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Thin-walled C12200 circular copper tube has been widely used in HVAC (heating, ventilation, air condi-
tioning, and refrigeration) industry. Rotary draw bending is a versatile and precise method in forming of
thin-walled copper tubes. Wall thinning and sectional fattening are the two main defects that affect tube
quality in industrial applications. With traditional die settings, such as adjusting position or type of the
mandrel, one factor usually decreases at the expense of increasing the other. An assistant equipment,
surface booster system, has been recently developed to relieve both defects at the same time. In the present
study, the role of the booster system in the bending process is investigated with finite element simulation. A
basic model of copper tube rotary draw bending is established and validated by experiments. Then, cases of
different sets of main parameters of the booster system are studied. The relationship between loading force,
lower displacement, speed of the booster, and forming characteristics of tube is obtained based on which
suggestions about process parameters settings are given. The results provide a better understanding of the
role of the booster system in the improvement of forming quality.

Keywords copper tube, finite element modeling, rotary draw
bending, surface booster system

1. Introduction

Circular copper tubes have been widely used in cooling and
heating systems,such as ACR (air conditioning/refrigeration)
tube and heat pipe for water heater (Ref 1). Among the different
methods of copper tube bending, rotary draw bending is the
most versatile, cost-effective, and precise method for thin-
walled tubes (Ref 2). Figure 1 shows the basic dies used in
rotary draw bending. In bending of C12200 circular tubes, over
wall thinning and sectional shape degradation occur easily.
Figure 2 shows the defects of sectional shape degradation
formed with the method of rotary draw bending. As ACR tubes
work under large internal pressure, these defects reduce
the strength at the elbow region and shorten its service life
(Ref 3, 4). Defects of sectional shape degradation disturb the
flow inside the tube.

To improve the forming quality of rotary draw bending,
many scholars have carried out researches on the tool set such
as die closing and axial feeding. Stachowicz (Ref 1) used
analytical method to study the changes of wall thickness of the
outside with and without upsetting when using both the simple
and special mandrels. Li (Ref 5) has studied the ball-and-socket
mandrel and examined the effects of geometry parameters of
shank and balls. Peng and Tang (Ref 6) have studied the roles

of the mandrel types and compared the effect of three main
types of mandrel on the forming qualities. However, for the two
main defects of wall thinning and shape degradation, the
conventional tool settings decreases one factor at the expense of
increasing the other (Ref 5, 6). Generally, work is done to find a
point where both defects are within certain acceptable extent
under free wrinkling condition.

Surface booster system is a new technique which improves
forming quality of tube rotary draw bending by changing
movement style of the pressure die. For normal equipment of
the rotary draw bending equipment without booster system,
there are two kinds of pressure dies, static and traveling type.
Static pressure die does not move. Traveling pressure die, also
called follower pressure die, can reduce galling and marking of
the tube by alleviating some drag during bending. Surface
booster system uses pressure die with active motions. So, it can
alleviate both the defects of shape degradation and over wall
thinning at the same time by improving the metal flow
condition during the bending process.

Figure 3 shows the scheme of a draw bending equipment
with a kind of booster system, which is composed of a normal
rotary draw bending equipment and a pressure die booster and
control system. Apparently, the booster system can be divided
into driving device (for movement along the tube axis) and a
vertical pressure adjustment device (for movement perpendi-
cular to the tube axis). In Fig. 3, both movements are hydraulic
power driven. In practice, there are two main methods to add
pressure to the tube. One is using hydraulic cylinder with a
flexible joint, which leaves the pressure die with little tolerance
of self-adjustment for a better contact with the tube, and the
other is to apply a rigid displacement to the pressure die by a
lead-screw system with rigid joint. Both methods have been
discussed in this study.

During the bending process, hydraulic cylinder (#1) slides to
apply a pressing force on the tube. Hydraulic cylinder (#2)
slides the pressure die, which applies a friction force on the
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surface of the tube. Then, as the tube is pulled around the rotary
bending die, the pressure die moves forward with a certain
speed, which generates a horizontal booster force to the upper
surface on the tube.

