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a b s t r a c t

Helical vortices, as one kind of secondary flows, are recently observed downstream of the
short twisted tape. The behaviors of vortices, which have significant effects on the effi-
ciency of twisted tape, are not well understood. As such, the formation and development
of helical vortices induced by the short twisted tape are studied numerically. The results
show that two symmetrical stable helical vortices are present downstream of the twisted
tape. The values of radial velocities cannot be neglected due to the presence of the vor-
tices. The vortices form in the twisted tape and remain the structure downstream of the
twisted tape. Torsion promotes the formation of helical vortices. The intensities of helical
vortices decay along the streamwise direction. With the increasing Reynolds numbers, the
intensities of helical vortices increase, and the trend is in agreement with the swirl in-
tensities. The intensities of helical vortices decay slowly compared with the intensities of
swirling flow.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Full length twisted tape insert has been widely applied in industry, as a simple and cheap continuous swirl flow device
for heat transfer augmentation in heat exchangers. The penalty of the present technique is the increase of friction pressure
drop. Several modifications of twisted tape have been reported in literatures, such as short inlet tapes, serrated tapes and
intermittently spaced tapes. The primary motive in these variations is to reduce the pressure drop while maintaining the
thermal performance of a full length insert.

Full length twisted tape has been investigated for a long time, researches [1–3] mainly focused on heat transfer and
friction coefficient, only a few studies regarding the vortex structure. Double helical longitudinal vortices are observed in the
turbulent flow field through measurement [4]. The vortex structure in the laminar flow is the same, confirmed through
smoke flow visualizations [5] and computational simulations [6]. However, the visualizations and simulations about vortex
motion are restricted to the secondary flow in fully developed flow. The formation and development of vortices, which have
significant effects on the vortex motion in the fully developed flow induced by full length twisted tape, are not well un-
derstood. This limits the enhancement of heat transfer.

Short twisted tape is a more promising embodiment [7]. The tape is long enough to initiate swirl, and decays in the
subsequent empty pipe section. The decay region without the twisted tape seriously reduces the pressure drop, while the
improvement of enhancing heat transfer is maintained [8,9]. One significant existing problem of the technique is the limited
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Nomenclature

A pipe cross section area, m2

D pipe diameter, m
DH hydraulic diameter, m
H 180° twist pitch, m
I turbulence intensity
JABS
n absolute vorticity flux, s�1

k turbulent kinetic energy, m2 s�2

R pipe radius, m
r distance in radial direction, m
Re Reynolds number
S swirl number, ( )( )u u rdA R u dA/a t a

2∫ ∫ρ ρ= [18]
Ub inlet velocity, m s�1

u fluid velocity, m s�1

ua axial fluid velocity, m s�1

ui mean fluid velocity, m s�1

ur radial fluid velocity, m s�1

ut tangential fluid velocity, m s�1

u′ fluctuating fluid velocity, m s�1

u i′ mean fluctuating fluid velocity, m s�1

z distance in Z direction, m

Greek letters

α inverse effective Prandtl numbers
δ tape thickness, m
δij Kroneker delta
ε turbulent kinetic energy dissipation rate,

m2 s�3

θ angle, °
μt, μeff turbulent viscosity, Pa s
ρ density, kg m�3

ωa axial vorticity component, s�1

ωda dimensionless of axial vorticity component

Subscripts

a in axial direction
r in radial direction
t in tangential direction
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awareness concerning vortex behavior in the swirl flow which suppresses its application and structure optimization. Re-
cently, the secondary motion in the swirling flow downstream of a 180° twisted tape was studied, two corotating helical
vortices were observed in the experiment [10,11]. However the helical vortices motion, such as vortex formation and de-
velopment, are not well understood. The most dominant heat transfer enhancement mechanism of circular tube fitted with
twisted tape is the vortices motion generated by the tape. Grasping the underlying mechanism of vortices motions is
essential to enhance heat transfer, and meanwhile reduce energy consumption.

