indicate potential aspect TT in terms of energy 

saving in thermal system. This study can provide theoretical 

direction for thermal design and production of heat exchanger 

tubes with TT fitted with HES. However, penalty in friction 

factor still remains a key challenge in the analysis of heat 

transfer augmentation with TT inserts. Hence, authors will 

continue their endeavor to analyze and design more effective 

inserts-based heat exchanger in their future researches in this 

field. 
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NOMENCLATURE 

 

HES Hemispherical extruded surface 

TT Twisted tape 

Re Reynold number 

Nu Nusselt number 

Pr Prandlt number 

k Thermal conductivity, W/m-K 

cp Specific heat capacity, J/kg-K 

Q Heat flux, W/m2 

h Convective heat transfer coefficient, W/m2.K 

L Length of the pipe, m 

D Pipe diameter, m 

y/w Twist ratio 

∆𝑇  Temperature difference, K 

u Fluid velocity, m.s-1 

f Friction factor 

∆𝑃  Pressure drop 

 

Greek symbols 

 

ρ Fluid density, Kg/m3 

µ Dynamic viscosity, Kg/m-s 

µt Viscosity due to turbulence, Kg/m-s 

η Thermal performance factor 

 

Subscripts 

 

p Plain tube 

t Turbulent 
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