Up to now, few papers have dealt with the roles of a
surface booster system. In this study, surface booster pro-
cessing has been investigated with both FE method and
experiment. A typical type of C12200 ACR tube with a
diameter of 20 mm (widely used in HVAC industry) is used
as the object of study. A FE model of the bending process
with surface booster effect has been established and validated
with experiments. The two types of pressing force methods,
which are named flexible force loading and rigid displacement
loading, have been compared. The two main processing
parameters of the surface booster system, pressing force and
booster speed, and their effects on the quality of forming have
been investigated.

2. Material Properties of C12200

The performance of tube material C12200 for heat transfer
and brazing is outstanding; however, up to now, studies about its
forming process are still not available. Friction and mechanical
properties are important boundary and computational conditions

for FE simulation. In this section, both properties are tested with
experiments.

2.1 Friction Property

As surface booster system works with friction force between
pressure die and tube, friction property is specially focused on.
In a tube bending process, there are five contact interfaces
between tube and dies: tube/mandrel, tube/wiper die, tube/bend
die, tube/clamp die, and tube/pressure die. Because the plastic
deformation zone concentrates on the bending part, which is
not in contact with die, and most of tube parts that contacts with
die still belong to nondeformation zone, namely rigid zone, the
classical Coulomb model has been chosen to represent the
interfaces friction condition:

rf ¼ lrn

where rf is the frictional stress, l the friction coefficient, and
rn the stress on the contact surface.

Pin-on-Disc experiment for calculating the friction coeffi-
cient has been carried out between C12200 material of the tube
and die steel, CrWMn. This test was performed according to
ASTM standards (ASTM 1943). Friction tests were carried out
at sliding speeds of 0.2 m s-1 under the load of 100 to 300 N.
The test duration was 1 min for each specimen. The specimens
of the Pin-on-Disc test and their installation on the test machine

Fig. 2 Defects of rotary draw bending

Fig. 3 The schematic of rotary draw bending equipment with sur-
face booster system

Fig. 1 Dies of rotary draw bending equipped with surface booster
system
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are shown in Fig. 4. Tests were performed on both groups of
steel pin with copper disc and copper pin with steel disc.

By post-processing the collected data, the average value of
coefficient of friction is considered as 0.071.

The result of the Pin-on-Disc experiment is basically
reliable, but the accuracy is not high enough. Because the
relative movement between pin and disc is not smooth, results
have large run-out error. Furthermore, the specimen gets heated
up before the numerical results become stable. Therefore, an
effective, accurate, and convenient experiment for measuring
the friction coefficient has been designed (already applied for a
patent) and carried out.

As shown in Fig. 5, a high accuracy Kistler dynamometer
with three channels (for three directions of force with
sensitivity of 10 mv/N) is fixed on the worktable of the NC
machine. Sheet specimen with the material of the tube is fixed
upon the platform of the dynamometer, while the pin specimen
with the material of the tools is held with the main shaft of the
NC machine. Before the relative movement, the main shaft of
the NC machine goes down, which makes the pin specimen
attach on the surface of the sheet specimen vertically. This
place will be recorded as the original coordinate of the main
shaft. As the main shaft is adjusted to go down with
displacement from 0 to 0.18 mm, different pressing forces on
the sheet specimen can be gained.

The worktable moves with the speed of 6 m/min along the
horizontal axis. The Kistler sensor under the specimen will
output the voltage signals of vertical and frictional force of the
whole movement process to a computer through an amplifier.
As the friction coefficient is the ratio of the two voltage signals,
so the calibration error of each force is avoided.

Figure 6 shows the result of a specimen with pin-sheet test.
As the pressing force increased, the friction coefficient remains
stable on the whole. By post-processing the collected data, the
average value of coefficient of friction is considered to be
0.11± 0.02. Compared to the result of the traditional pin-disc
test, it is believed that the pin-sheet method is more accurate, so
the value of 0.11 is considered to be the coefficient of friction
between the tube and the die steel.

