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Abstract
Enhancing heat transfer in heat exchangers has gained attention of researchers for many years because of reduction in costs

of generating heat exchanger. Application of improved tubes is one way of increasing heat transfer. In the present study,

the turbulent flow in tubular heat exchangers with two twisted tapes was numerically investigated. Constant input velocity

and output pressure with non-slip conditions on the surface of the tape and the tube were also considered as the hydro-

dynamic boundary condition. In addition, the constant heat flow and heat resistance boundary conditions were also

considered for the surface of the tube and the tape, respectively. The fluent software was applied to solve the governing

differential equations. Results indicated that reducing the torsion ratio at constant Reynolds number with unaligned

orientation of tapes increases the average Nusselt number. Results also demonstrated that in aligned orientation, perfor-

mance enhancement is more compared to aligned orientation.
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List of symbols
D Pipe diameter (m)

f Darcy friction factor (–)

TR Torsion ratio (–)

L Length of pipe (m)

Ne Number of twists

Nu Nusselt number

t Thickness of the fin

Pr Prandtl number

P Step or length of twist

w Width of the tape

T Fluid temperature (K)

Re Reynolds number

Greek symbols
a Thermal diffusivity (m2 s-1)

l Dynamic viscosity of nanofluid (Pa s)

q Density (kg m-3)

k Half twist

Subscripts
i Inner

o Outer

Introduction

Among all the equipment which are used for generation of

rotational flow or secondary flow, twisted tape has gained

specific attention due to good heat performance of these

tapes in single-phase media and two-phase flow. In addi-

tion, these taps have desired flexibility in operation [1]. The

presence of twisted tape leads to simultaneous increase in

heat transfer coefficient and pressure drop. Due to simple

design and operation of twisted tape, they have extensively

been used for generation of rotational flow in liquids over

the past few decades. The size of heat exchangers can be

dramatically reduced when twisted tape is used to generate

specified heat. Therefore, more equipment is provided with

constant expenditure which is economically advantageous.

Another benefit of using twisted tapes is their easy pro-

duction and implementation in comparison with other

rotational current generators [2].

In the past 60 years, researchers and engineers were

trying to use tools to increase the turbulence intensity of

mixtures and turbulent flow in order to achieve higher heat

transfer [3]. Twisted tapes have high ability for increasing

these parameters in heat transfer systems including steam
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boilers, shell and tube heat exchangers and even simple

radiators of cars.

In 1976, Manglik and Bergls [4] performed experi-

mental investigations to increase the heat transfer in a tube

with constant temperature surfaces. In this study, by

inserting one twisted tape with torsion ratio of 3, 4.5 and 6

in the tube and application of water as the fluid, they came

to the conclusion that for all three ratios, the heat transfer

increased 1.3–1.5 times and the friction coefficient had also

increased 2–3 times, compared to hollow tube. Their

results indicated that the reduction of torsion ratio leads to

higher heat transfer rate and pressure drop. Jafaryar et al.

[5] investigated twisted tape with alternate axis effect on

turbulent flow and forced convection heat transfer. They

utilized single-phase model for nanofluid.

Sheikholeslami et al. [6] presented the nanofluid turbulent

convective flow in a circular duct with helical turbulators.

Shadloo and Hadjadj [7] studied the Laminar-turbulent

transition in supersonic boundary layers with surface heat

transfer. Saha et al. [8] experimentally studied the effect of

twisted tape with different length on heat transfer in the

tube with constant temperature flux. Results indicated that

shorter length tapes possessed better thermal performance

in comparison with the long tape. Heat transfer and pres-

sure drop encountered 1.6–2.5 times and 3–4.5 times

increase, respectively.

Sheikholeslami et al. [9] investigated solidification of

NEPCM by means of finite element method. Shadloo et al.

