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Abstract. This article contains the analysis of tube expander dynamics in
complex interaction of structural elements of heat-exchange tubes
attachment assembly in the process of roll-forming operation, description
of dynamic process theoretical aspect. It is shown that torque variations
lead to velocity fluctuations and influence the service life of operative parts
of tube expander and quality of tube attachment assemblies.

Modern power, oil-processing and chemical industries make full use of apparatuses where
the attachment of heat-exchange tubes is carried out by flaring their ends with the help of
rolling.
Despite considerable (almost eternal) accumulated experience with the use of tube
expanders, in many cases any change in the parameters of tubes or rolling tools leads to
unexpected negative results - inadmissible peeling of the tube inner surface, joint failure,
rapid tool wear, etc. Moreover, the indicators signaling a violation of tube attachment
quality often manifest themselves during the installation of a heat exchanger at the site of
use and even during its operation. This indicates a lack of study of this process and requires
new approaches and methods for studying dynamic elastoplastic processes in the
technological influence zones.
At present, production of heat-exchange energy equipment is based on the normative
documentation developed in the previous century. It is based on the methodology of earlier
studies with large assumptions [1-3]. In their basis, the roll forming process is considered as
a gradual alignment of two almost concentric tube surfaces and a hole in a tube sheet with a
subsequent pressing. This approach is correct for the processes of hydraulic or press rolling.
In the case of tube expander rolling, we should indicate some features that do not fully
coincide with this point of view and require additional studies of such processes as:
- plastic deformation of the tube by conical tube expanders whose rotation axis does not
match the tube axis;
- contact interworking of conical tube expanders and the surface of the tube being
deformed;
- dynamics of the working part of the tube expanders, especially with a long tool length
and instability of its position, as well as in cases of using different types of drives.
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The rolling process is usually considered from the standpoint of a static process. The
contact of the tube expanders with the tube in this case can be analyzed using the solutions
obtained in [4-7].
In reality, fluctuations with different amplitude and frequency take place here, affecting
both the tool operability and the tube attachment quality when manufacturing and repairing
heat exchangers [8].
The study of dynamic peculiarities of this attachment technology is of scientific and
practical interest.
In tube expander rolling, tube deformation is due to the tube bending at its contact
points with the tube expanders and subsequent plastic changes of dimensions. Therefore,
the rolling process should be considered taking into account the multifarious interaction of
the contacting surfaces at each loading point in combination with the contact problem. Fig.
1 shows the scheme of rolling.
A tight bonding of the tube with the surface of the tube grid hole is ensured by the
torque of the spindle (3) and by pressing of the tube expander (1) in some vicinity of the
contact point of the tube (8) and the tube expander.

Fig. 1. Scheme of rolling the tube attachment assembly into the tube grid: 1 – tube expander, 2 –
body, 3 – spindle, 4 – holder, 5 – rolling bearing, 6 – extension tube, 7 – tube sheet, tube.

In the tube expander coverage area, the tube metal becomes plastic when some of the
layers move along the tube expander surface trajectory, and some of them are stretched and
compressed, pressing against the wall of the hole [8].
Note that body (2), where the tube expanders are placed, rotates in the same direction
with the spindle, but with a different frequency.
The length of the rolling body is chosen based on the design of the tube attachment
assembly in the tube grid and the length of the rolling section. Its dimensions can reach
large values. In this case, the moment of inertia of the body increases as it rotates, which
under certain conditions can have a negative effect on the rolling process [8, 9]. Let us
analyze the dynamics of the rolling process.
Let us assume that the rolling shown in Fig. 1 is used for tube attachment. The rolling
process is described in detail in [8-13]. Its peculiarity lies in the fact that the rotating
spindle is retracted and with the conical part through the tube expanders plastically deforms
the tube. At the instant of the first contact of the tube section outer surface and the inner
surface of the tube sheet hole, the contact is made at three points. From this moment on, the
tube deformation conditions change significantly, especially after the moment when the
contact does not stop at the indicated three points when the tube expander moves to another
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place.
If, prior to the first contact, a segment of approximately 1/3 of the tube circumference
was stretched between a pair of tube expanders, then each tube expander acts on a section
of the tube located between two closer points. Moreover, as the spindle retracts, the length
of such section can reduce intermittently [8]. We assume that the cylindrical shell is
subjected to the action of forces distributed symmetrically about the cylinder axis.
To study the dynamic characteristics of the process, we use the method described in [13,
14]. As a computational model, we take a generalized model of an inertial disk rotating at
the end of rod [14]. We denote the angular velocities of rotation of the spindle cross
sections at the liner and near the working part, as Ω 1 , Ω 2 , respectively. Neglecting the
relaxation phenomena, the rolling system dynamics is described by the following
differential equations
τ (t) W p = M кр0 (t) + M тр (t)+ J пр dΩ 2 / dt;
ϑ dτ / dt = Ω 1 – Ω 2 ,