The turbulent swirling flow is studied numerically in this study, to clarify the helical vortices hydro-dynamics in the
swirling flow induced by the short twisted tape. Helical vortices formation and development are reported. The present study
improves the understanding of the vortices formation and development in the swirling flow, thus enabling the development
of more efficient heat exchanger devices.
2. Numerical simulation

2.1. Geometry model and mesh generation

The 180 degree twisted tape considered is a typical short twisted tape. Fig. 1 shows the circular pipe, twisted tape
geometry and notations. In order to correlate the calculation with the experimental data [11], the structure parameters of
the simulation are the same with the parameters in the experiment. The pipe diameter (D) is 25.40 mm, the pipe length (L)
Fig. 1. Geometry model of a circular pipe with a twisted tape: (a) computational domain, (b) twisted tape showing the structure grids and (c) cross section
at z¼0, the direction of arrows represents the flow direction.
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is 18.50D, the length of test section (L1) 15.75D, the pitch (H) 2.36D, the tape thickness (δ) 0.12D. Cartesian coordinate system
is used, the origin point of coordinate is located at the center of the twisted tape tailing edge. The direction of gravity is
along the negative X axis.

The geometry of the modeled pipe system is divided by structured hexahedron grids. In the mesh independence test
(507,520, 719,654 and 1,067,879 cells are tested), results show that 719,654 cells already satisfy mesh independent. The
region adjacent to the wall was refined using a denser mesh to numerically replicate the rapid change of the velocity
gradient across the boundary layer for the pipe wall and twisted tape surface. The mesh of twisted tape section is shown in
Fig. 1.

2.2. Description of numerical model

For a steady, incompressible and iso-thermal turbulent flow, the Reynolds averaged continuity and momentum equa-
tions, are given in the tensor form as:
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where ρ is fluid density, ui a mean component of velocity, p the pressure, μ the dynamic viscosity, and u′ a fluctuating
component of velocity. Repeated i, j indices indicate summation from one to three. u ui jρ− ′ ′ is known as the Reynolds stresses
which can be modeled by directly solving the Reynolds stress equations and by exploiting the Boussinesq hypothesis. The
former is called Reynolds stress model (RSM), and for the latter, the effect of turbulent eddy motions is described and
incorporated into the turbulent viscosity term (μt).

As the present study considers swirling flow in the pipe, the Renormalization group (RNG) k-ε turbulence model and
RSM were used widely to describe swirling flows [12,13]. In the present work, 3D (three dimension) swirling flow is induced
by the twisted tape, its streamlines curve sharply. Both RNG k-ε turbulence model and RSM are used, in order to determine a
turbulence model in better agreement with experimental results.

2.2.1. RNG k-ε turbulence model
The RNG k-ε model is an example of two-equation models that use Boussinesq hypothesis to model Reynolds stresses. In

the RNG k-ε model transport equations for the turbulence kinetic energy and turbulence dissipation are solved:
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where Gk represents the production of turbulence kinetic energy. The quantities αk and αε are the inverse effective Prandtl
numbers for k and ε, respectively. C1ε and C2ε are model constants, equal 1.42 and 1.68, respectively. μeff is the effective
viscosity. Parameters in Eq. (4) are given by:
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2.2.2. Reynolds stress model
The RSM includes the effect of anisotropy of turbulence, which yields it superior to models based on Boussinesq ap-

proach when simulating highly swirled flows and stress driven secondary flows. The RSM provides one equation for each of
the Reynolds stresses as well as one equation for the dissipation of turbulent energy. The transport equations are shown
below:
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where Suser is user-defined source terms. The term on the left hand side of Eq. (6) represents the convection, the terms on
the right-hand side represent the turbulent diffusion as proposed by Lien and Leschziner [14], molecular diffusion, stress
production, pressure strain, and the dissipation, respectively. The detailed description of those turbulence models can be
found in literatures, such as Pope [15], and Fluent User's Guide [16]. The commercial Fluent CFD (computational fluid
dynamics) software is used to construct and solve the flow models here.

