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In order to improve the unit-power of a wind-driven generator, a wind concentrator with
complex shape is installed in front of the impeller, which makes the airflow integrated and
accelerated. It is important to manufacture the wind concentrator with high precision. The
double-roller clamping spinning (DRCS) is a dieless, flexible spinning process that is very
suitable for forming a wind concentrator with complex shape. The profile of a wind
concentrator is divided into two parts: the contraction section and the expanding section.
The process routes of both the contraction section and the expanding section are
determined, and roller path equations are derived. Then the finite element (FE) analysis
model that can describe the plastic deformation behavior of the DRCS forming for a wind
concentrator is established, and the DRCS process of the flange is simulated.
Furthermore, the wall-thickness distribution on the expanding section during the
forming process is obtained. Finally, the reliability of the FE model is verified using the
experimental results.
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INTRODUCTION

To relieve the energy crisis, more and more new energy sources have been developed, such as wind
energy, solar energy, hydrogen energy, and so on. Wind energy is a kind of renewable and clean energy
and has been widely used in wind power generation. For the development of wind power equipment, it is
important to improve the efficiency of wind power units, and meanwhile ensure the safety of use and
propermanufacturing cost. To improve the unit power of the wind-driven generator, a wind concentrator
with a complex shape is installed in front of the impeller, which makes the airflow integrated and
accelerated. Thus, it is important to design and manufacture the wind concentrator with a satisfactory
shape and high precision. Generally, the wind concentrator is formed by three methods, which are deep
drawing forming combined tailor-welding process, integral die forming process, and composite forming
process of shear spinning and deep drawing spinning. The first method has a high cost of the mold.
Moreover, the surface quality and aerodynamic characteristics are limited by the quality and the quantity
of the welded seam. The second method is a kind of integral forming process, which needs more energy
and much expensive equipment. Also, it cannot ensure the local forming quality. The third method
adopts shear spinning. In the shear spinning process, the different sizes of parts need different molds,
which results in the high cost of the mold.

A new double-roller clamping spinning (DRCS) process is suitable for forming the wind
concentrator with a complex profile. Figure 1 shows a schematic of the DRCS process. Before
the DRCS process, a thin-walled cylindrical workpiece is fixed on the internal expanding clamp,
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which expands radially under an axial compressive load to tightly
clamp the cylindrical workpiece. At the same time, two rollers
clamp the section, which is to be formed and exert forming the
load. In the DRCS spinning process, the workpiece rotates
together with the clamp, while the two rollers rotate on their
axis, performing three degrees of freedom motion driven by the
spinning head (linear motion along the Z and X axes, and rotation
around the Y axis). Thus the thin-walled cylindrical part with a
complex profile can be formed.

In addition, the DRCS process can be used to form other key
parts with hollow axisymmetric shape, such as fans and
ventilators of heating, ventilating, and air conditioning
(HVAC), and hydrogen storage of fuel cells for electric
vehicles that is the research focus in recent years (Ding et al.,
2020a; Ding et al., 2020b).

Many scholars have investigated conventional spinning, flow
forming, and shear spinning (Wang and Long, 2011;
Childerhouse and Long, 2019; Wang et al., 2020; Huang et al.,
2021). However very few researchers studied the DRCS process.
Fan, et al. used two methods to establish the FE model of DRCS
for a cylinder with a rectangular flange. The first method is the
same as that for actual working conditions, where the workpiece
rotates around its axis. The second method makes the workpiece
motionless, unlike in the actual forming process. Different
methods may be chosen according to the different computing
conditions (Fan et al., 2010). To save computing time, the authors
used the second method to establish an FE model of the DRCS
and solved key problems in establishing the model. Then, a
precise three-dimensional elastoplastic FE model was
established for DRCS, and the FE model was verified by
experiments (Fan et al., 2011). Moreover, the authors carried
out experimental research andmany FE simulations and obtained
the effects of the main process parameters, such as the roller

radius, the spacing between two rollers, and the feed rate of rollers
on the DRCS process (Fan et al., 2012). Both a finite element
numerical simulation and experimental research on the DRCS
process were carried out. DRCS spinning force, stress, strain, and
wall thickness distributions for the different deformation areas
were obtained. Furthermore, microstructure analysis and tensile
test results show that the flanged thin-walled cylinder formed by
DRCS has good mechanical properties (Fan et al., 2018). The
finite element model of the multi-pass DRCS for the sheet metal is
established. The simulations on the multi-pass DRCS of the
ordinary Q235A steel cylindrical part with the arc-shaped
surface flange are carried out. The variations of the spinning
forces and the distributions of the stresses, strains, and wall
thickness during the multi-pass DRCS process are revealed
(Fan et al., 2013).