2.2 Mechanical Property

In FE simulation, the dies are modeled with rigid parts. So,
only the property of the tube is needed. To obtain the
mechanical properties of the tube, C12200, a tensile material

Fig. 4 Disc-pin test for measuring friction coefficient

Fig. 5 Experiment for measuring friction coefficient

Fig. 6 Result of a specimen with pin-sheet test
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test has been performed. A Special clamper has been designed
for the tube specimen. The specimen disabled during the test is
shown in Fig. 7. The constitutive equation representing the
material behavior was obtained through the Marquardt�s curve
fitting method. Figure 8 shows the stress-strain relation.

Its constitutive equation is:

re ¼ Ee ðEq 1Þ

rp ¼ Kðee þ epÞn ðEq 2Þ

where E is the Young�s modulus (112 GPa), K the strength
coefficient (654.76 MPa), ee the offset elastic strain (0.31%),
n the strain-hardening exponent (0.57), and ep is the effective
plastic strain.

3. FE Modeling

The finite element modeling on the tube bending process
includes the following content: tool and die geometries, bound-
ary constraints, surface interactions, and material properties.

In this study, the explicit dynamic finite element code LS-
DYNA has been applied in FEM modeling of the rotary tube
bending process.

3.1 Geometry Settings and Parameters Design

The geometry and finite element modeling of tube bending
process is shown in Fig. 9 with the initial tubular blank and tool
set. The tools are represented as rigid bodies. The tubular blank
is represented by four-node shell elements. Geometry param-
eters are shown in Table 1.

For the two loading methods, in FE simulation, lead-screw
system with rigid joint is represented by applying a rigid
displacement to the pressure die along the direction perpen-
dicular to the axis of the tube. For method using hydraulic
cylinder and flexible joint, a force perpendicular to the axis of

the tube is applied to the pressure die. Displacement and
pressing force applied on the pressure die, as well as booster
speed, are all parameterized. For the friction force to act on the
tube by the pressure die in right direction, the velocity of the
pressure die, Vpd, should be higher than the tangential velocity
of the metal flow on the surface of the tube, Vtan. Therefore Vpd

is represented as multiple of the Vtan. Table 2 shows design of
the parameters.

3.2 Dynamic Boundary Condition

According to different contact conditions, the friction
coefficient can be classified into two kinds: normal and
�Rough,� in which �Rough� type refers to no relative slipping
when nodes contact each other and is suitable for the tube/
clamp die friction conditions. For normal contact condition,
result of pin-sheet friction test is applied. The contact interfaces
between the tube and the dies are defined with the �Surface-to-
surface contact� option. According to the condition of tight

Fig. 7 Specimen damaged in material test

Fig. 8 Stress-strain diagram from the material test

Fig. 9 Finite element model for the bending simulation

Table 1 Common geometry parameters

Geometry parameters Value, mm

Bend radius 31
Tube outer diameter 20
Wall thickness 1
Tube length 310

Table 2 Design of geometry parameters

Geometry parameters Value

Lower displacement (for
displacement loadings model)

0 mm, 0.2 mm, 0.4 mm

Pressing force (for
force loadings model)

500 N, 1000 N, 3000 N, 5000 N

Booster speed (for
force loadings model, 3000 N)

1.05Vtan, 1.2Vtan, 1.3Vtan, 1.5Vtan,
1.7Vtan
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clamping of the clamp die, the sliding is not allowed between
the contact surfaces.

Curves with trapezoidal profile are used to define the smooth
angular/translate velocity of the bend die, the clamp die, and the
pressure die. The �Velocity Curves� applied to the dies act as the
boundary constraints and loadings. The bending time needed is
2 s at the bending speed of p/4 rad/s. Both bend die and clamp
die are constrained to rotate about the global Z-axis, while the
pressure die is constrained to translate only along the global
X-axis with the same linear speed as the centerline bending
speed of the bend die.

3.3 Validation by Experiments

To evaluate FE result of thicknesses distribution of bent
tubes, bent tube was cut with a wire electrical discharge
machine (WEDM), and the thickness of the cross section was
measured with a precision of 0.01 mm (Fig. 10). The tube is
taken from the experiment of rotary draw bending with booster
system. The booster speed is 1.05Vtan and pressure force is
500 N. Figure 11 and 12 show the experimental results of wall
thickness compared to the FE results of extrados and terminus
sides, respectively.