Those turbulence models are primarily valid for turbulent core flows. The standard wall function has been most widely
used, and is chosen here to treat the near wall region.

2.3. Boundary conditions and solver parameters

The working fluid in the model is water at room temperature. At the inlet, a velocity inlet boundary condition is used, the
inlet velocity (Ub) is 3.03 m s�1. The turbulence intensity is calculated by I¼0.16(ReD)�1/8, where ReD is the Reynolds
number based on the pipe diameter, D. The turbulence intensity is determined to be approximately 4%. The outlet boundary
condition is set to an outflow condition. No slip boundary conditions are applied on solid surfaces.

The steady state flow is solved using the software FLUENT. The solver is 3D, pressured based and coupled. The pressure
and velocity coupling is handled by using the SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm. The
second order upwind schemes are used for momentum, turbulence kinetic energy, turbulence dissipation rate, and Rey-
nolds stresses. The convergence criterion used for the simulation is that the residual of the equations drops more than five
orders of magnitude.

2.4. Model validation

The results of tangential and axial velocities compared with the measured data [11] are shown in Fig. 2, to assess the
predictive capability of the chosen turbulence models for simulating the strongly swirling flow. Fig. 2 shows the tangential
and axial velocities at z¼185 mm and 150 mm, respectively. The computational results by the RSM show an excellent
agreement with the measurement compared with the results calculated by RNG k-ε turbulence model. The RSM should be
selected and used for prediction of this kind of flow induced by short twisted tape.
3. Results and discussion

3.1. Vortices structure

The structure of vortices is characterized by ωda, the dimensionless vorticities of axial component. It is defined as follow:
Fig. 2. Comparison of experimental results with tangential and axial velocity on the diameter along Y axis: (a) tangential velocity at z¼185 mm and
(b) axial velocity at z¼150 mm.



Fig. 3. 3D dimensionless vorticities of axial component ωda, the data values on the iso-surface equal 3.35.
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D
U2 (7)da
a

b
ω
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where D is the pipe diameter, ωa is vorticities of axial component, and Ub is the inlet velocity.
The dimensionless vorticities of axial component (ωda) field in the whole pipe are showed in Fig. 3. The data values on the

iso-surface in the figure equal 3.35. As vorticities can reflect the structure of vortices, the distributions of vorticities in Fig. 3
obviously show that the secondary structure induced by the twisted tape is two symmetrical helical vortices. The vortices
rotate around the pipe center. In terms of vorticity distribution, two regions of vortices formation and development can be
divided. In the twisted tape region, helical vortices form. Out of the twisted tape, helical vortices are developed. In the
twisted tape region, vorticities mainly concentrate on the twisted tape surface as fluid twists sharply here. Near the twisted
tape outlet, the flow structures of helical vortices are not stable. Away from the twisted tape, the flow structure of vortices
gradually become stable. It shows that helical vortices induced by twisted tape are stable, which is important for the
investigation of helical vortices dynamics in pipes, as helical vortices in pipes are unstable and easy to breakdown.

The velocity field induced by helical vortices in the pipe is shown in Fig. 4. Tangential velocities at different streamwise
positions (z/D¼7.28, 8.86 and 10.63) are shown in Fig. 4(a). The tangential velocity increases sharply near the pipe wall,
while decreases greatly in the vicinity of the pipe center, which is in good agreement with the experimental results [11]. The
tangential velocity gradient increases sharply near the pipe wall, which is benefit for heat transfer enhancement. Radial
velocities at different streamwise positions (z/D¼7.28, 8.86 and 10.63) and 3D distribution along streamwise are shown in
Fig. 4(b) and (c), respectively. As the presence of helical vortices, radial motions are complicated. Two high and two low
radial velocity regions present, and those regions are symmetric, shown in Fig. 4(b). The radial velocities directions in these
two regions are opposite. Fig. 4(c) shows the data values on the iso-surfaces of dimensionless radial velocity (ur/Ub) are 0.25
and �0.25, respectively. The structures of those iso-surfaces are two symmetrical helical tubes. The values of radial velo-
cities should not be ignored, compared with the value of fluid inlet velocity Ub. Radial velocities induced by helical vortices
promote the fluid mixing.
Fig. 4. Dimensionless velocity at different streamwise positions: (a) dimensionless tangential velocity (ut/Ub) and velocity vector, (b) dimensionless radial
velocity (ur/Ub) and (c) 3D dimensionless radial velocities (ur/Ub), the data values on the blue and red iso-surface are 0.25 and �0.25, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).