All of the above research is valuable for the forming of wind
concentrators. However, the wind concentrator used in the wind-
driven generator is a kind of thin-walled cylinder part with a
complex profile. The profile of the wind concentrator includes
two parts: the contraction section and the expanding section,
which are more than simple right-angle flange or bell mouthparts.
Therefore, the roller path of DRCS for wind concentrators is more
complex. To reveal the deformation mechanism of DRCS for the
wind concentrator with a complex profile, FE simulations and
experiments of the DRCS process for 6061-T6 aluminum alloy
wind concentrator have been carried out in this study. First, the
process route of DRCS for the wind concentrator is determined,
and the roll path equations are deduced. Then the finite element
model of DRCS for wind concentrators is established. The DRCS
process of the wind concentrator is simulated, and the experiment
results verified the reliability of the FE model.

ANALYSIS OF THE GEOMETRICAL MODEL
OF WIND CONCENTRATOR

Figure 2 shows the geometrical model of the wind concentrator,
which consists of the diffusion ventilation section and the vortex
forming section, and the vortex forming section is formed by a
straight edge flange. The profile of the diffusion ventilation
section is a cycloidal curve that includes the contraction
section and the expanding section.

It has been verified that the cycloidal curve in the diffusion
ventilation section has higher output power and output efficiency
than the straight one. Increasing the curvature of the curve causes
the increase of air outlet area of the diffusion ventilation section,
which can improve the output power. Table 1 shows the key
geometric parameters of the wind concentrator.

FORMING PROCESS ROUTE OF A WIND
CONCENTRATOR

Both the contraction section and expanding section of the
diffusion ventilation section in the wind concentrator can be
formed by the DRCS process. During both forming processes,
several AC servo motors are used to control the path of the roller.

FIGURE 1 | Schematic illustration of the DRCS process.
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First, the contraction section of the wind concentrator is
formed, as shown in Figure 3A. In the forming process, a
workpiece tube is fixed on the internal expanding clamp and
rotates together with the clamp. Two rollers clamp the workpiece
and exert the forming load, and the rollers perform motion
according to the designed roller path. Second, the end region
is flanged inward, which is convenient for clamping in the DRCS
process of the expanding section.

After the contraction section is formed, the workpiece is
removed. The blank of the second process is obtained through
the first process. The straight side of the contraction section is
fixed on the internal expanding clamp. Then the expanding
section and the straight edge flange of the vortex forming
section are formed successively by controlling the motion of
rollers according to the designed roller path, as shown in
Figure 3B. Finally, remove the straight side used for
clamping, and the wind concentrator with a complex profile
is obtained.

DESIGN OF ROLLER PATH

In order to perform satisfied roller motion in the DRCS process of
wind concentrators, it is important to design the proper roller
path. Furthermore, the roller path has an important influence on

FIGURE 2 | Geometry model of a wind concentrator.

TABLE 1 | The key geometric parameters.

Symbol Specification Symbol Specification

Di Inlet diameter L Length of wind concentrator
d Diameter of neck Ls Length of contraction segment
Do Outlet diameter Lk Length of expanding segment
h Flange height — —

FIGURE 3 | (A) DRCS process for the contraction segment of a wind concentrator. (B) DRCS process of the expanding segment and vortex forming section of a
wind concentrator.
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the forming quality and processing efficiency. Two cylindrical
rollers are used in the single-pass DRCS process, which causes the
line contact between the roller and the sheet metal. Thus, the
loading action area is larger than that of the conventional
spinning, and the plastic deformation of each pass spinning is
larger. So spinning efficiency is higher.