(1)

where τ is the maximum tangential stresses in the spindle section; W p is the polar
moment of the spindle section resistance at the liner boundary; M кр0 is the torque ensuring
deformation of the tube; M тр is the friction torque loss; J пр is the moment of inertia of the
tool rotating parts, reduced to the spindle axis; t the time of rolling, ϑ is the coefficient that
characterizes the torsional elasticity of the spindle.
From the solution of system (1) after the corresponding transformations when ∆Ω = Ω 1 Ω 2 , we arrive at the following equation of motion
W p ϑ -1 ∆Ω (t) + d ∆Ω / dt + J пр d 2 ∆Ω / dt2 = − M кр0 (t),

(2)

which, in fact, is the known equation of forced fluctuations [13].
The relationship between the maximum stresses in the rod, the torque and the angular
velocity of motion can be described by correlation [11, 12]
τ = [M кр0 (t) + h k Ω 2 (t) (1 + Т нк p)]W p -1.
Here h k is the friction loss coefficient; Т нк is the time constant Т нк = J пр / h k ,
Thus, the dynamics of the fluctuation system of the rolling tool depends on many
parameters, including: spindle torque, geometric characteristics of the body, spindle and
tube expander, the length of rolling and the rolling equipment parameters. Let us consider
each of them in detail.
During rolling, the tube expander, rotating at frequency Ω р , is pressed against the tube
by a spindle rotating about its own axis with frequency Ω . At the same time as the spindle
deepens into the tube, the force interaction between the tube expander and the spindle
increases. The maximum force is F rсi , Fig. 2. Thus, when setting up one attachment
assembly in a single-roll cycle, torque М кр acting on the spindle, varies from a minimum to
a maximum [8]. The theoretical definition of the torque, which ensures plastic deformation
of the tube and a dense bond, should be considered from the kinematics of the force
interaction at the point of contact of the tube expander and then with its subsequent
indenting into the inner surface of the tube, Fig. 2.
Frequency of the tube expander rotation relative to the shell n рк is bound by the formula
n рк = 0,75n в cosα вк ,
where n в is the spindle rotation frequency.
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Fig. 2. Design scheme of the force interaction of a tube expander, a spindle and a tube.

The given inertia moment of the system can be defined as the sum of the inertia moment
of the rotating body J к of the tube expander and the moment of transfer pair J вр “spindle tube expander”. The proper inertia moment of the tube expander is neglected. Then
J к =0,5 γ мк g -1 l к π (R4 нк - r4 вк ) К 1 ;
J вр =0,5 z π l р γ мр [i p r рс 2 + K 1 (r рс + r вс )2] r2 рс / g.
Here γ мк is specific weight of the metal shell; l к is the outer, inner diameters and body
length; R нк , r вк , К 1 is the gear ratio between the tube expander and the shell; r рс , r вс are the
average diameters of the tube expander and the spindle, respectively; i p is the gear ratio
between the tube expander and the spindle.
Let us assume that between the tube expander and the tube inner surface, the normal
specific force F q1 is constant over the entire length of the contact. As a result of interaction
of the elementary section of the surface of the tube expander dx long and the tube in a plane
perpendicular to the spindle rotation axis, an elementary circumferential force F tr develops
at the point of their contact, and it can be determined as
dF tr = dM кр0 / r pi .