Fig. 5. Helical vortices formation process inside the twisted tape, tape twists counter clockwise, θ equals (1þz/H)�180° and represents axial positions. The
positions of X and Y axes are the same for all 2D contour plots in this study.
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3.2. Formation of helical vortices

The formation process of helical vortices is shown in Fig.5. As the fluid enters the twisted tape, the flow is split under the
effect of leading edge of the twisted tape. In the region of the twisted tape, two vortices appear and strength near the inlet,
rotating counter relative to the tape twist (θ¼10–30°). Both two vortices decay under the influence of tangential velocity of
the main flow (θ¼30° and 45°). During these vortices decaying process, two corotating vortices appear, and these four
vortices coexist temporarily (θ¼55° and 63°). After those vortices disappear (θ¼90° and 140°), two corotating helical
vortices exist (θ¼180 °). Downstream of the twisted tape, the corotating secondary vortices remain inside the straight pipe
(z/D¼1). It implies the formation process of helical vortices needs enough twisted degree.

The formation mechanism of corotating vortices is shown in Fig. 6. Considered the torsion effect of the twisted tape, the
system can be considered as a semicircular channel rotates around the pipe center point, hence the presence of Coriolis
force is assumed. As the fluid enters the twisted tape, the flow is split under the effect of leading edge of the twisted tape,
shown in Fig. 6a and b. At 10° of twist, under the effect of Coriolis force, the pressure near the left corner is low, and adverse
pressure gradient presents near the left corner. Streamlines bend seriously as the adverse pressure gradient here. Due to the
conservation law of angular momentum, the vortex rotates counter to the twisted tape, shown in Fig. 6(c). The vortex
develops and strengthens, seen θ¼10°, 15° and 30° in Fig. 6. It is shown that Coriolis force, which is assumed as the presence
of torsion, plays a dominant role near the twisted tape inlet. The force which causes high pressure gradient and curved
streamlines, can promote the formation of vortices.

Another corotating vortex appears during the vortex decaying process, and the two vortices rotate counter coexist, seen
in Fig. 6(d). In this region, the strength of counter rotation vortices gradually decreases. The low pressure region returns to
the pipe center under the effect of centrifugal force. With the rotating tape, the vertical distance between counter rotating
vortex and twisted tape surface becomes large, and enough room here is to form vortex. The wall shear stress reduces to



Fig. 6. Static pressure, streamlines and wall shear stress at different streamwise positions: (a) static pressure and streamlines at θ¼0°, (b) static pressure
and streamlines at θ¼5°, (c) static pressure and streamlines at θ¼10°, (d) static pressure and streamlines at θ¼55°, (e) wall shear stress and streamlines at
θ¼55° and (f) static pressure and streamlines at θ¼180°.
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zero shown in Fig. 6(e). Boundary layer separates, and a corotating vortex appears here. The pressure distribution at
θ¼180°can be seen in Fig. 6(f), and helical vortices appear here. The low pressure region moves from pipe center to the top
left (relative to the twisted tape) under the effect of Coriolis force. Streamlines bend to the low pressure core (seen θ¼140°
and 180° in Fig. 5) due to the pressure gradient. Corotating helical vortices form due to the flow unstability induced by
streamlines deformation. Once the twisted tape ends, helical vortices remain downstream of the twisted tape. In general, as
the development of flow, centrifugal force induced by the torsion of twisted tape causes the radial pressure gradient which
promotes the formation of vortices. The position of low pressure region corresponding to the position of helical vortices is
mainly influenced by Coriolis force.