The geometry model of the wind concentrator is shown in
Figure 4. Figure 4A is the initial workpiece, Figure 4B is the
contraction section after DRCS. Figure 4C is the expanding
section after DRCS. The geometric parameters are shown in
Table 2.

Roller Path of Double-Roller Clamping
Spinning for the Contraction Section
It is shown in Figure 5A that the generatrix of deformation zone
in the contraction section consists of a circular segment OM and
line segment MN. Point Cs (0, Rsm) is the center of the circular
segment. The equation of the circular segment OM is

{x � Rsm · cos θ
y � Rsm + Rsm · sin θ , θ ∈ (3

2
π,

3
2
π + θs)

where: Rsm -- Radius of the circular segment OM, and Rsm �
Rs + tp/2.

θs -- Arc angular of the circular segment OM.
The equation of the line segment MN is

⎧⎪⎪⎪⎨⎪⎪⎪⎩
x � Rsm · cos(3

2
π + θs) + t

y � Rsm + Rsm · sin(3
2
π + θs)

, t ∈ (0, Lkj)

where: Lkj -- Length of the line segment MN.

Roller Path of Double-Roller Clamping
Spinning for the Expanding Section
It is shown in Figure 5B that the generatrix of the
deformation zone in the expanding section consists of a
circular segment OP and a line segment PQ. Point Ck (0,

FIGURE 4 | (A) Geometry model of the blank of a wind concentrator. (B) Contraction segment after DRCS. (C) Expanding segment after DRCS.

TABLE 2 | Geometric parameters of the contraction segment.

Parameters Value

Wall thickness tp/mm 2
Inner diameter dp/mm 110
Length Lp/mm 49
Angle of arc θs/° 34.23
Radius of arc Rs/mm 14
Inner diameter of the clamped position dsj/mm 110
Diameter of air inlet Ds/mm 114.85
Clamping length of the contraction segment Lsj/mm 24.66
Clamping length of the expanding segment Lkj/mm 16
Angle of arc θk/° 60
Radius of arc Rk/mm 14
Flange height h/mm 10
Diameter of air outlet Dk/mm 124

FIGURE 5 | (A) The generatrix of deformation zone in a contraction segment. (B) The generatrix of deformation zone in an expanding segment.
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Rkm) is the center of the circular segment. The equation of
the circular segment OP is

{ x � Rkm · cos θ
y � Rkm + Rkm · sin θ , θ ∈ (3

2
π,

3
2
π + θk)

where: Rkm -- Radius of the circular segment OP, and Rkm � Rk
+ tp/2

θk -- Arc angular of the circular segment PQ.
The equation of the line segment PQ is

⎧⎪⎪⎪⎨⎪⎪⎪⎩
x � Rkm · cos(3

2
π + θk)

y � Rkm + Rkm · sin(3
2
π + θk) + t

, t ∈ (0, h)

where: h -- Length of line segment PQ.

ESTABLISHMENT OF A FINITE ELEMENT
MODELOFADOUBLE-ROLLERCLAMPING
SPINNING
The DRCS process of a wind concentrator is simulated using the
non-linear FE analysis software Abaqus/Explicit. Some
simplification and reasonable assumptions of the DRCS are
made for convenience. For example, the blank material is
homogeneous, isotropic, and incompressible, the rollers and
internal expanding clamp are rigid bodies, and no deformation
occurs. Furthermore, the temperature effect is neglected.

6061-T6 aluminum alloy is chosen as the material of the wind
concentrator in the simulation of the DRCS process, and the

material parameters are determined using a tensile test. The main
material parameters of 6061-T6 aluminum alloy are shown in
Table 3, and its true stress-strain curve is shown in Figure 6. The
cylindrical rollers are used in the DRCS process of wind
concentrators. The diameter of the cylindrical roller is 20 mm,
its length is 25 mm, and its round radius is 1 mm.