It is found obviously that simulation results share the same
trend with the one in the experimental data: thickness of the

inner side increases sharply to a plateau, while for outside, it
varies much more evenly. The comparison indicates that
difference between the simulation and experiment results is
also less than 5%. So, the stability and the accuracy of the FE
model are validated.

4. Results and Discussion

4.1 Methods of Adding Pressure Force

For the method displacement prescription in FE model,
pressure die is set to press on the tube with rigid displacement
in Y-axis, while for force loading, pressing force is directly
loaded on the pressure die and the die is free in the X-Y plane.
Simulation result indicates that contact status of the two
methods is quite different.

Figure 13 shows the stress distribution on the tube during
the processing under the condition of loading by force. Stage 1
is the original status; in stage 2, the pressure die presses on the
tube. Then, in stage 3, the bending die rotates while the
pressure die goes forward with higher acceleration and gives
the tube both pressure and friction force, which causes spots of
summit contact pressure. In stage 4, the tube is deformed by the

Fig. 10 Method of measuring the cut tube

Fig. 11 Wall thickness of inner side/intrados

Fig. 12 Wall thickness of outer side/extrados

Fig. 13 Effective stress on the tube at the beginning of the process
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bending force and the stress caused by bending gradually
exceeds the contact pressure.

However, for the displacement loading model, contact area
is concentrated at the ends of the pressure die, as shown in
Fig. 14. The reason for the unfavorable contact status is mainly
the freedom restriction of the pressure die. During the bending
process, the rear end and the initial point of the bending part
have the trends of uplifting. Meanwhile, the pressing die makes
rigid translational motion in Y-axis. So the two summit places
become the actual contact area.

As surface booster system is to improve the metal flow by
surface pushing, obviously the two point contact status cannot
give the tube an even and smooth pushing force. Even worse,
rigid displacement and bad contact station will cause serious
stress convergence, as shown in Fig. 15, which can greatly
reduce the forming quality. Therefore, the beneficial range of
rigid displacement is very limited and unstable. So, the method
of lead-screw system is not qualified for mass production.
Between the two kinds of loading modes, the force loading
method shows better performance.

4.2 Effect of Pressure Force

To study the variation of wall thinning of each cross section
along the bending part, wall thinning degree (n) is defined as:

n ¼ ti � t

ti

�
�
�
�

�
�
�
�
� 100% ðEq 3Þ

where ti is initial value of wall thickness and t is wall thick-
ness on a certain point at the cross section.

Figure 16 shows the comparison of n along the extrados
section of bending part under different pressing forces. With the
increase of the loading force from 500 to 5000 N, summit value
of wall thinning degree at extrados decreases from 9.15 to
6.02%, which proved that the surface booster system is
effective in alleviating the problem of over thinning of tube
thickness.

In the intrados of the bending part, n represents the
increasing of wall thickness. Figure 17 shows the comparison
of n along the intrados section of bending part under different
pressing forces. Compared to Fig. 16, it is seen that the curves
are closer to each other, which indicates that without assistant
booster effect at local area, n does not differ not much. It proves
that the effect of the booster system on wall thickness is mainly
on the extrados side. For this point, its effect on wrinkling
tendency is little.

It is also found that in Fig. 17 the curves still basically share
the same trend with curves in Fig. 16: the larger the booster
force is, the higher the summit value of wall thinning degree is.
It is noted that thickness of tube increases in both sides when
surface booster force is larger. The volume of metal at the
bending part is increased. So it is concluded that the surface
booster system does improve the metal flow by complementing
the metal to the bending part from the shank part of the tube,
and the complement mainly concentrates at the extrados where
it is needed most.

Fig. 14 Real contact surface of displacement loading model

Fig. 15 Stress concentration with displacement loadings model

Fig. 16 Reduction of wall thickness at extrados

Fig. 17 Increment of wall thinning at intrados
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It is known that shape degradation of cross section is another
key parameter for forming quality assessment. Shape degrada-
tion degree, w, other than the ovalization degree, which is able to
separate the status of flattening and convex, is defined as follows.

w ¼ DX � DY

D
� 100% ðEq 4Þ

where DY is the length of the Y-axis of the elliptic cross sec-
tion cut by the plane at certain bending angle, as shown in
Fig. 18 and DX is the length of the X-axis perpendicular to
corresponding axis of DY.