3.3. Development of helical vortices

The intensity of secondary flow in swirling flow is characterized by JABS
n , the absolute vorticity flux. It is defined as follows

[17]:

J
dA

A (8)ABS
n A a∬ ω

=

The absolute vorticity flux denotes the averaged absolute vorticity flux of all vortices over the cross section, the para-
meter is used to reflect the intensity of helical vortices here.

The development of helical vortices can be seen in Fig. 7. The distribution of JABS
n along streamwise is shown in Fig. 7(a).

During the development process of helical vorticies, the variation of vorticities distribution at different cross sections (z/
D¼0.98, 1.77, 5.9, 7.28 and 8.86) can be seen in Fig. 7(b). In the twisted tape region (z/Do0), the secondary flow is formed
and strengthened, and the absolute vorticity flux increases with developing flow. Downstream of the twisted tape (z/D40),
vorticity distribution is dispersive under the effect of the twisted tape disturbing the flow, from 0.98 to 1.77 of z/D. As in the
twisted tape region, fluid in each of the two semicircular channels develops alone. Once the fluid flows out of the twisted
tape, the structures of helical vortices are not stable due to the sudden change of channel. The absolute vorticity flux
decreases sharply. Away from the twisted tape, vortices are gradually stable (z/D¼1.77–7.87). Away from the twisted tape (z/
D¼7.87–15.75), the flow structures of helical vortices are stable and vorticities are more concentrative.

The decay of helical vortices intensities along streamwise with variable Reynolds number (Re¼1.0�105, 8.9�104,
7.7�104, 5.1�104, 2.5�104) can be seen in Fig. 8. The intensity of helical vortices decays quickly near the twisted tape (z/
D¼3.94–7.87), and slowly away from the twisted tape(z/D¼7.87–15.75). The reason is that flow structures of vortices are
not stable near the twisted tape outlet, shown in Fig. 7(b), and energy consumption is high here. Away from the tape, flow is



Fig. 7. Development of helical vortices. (a) variation of JABS
n along streamwise and (b) dimensionless vorticities of axial component distribution at different

streamwise positions, Ub is the inlet velocity (3.03 m/s), D is the pipe diameter, and ωa is the axial vorticity.

Fig. 8. Decay of absolute vorticity flux and swirl intensity for different Reynolds numbers along streamwise. The solid dot means absolute vorticity flux and
hollow dot means swirl intensity.
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fully developed, and the flow structures of vortices are gradually stable. The linear reducing absolute vorticity flux is mainly
due to the vortex bending and viscous dissipation. The absolute vorticity flux increases with increasing Reynolds number, by
comparing the curves of different Reynolds number. This trend is in agreement with the variation of swirl intensities. In this
figure, the swirl intensities decay quickly compared with the helical vortices intensities.
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4. Conclusions

Helical vortices in the turbulent swirling flow induced by the short twisted tape inside a circular pipe are studied
numerically by using RSM to reveal their formation and development.

In terms of structures of vortices, two regions are divided: vortices formation in the twisted tape and development
downstream of the twisted tape. Two symmetrical stable helical vortices are present downstream of the twisted tape and
their intensities decrease during their development. In the swirling flow with the presence of helical vortices, tangential
velocities increase sharply near the pipe wall, while decrease greatly in the vicinity of the pipe center. Two high and two low
symmetrical radial velocity regions present, and the values of radial velocity cannot be neglected.

The vortices form in the twisted tape and remain the structure downstream of the twisted tape. Torsion promotes the
formation of helical vortices. The intensities of helical vortices decay along the streamwise direction, and decay slowly than
the intensities of swirling flow. With the increasing Reynolds numbers, the intensities of helical vortices increase.
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