First, the geometry model of DRCS for the contraction
section of the wind concentrator is established. The parts
include a workpiece tube of the contraction section, inner
roller, outer roller, and internal expanding clamp. The
workpiece tube is defined as a deformable shell, meshed by
the S4R element, which is a four-node doubly curved general-
purpose shell, reduced integration with hourglass control. To
improve the analysis accuracy and efficiency, the deformation
area of the workpiece has a higher density than the rest of the
workpiece, and the mesh size of the deformation area is 0.83
mm, and that of the clamping area is 1.67 mm. Both the two
rollers and the clamp are defined as analytical rigid bodies
which is unnecessary to be meshed. Then the reference points
of the rollers and the clamp are assigned to represent their
motion in all degrees of freedom.

During the DRCS process, the workpiece-internal expanding
clamp contact and workpiece-rollers contact are complex and
dynamic. In this study, the contact pair is defined between the
outer surface of the clamp and the inner surface of the workpiece
tube. In addition, the contact pairs are defined between the outer
surface of the outer roller and the outer surface of the workpiece
tube, as well as between the outer surface of the inner roller and
the inner surface of workpiece tube. Furthermore, a frictionless
contact is set between the clamp and the workpiece tube, and the
contact pair is constrained by binding. The penalty-contact
method is used to set the contact properties between the
rollers and the workpiece tube, and the friction coefficient is 0.2.

Next, the displacement and rotational freedom of the rigid
bodies are defined in the boundary condition manager. The
motion amplitude curve of the clamp is defined in the form of
a smooth analysis step. Because the contact pair between the
clamp and the workpiece tube is constrained by binding, the
workpiece rotates with the clamp. The motion amplitude curve of
the rollers is defined according to the equation of the roller path.

The main parameters in the simulation of the DRCS process
are similar to the experimental conditions. The rotation rate of
the workpiece is 180 r·min-1. Both the DRCS process of the
contraction section and that of the expanding section have
two forming stages: the stage of expanding forming and the
stage of flanging forming. At the stage of expanding forming, the
roller feed rate f is defined as the displacement of the rollers along
the roller path when the workpiece rotates through a complete
cycle around the main spindle. At the stage of flanging forming,
the roller flanging feed rate f is defined as the rotating angle of the
rollers when the workpiece rotates through a complete cycle

TABLE 3 | Material parameters.

Young’s modulus E/GPa Poisson’s ratio ν Density ρ/kg·m−3 Yield stress σs/MPa

69 0.33 2,750 275

FIGURE 6 | True stress-strain curve for 6061-T6 aluminum alloy.
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FIGURE 7 | (A) Finite element model of a DRCS process for the contraction segment of a wind concentrator. (B) Finite element model of the DRCS process for the
expanding segment of a wind concentrator.

FIGURE 8 | (A)Wall thickness distribution on the contraction segment of a wind concentrator. (B)Wall thickness distribution on the expanding segment of a wind
concentrator.
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around the main spindle. The roller feed rate is 0.5 mm·r-1, and
the flanging feed rate is 0.05 rad·r-1 in the simulation.

An FE model for the DRCS process of the expanding section is
established in the same way. The FE model of the DRCS process
for wind concentrator is established, as shown in Figure 7.
Figure 7A shows the FE model of DRCS for the contraction
section, and Figure 7B shows that for the expanding section.

Using the FE model, the simulation of DRCS for a wind
concentrator is carried out. Figure 8A shows the wall thickness
distribution on the contraction section of the wind concentrator

at the two forming stages: the stage of expanding forming and the
stage of flanging forming. The wall thickness distribution in the
circumferential direction of the workpiece is uniform at the stage
of expanding forming. It can be seen that material accumulation
occurs in the arc transition area, where the wall thickness is higher
than the initial one. The wall thickness gradually decreases from
the arc transition area to the outer edge along the generatrix.

The workpiece has a tendency of wrinkling and instability at
the stage of flanging forming, which is restrained by the combined
action of the two cylindrical rollers. Even so, the forming process
is still affected, and there are fluctuations in the wall thickness
distribution in the circumferential direction of the workpiece.
Moreover, it can be seen that the wall thickness on the arc
transition area is still higher than the initial one, which is
similar to the stage of expanding forming. It is different than
the wall thickness on the line segment which is thicker than that
in the stage of expanding forming.