(3)

It should be noted that the tube expander section radius is a variable value along the
spindle length and can be determined by the function of the average radius of the section
r pс , if the coordinate axis Y 1 O 1 X 1 is placed in the center of the tube expander. In this case,
the radius is determined by the relation
r pi = r pс (1 + tg α p ⋅ x /r pс ) = k r pс .

(4)

The tube expander angle relative to the spindle has a small value (tg α = 1/120 ÷ 1/180).
We assume that coefficient k equals one. Taking into account (3) and (4), let us put down
the torque developing on the tube expander
+ l /2

M кр 0 =
µ pm rpc Fql l .
∫ rpc ⋅ Fql µ pm dx =
− l /2

Here µ рт is the coefficient of friction between the tube and the tube expander; l is the
contact length. The circumferential force acting on the tube expander surface and
perpendicular to OX is
F tr = µ рт l F q1 cos γ.
The force acting perpendicular to the tube expander axis is determined by the formula
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F 1 = F tr / cos γ.
The tube expanders in the process of hypocycloidal rolling of the tube inner surface
push it in the opposite direction with a force
F ос1 = F tr tg γ.
Assuming that the tube expander fully adheres to the spindle surface and the specific
normal load to the generatrix between the tube expander and the spindle F q2 is constant
along the contact length, we write down the following correlations:
- the torque generated by the working (conical) part of the spindle
M крвi = F q2 µ рв r вci ;
- power used for tube expander operation
N = F q2 µ рв r вci Ω.
Here r вci is the average current radius of the spindle working part, changing as the
spindle deepens into the tube.
Thus, all the force factors are determined. With this in mind, we will give the final
formulas for calculating the forces acting on each tube expander:
- radial force
F rci = k c M кр0 tg γ / (zr pi sinα в );
- circumferential force acting on the outside diameter
F t = М кр0 / (3 k c r pc );
- axial force
F осрz = F tr sinγ + F rci µ рт sin B + F rci µ рт сos (B + γ) cosγ / tg (γ + B + ρ k )
Here k c is the coefficient that takes into account unevenness of the load distribution
between the tube expanders. These formulas have practical confirmation [8].
Since the forces acting in the rolling process depend on the torque and the rolling
parameters, in accordance with equation (2), there are rotation frequency fluctuations of the
spindle and the tube expanders, which significantly affect the quality of the tube attachment
assembly.
Fig. 3 shows the experimental oscillogram of the rolling process of a tube ∅16х1,4
made of steel 08Х18Н10Т in a bed with a hole ∅16,4 mm at М кр = 4.4 Nm, n = 400 rpm
by rolling.
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Fig. 3. Oscillogram of mechanical rolling: 1 is the axial movement of the spindle, mm; 2 is the
number of spindle revolutions (nv), rev; 3 is the number of rolling body revolutions (no), rev; 4 is the
torque at rolling (Mcr), dNm

The experiment results show that rotation of the spindle is accompanied by regular
fluctuations of the torque. The number of such fluctuations is approximately equal to the
number of spindle revolutions, and the amplitude after some damping comes up to (0,15 ...
0,20) М кр . The probable cause of such fluctuations is the slip of the tube expander with
respect to tube [9].
It should be noted that this amplitude of fluctuations was obtained after damping in the
tensometric gauge of the test bench. Such fluctuations, especially with significant axial
loads, have a significant effect on the resource of the tool and the quality of rolling.
Experimental and analytical studies show that all rolling parts are under the influence of
variable forces, which, with the continuous processing of thousands of holes (for example,
in the LDPE boards), affect the workability of rolling. Under certain conditions, due to
fatigue stresses, the spindle, tube expanders, and shell may break down. Such an accident in
a critical product manufacture is extremely undesirable, as it causes damage to the internal
surfaces of the tubes and their subsequent possible corrosion damage. In addition,
fluctuations in the torque lead to fluctuations in the speed of tube expanders, which affects
the stressed state of the parts of the tube attachment assembly.
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