Positive value of w means flattening situation while negative
means convex situation.

Figure 19 shows the comparison of w along the tube
bending part, under different pressing forces. With the increase
of pressure force on the booster system, summit value of w
decreases obviously. Under loading of 3000 N, amount of
convexity and flattening is almost in average distribution which
makes the deformation of tube in a best condition.

Figure 20 shows the effect of pressing force on both wall
thickness and sectional shape degradation. The effect of
pressing force can be seen clearly: the larger the pressing force
is, the better the forming qualities are. wmax and nmax, which
depict the defect of the forming quality, show linear reduction
with the increase of the pressing force; however, when the force

exceeds 5000 N, the structure is not steady due to the limitation
of booster system stiffness. Also, for the tube, too large a force
will cause wall thinning at the part between pressure die and
mandrel. Therefore, pressing force between 1000 and 3000 N is
the preferable range.

4.3 Effect of Booster Speed

In this section, the effect of booster speed on the forming
quality is examined.

Figure 21 shows the varying wall thinning degree, n, along
the extrados section under different booster speeds from
1.05Vtan to 1.7Vtan. With the increase of the speed, the degree
of wall thinning decreases. As booster speed exceeds 1.3Vtan,
its effect on alleviation of wall thinning decreases. From the
aspect of the absolute value, booster speed has more influence
on n than the pressing force does.

Figure 22 shows comparisons of wall thickness factor and
sectional shape degradation factor among FE models with
different booster speeds. Larger booster speed benefits the
forming qualities. The relationship is about exponential descent
but when the force exceeds 1.2Vtan, the influence of the factor
diminishes. Larger speed of the pressure die will have little
effect on quality improvement. Therefore, 1.05Vtan to 1.2Vtan is
the preferable range.

Fig. 18 Definition of parameters accessing the sectional deformation

Fig. 19 Comparison of sectional shape degradation
Fig. 20 Comparison of quality parameters under different pressing
forces
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Figure 23 shows the finished quality of bent tubes at
different processing conditions. When the booster speed is
raised from Vtan, the degradation of the sectional shape
diminishes. As shown in Fig. 23(a), flattening of the section
at the bending part is obvious. At the processing conditions of
booster speed of 1.7Vtan and pressing force of 1000 N the shape
of the tube is very good, as shown in Fig. 23(b). It also proves
that the booster system is able to improve effectively the
forming quality of tube rotary draw bending.

5. Conclusions

In this study, the effect of surface booster system has been
studied. Loading type was compared and a relationship
between pressing force, booster speed, and forming quality
was obtained. Based on the above investigation, the following
conclusions can be drawn:

(1) Of the two kinds of loading modes, the force loading
derived from hydraulic driving equipment performs bet-
ter than displacement loading derived from lead-screw
driving equipment.

(2) Surface booster system alleviates the defects of both wall
thinning and sectional shape degradation simultaneously.

It is able to improve the metal flow condition of the
bending part especially a the extrados side.

(3) The larger the pressing force is, the more advantageous
it is for the tube to form. The relationship is nearly lin-
ear. Pressing force between 1000 and 3000 N is the
preferable range for bending of C12200 copper tube
with a diameter of 20 mm, which is widely used in
HVAC industry.

(4) The larger the booster speed is, the more advantageous
it is for the tube to bend. The relationship is exponential
descent, and 1.05Vtan to 1.2Vtan is the preferable range
for booster speed.

The present research provides better understanding of the
role of surface booster system in improvement of forming limit
and forming quality. Design of processing parameters of the
booster system is also guided.
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Fig. 22 Comparison of quality parameters under different booster
speeds

Fig. 23 Tube formed with different conditions: (a) without using booster system; (b) booster speed of 1.7Vtan and pressure force of 1000 N

Fig. 21 Reduction of wall thickness at extrados
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