[10] reported the statistical behavior of supersonic turbu-

lent boundary layers with heat transfer in high Mach

number. Sheikholeslami [11] utilized metallic fin to

enhance the conduction heat transfer during solidification

of phase change material. Sheikholeslami and Ghasemi

[12] investigated thermal radiation effect on unsteady heat

conduction of nanofluid. Goodarzi et al. [13] investigated

the heat transfer and pressure drop of a counterflow cor-

rugated plate heat exchanger using MWCNT-based nano-

fluid. Sheikholeslami et al. [14] studied heat transfer

improvement and pressure drop during condensation of

refrigerant-based nanofluid. Sheikholeslami and Shehzad

[15] simulated ferrofluid flow in a porous media in exis-

tence of magnetic source. Goodarzi et al. [16] studied

application of nitrogen-doped, graphene-based nanofluids

for counterflow double-pipe heat exchanger. Sheik-

holeslami and Bhatti [17] investigated shape effects of

nanoparticles on nanofluid forced convection in existence

of Lorentz forces. Goodarzi et al. [18] studied nanofluid

mixed convection in a shallow cavity using a two-phase

mixture model. Recently, several articles have been pub-

lished about various methods of heat transfer enhancement

[19–67].

In this paper, effect of twisted tape on turbulent flow and

heat transfer enhancement are demonstrated. The twisted

tape static mixer pioneered the motionless mixing industry.

It is a cost-effective static mixer with moderate mixing

performance capabilities. It is most suitable for use in small

diameter turbulent and laminar flow applications where the

mixing task is simple and where its characteristic features

of low-pressure drop and an open geometric structure are

best for the application. Effect of active parameters on flow

style and variation of Nusselt number have been presented.

Governing equations

In order to understand and discuss the properties of twisted

tape, it is important to introduce the parameters which are

used throughout this research paper.

1. Step or length of twist (P)

The length of twist which indicates the 360 angle in twisted

tape is called the step or length of twist.

2. Number of twists (Ne)

The number of 360� twists in the twisted tape.

3. Reynolds number (Re)

The Reynolds number is defined as the one in the hollow

tube.

Re ¼ VD

m
ð1Þ

In which V is velocity, D is the diameter of the tube and m is
the kinetic viscosity described as follows:

m ¼ l
q

ð2Þ

where l and q are density and dynamic viscosity,

respectively.

4. Half twist (k)
The length of tube in which one twisted tape completed

180� rotation.

5. Torsion ratio (TR)

TR is known as the ratio of half twist to the width of the

tape.

TR ¼ k
W

ð3Þ

In which W is the width of the tape. The increase in heat

transfer with the aid of twisted tape is extensively used in

heat exchangers. The important effects caused by the

presence of twisted tape are rotating flow which improves

liquid mixing; the spiral rotation of the fluid effectively

increases the length of flow path. In addition, barrier for-

mation and separation of flow lines result in increased

velocity in some areas of the flow [4].
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In other words, the mechanisms of increased heat

transfer by twisted tape can be described as follows:

• The effective flow lines in the current field and its

velocity in the rotational flow (due to the presence of

twisted tape) is more than the simple tube. This affects

the heat transfer coefficient from two aspects:

• Volatility increased heat transfer

• Higher tangential velocity in the vicinity of tube walls.

• The secondary flow generated by twisted tape increases

the flow mixing due to the rotational flow. The

eccentric force which is produced by this secondary

flow generates rotational flow on both sides of the

twisted tape.

• The blade effect in twisted tape, in case when it is

attached to the tube, can increase the surface of heat

transfer. This increase in a function of contact area of

the tape and tube and the other thermophysical

properties of the tape and the tube.