Figure 8B shows the wall thickness distribution on the
expanding section of the wind concentrator at the two
forming stages. The wall thickness distribution in the
circumferential direction of the workpiece is uniform
whichever the stage. It can be seen that material accumulation
occurs in the arc transition area, where the wall thickness is higher
than the initial one. The wall thickness gradually decreases from
the arc transition area to the outer edge along the generatrix.

EXPERIMENTAL VERIFICATION

In order to verify the FE model of the DRCS process, experiments
are carried out in this work. Figure 9A shows the experimental
set-up. It can be seen the set-up mainly consists of an internal
expanding clamp, AC servo motor of the clamp, a spinning head,
and AC servo motors of the X-axis, Y-axis, and Z-axis. Based on
the equations of the circular segment OP and PQ, the motion
equations of the rollers are derived according to the motion
relation of each axis of the experiment set-up. The partial
derivation can be seen in the reference (Fan et al., 2019). The
motion curves of rollers when forming the contraction section
can be obtained, as shown in Figure 9B. Moreover, the motion
curves of rollers when forming the expanding section can be
obtained, as shown in Figure 9C. By controlling the speed and
displacement of the AC servo motor in three directions, the
rollers perform three degrees of freedom motion according to the
designed curve equation.

The workpiece tubes are used in the experiment. The material
of workpiece is 6060-T6 aluminum alloy, the inner diameter is
110 mm, the wall thickness is 2 mm, and the length is 50 mm.

Several duplicate experiments for the contraction section of the
wind concentrator are carried out. Split the samples vertically to
obtain the vertical sections and take 10 points uniformly in the
deformation area of the sample. The wall thickness distributions of
the deformation areas of the samples are obtained by measuring the
thickness of the vertical sections, and then the average values of data
on the thickness distributions in three groups are chosen as the final
experiment data. In addition, then the final experiment data are
compared with the simulation results.

FIGURE 9 | Experimental set-up and motion curves of the rollers. (A)
Experimental set-up. (B) When forming the contraction section. (C) Motion
curves of the rollers when forming the expanding segment.
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The experiment process of DRCS for the contraction
section of the wind concentrator is shown in Figure 10A.
The workpiece of the contraction section after forming is
shown in Figure 10B. Split the sample vertically to obtain a
vertical section, as shown in Figure 10C, and take 10 points
uniformly in the deformation area of the sample, as shown in
Figure 10D.

The experiment of DRCS for the expanding section of the
wind concentrator is carried out, as shown in Figure 10E. The

workpiece of the expanding section after forming is shown in
Figure 10F. Split the sample vertically to obtain a vertical
section, as shown in Figure 10G, and take 10 points uniformly
in the deformation area of the sample, as shown in
Figure 10H.

Figure 11 shows the comparison of simulation results with
experimental results of the wall thickness distribution.
Figure 11A shows the contraction section of the wind
concentrator. It can be seen that the simulation results, to a

FIGURE 10 | (A) Experiment process of DRCS for the expanding section of a wind concentrator. (B) Final formed sample. (C) Section of the sample. (D) Schematic
diagram of monitor points for the wall thickness on the sample. (E) Experiment process of DRCS for the expanding section of a wind concentrator. (F) Final formed
sample. (G) Section of the sample. (H) Schematic diagram of monitor points for the wall thickness on the sample.
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large extent, agree with the experimental results, and the
maximum relative error is 2.5%. Figure 11B shows the
expanding section of the wind concentrator. It shows the same
conclusion as the contraction section.

The difference between experimental and simulation results is
mainly due to the simplification of the model and the
measurement error in the experiment. Thus, the FE model
built in this study is reliable and practical, and the numerical
simulation results are considered to be valid.

CONCLUSION

In this paper, the process route of DRCS for the wind
concentrator was determined, and the roll path equations were
deduced. Thus, the finite element analysis model of the DRCS for
6061-T6 aluminum alloy wind concentrator was established.

Furthermore, the DRCS process of the wind concentrator was
simulated, and the wall-thickness distributions on the
deformation area were obtained.

Then the experiment of DRCS for the expanding section of the
wind concentrator was carried out, and the wall thickness
distributions on the deformation area were measured and
compared with the appropriate simulation results. It can be

concluded that the FE model established in this study is
reliable and practical.
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