As mentioned previously, turbulent flow is generally

irregular and unpredictable. However, observation of fluid

flow in this case indicates that this flow has fairly regular

structures consisted of relatively large vortices in com-

parison with the flow. In other words, the flow is statisti-

cally stable. With this property, variables can be defined

using Eq. (4):

; ¼ ; þ ;0 ð4Þ

where �; and ;0 terms represent the mean value and the

volatility of the variable, respectively. The time average of

; quantity is calculated using Eq. (5):

Z Dt

0

; xi; tð Þ lim
Dt!1

1

Dt
dt ¼ xið Þ �; ð5Þ

Reynolds considered the variables in the form of

Eq. (4), inserting in flow equations and averaging the

equations described the flow equations in terms of mean

and volatility variables for the first time which is called

Reynolds averaged equations [5].

o uið Þ
oxi

¼ 0 ð6Þ

o

oxj
uiuj þ u

0
iu

0
j

� �
¼ 1

q
� o�p

oxi
þ osij

oxi

� �
ð7Þ

o

oxj
uj

�; þ u
0
j;0

� �
¼ 1

q
o

oxj
C
o �;
oxj

 !
ð8Þ

where sij elements are viscose mean stress tensor.

sij ¼ l
oui

oxj
þ ouj

oxi

� �
ð9Þ

These equations have almost the same structure as the

fundamental mass, momentum and scaler conservations;

however, the new equations are based on mean variables

and the terms are actually representing the effect of tur-

bulence which are added to these equations. The presence

of turbulent terms, terms such as qu0
iu

0
j (Reynolds stresses)

and qu0
i;0 (Scalar turbulent flux) in conservation equations

means that these equations are not closed; in other words,

the number of variables are higher than the number of

equations. In order to close these equations, the new terms

which are associated with turbulent flow should be mod-

eled which leads to different turbulent models. Figure 1

and Table 1 show good agreement of presented code.

Table 2 shows more detail of setting.

Nusselt number can be defined as:

Nu ¼ hDh

knf
ð10Þ

Results

It should be mentioned in this section that the torsion ratio

is equal for all the simulations. In fact, the known torsion

ratio in one case, determines the torsion ratio for both

tapes. Therefore, in this section, two parameters of torsion

ratio and Reynolds number are investigated. In Fig. 2, the

3-D flow lines in the center of the tube for aligned and

unaligned orientation with torsion ratio of 4 are illustrated.

30

Nusselt number = 4.36
Present work
Experimental data25

20

15

10

5

0
0 90 180

X/D

N
u

270 360 450

Fig. 1 Comparison of the results obtained for water in a horizontal

pipe [67]
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In Fig. 3, the secondary flow generated on the twisting

tapes in the tube with torsion ratio of 4 with different

Reynolds numbers is shown.

As shown in Fig. 3, when Reynolds number is changed,

no specific change occurs in the flow regime. This is while

two rotational regions formed around each tape, in sections

of the tube which the two tapes become closer, only one

rotational region formed between the two tapes.

In Fig. 4, the generated secondary flow in some parts at

Reynolds number of 20,000 and torsion ratio of 3.25 at

aligned and unaligned orientations is illustrated. In can be

seen that at unaligned orientation, one distinct rotational

region formed around each tape does not interact with the

other rotational region.

In this section, the effect of torsion ratio on heat transfer

and specifically the Nusslet number was investigated. In

the following figure, the obtained Nusselt number from

performed simulations for different torsion ratios is

indicated.

As illustrated in the figure, at constant Reynolds num-

ber, the Nusselt number increases with the reduction in

torsion ratio. This is due to the increased intensity of the

rotating flow in lower torsion ratios. In other words, at

given distance of tube length, the fluid goes through a

longer path (Fig. 5).

In addition, the generated secondary flow itself increases

the rate of heat transfer. This increase in Nusselt number

for higher Reynolds numbers is significantly higher.

Finally, it should be considered that increase in Nusselt

number with decreasing torsion ratio is comparatively

higher when changed from 3.25 to 2.5 than in case of

4–3.25. However, the numerical value of this increase is

evident and will be discussed in terms of percentage of

increase in the following section. Figure 6 indicates the

effect of the increase in torsion ratio on Nusslet number for

unaligned orientation.

The obtained results on the increasing trend of heat

transfer at aligned and unaligned orientation were similar.

However, at unaligned orientation, the increase in heat

CO-TR = 4

COUNTER-TR = 2.5

Fig. 2 3-D flow lines in two different conditions of torsion ratio and

torsion orientation

Re = 10000

Re = 20000

Re = 30000

L = 0.8m L = 0.83m

Fig. 3 Secondary flow for different Reynolds numbers t torsion ratio

of 4 at aligned orientation

Table 1 Comparison of average Nusselt number between present

work and Aminossadati et al. [66]

Re / Aminossadati et al. [66] Present work

10 0.01 1.486 1.508

10 0.04 1.580 1.569

500 0.01 7.330 7.330

500 0.04 8.136 8.136

Table 2 Solver setting of

ANSYS FLUENT
Solver Pressure-based, steady

Viscous model K - e, RNG, enhanced wall treatment

Solution methods Pressure–velocity coupling SIMPLE

Gradient Green-Gauss node based

Pressure Standard

Spatial discretization Momentum Second-order upwind

Turbulent kinetic energy Second-order upwind

Turbulent dissipation rate Second-order upwind
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transfer at constant Reynolds number is higher for a

decrease of 4–3.25 in torsion ratio in comparison with the

Nusselt number obtained for decreased torsion ratio of

3.25–2.5. Comparison of the unaligned orientation of

twisted tapes in increasing the heat transfer at different

torsion ratios is investigated in this section. In the fol-

lowing figures, the variation of Nusselt number for differ-

ent Reynolds numbers at aligned and unaligned

orientations in each of the investigated three torsion ratios

is compared (Fig. 7).

As can be seen, the Nusselt number increases with

increase in unaligned orientation of the tape. This is

physically logical because at unaligned orientation, two

tapes were very close at some points and therefore higher

mixing of flow is observed which is ultimately effective in

increasing the heat transfer. What should be mentioned

here is that the increase in heat transfer at unaligned ori-

entation of tapes was not significant at torsion ratio of 4 and

is approximately equal for the other two torsion ratios.

L = 0.82m

L = 0.84m

L = 0.86

Aligned Unaligned 

Fig. 4 Generated secondary flow at Reynolds number of 20,000 and

torsion ratio of 3.25 for three different parts of the tube at aligned and

unaligned orientations
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200

220

240

9000 14,000 19,000 24,000 29,000

N
u

Re

C-2.5
C-3.25
C-4

Fig. 5 Nusselt number with changing Reynolds number and different

torsion ratios at aligned orientation
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Fig. 6 Nusselt numbers with variation of Reynolds number at

different torsion ratios and unaligned orientation

TR = 4

TR = 3.25 

100
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200

250

9000 14,000 19,000 24,000 29,000

N
u
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C-3.25

CO-3.25

100

150

200

250

9000 14,000 19,000 24,000 29,000

N
u
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C-4
CO-4

TR = 2.5 

100
120
140
160
180
200
220
240

9000 14,000 19,000 24,000 29,000

N
u

Re

C-2.5

CO-2.5

Fig. 7 Variation of Nusselt number with Reynolds number at three

torsion ratios in aligned and unaligned orientations
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Conclusions

In the present study, turbulent water flow in tubular heat

exchangers with twisted tapes was investigated. In order to

simulate the turbulent flow K � xðSSTÞ model was applied

and Fluent software was used to solve the governing

equations. Results indicated that numerical solution with

the abovementioned method can effectively achieve results

comparable to experimental results. Moreover, the

obtained results were studied in the form of velocity con-

tours, Nusselt number diagrams. Results demonstrated that

two distinct rotational regions at unaligned orientation and

two large rotational regions at aligned orientation were

formed around the tubes. This can be explained based on

2-D flow lines at cross sections. The Nusselt number

increases with the reduction of torsion ratio. This increase

is higher for larger Reynolds numbers.
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