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Abstract

Some functioning features of the mill power line of pipes screw rolling of the pipe-rolling
unit are considered. The developed dynamic model of a mill of pipes screw rolling is
accepted. The differential equations of the movement of masses on the example of the main
drive of a piercing mill taking into account the influence of variability of working angles and
kinematics of universal hinges of a spindle are worked out. The specified solution of the
differential equations of the movement of the power line of a mill is provided. Conditions of
steady functioning of the power line and a mill working rolls of screw rolling of pipes taking
into account variability of working angles of dual hinges are defined.
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Introduction

The high level of dynamic loads under the
technological processes considerable rates in the
mills power line drives of pipes screw rolling of the
pipe-rolling unit (PRU) definitely affects the
reliability and durability of elements, as well as the
possible growth of mills productivity. High-speed
and technological operating modes of pipes screw
rolling mills correspond to the lower level of

technical characteristics at best. They demand if
not full replacement, but at least, radical
modernization.

The average fault time caused by
accidental failure of drive line details only of heavy
loaded mills of pipes screw rolling, for example the
piercing mills of pipe rolling plant 350 constructed
on the basis of massive universal spindles, is about
10 - 12% of the general operation time. The
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fracture mode of the main power line elements of
the piercing mills of screw rolling shows that the
considerable single peak overloads as well as
periodic effect of regular dynamic loads are the
main reasons of details breakage. Not only peak
values of dynamic loads, but also the nature of
force impact from the rolled pipes, according to
technological tasks of PRU, affect the formation of
a complex picture of interaction of the worked pipe
workpieces with system of the main and auxiliary
mechanisms of the main power line of pipes screw
rolling mill, according to technological tasks of
PRU. As a rule, when pipes rolling, the peaks of
cyclic dynamic loads in the power line elements of
piercing mills repeat each time during transition
processes period (workpiece gripping and pipe
dropping). It should be noted that it is one of the
reasons of premature failure of details, the main
drive units. The massive universal spindles on the
basis of dual Guk's hinges in the line of the piercing
mill drive are the defining factors of dynamic loads
formation.

Problem statement

Known method of the screw rolling mill
line calculation do not consider the impact of
massive spindles working angles change based on
the dual Guk's hinges and technological loads
nature on the features of their functioning [1, 2].
For these reasons, the development of researches
directed on stabilization of dynamic characteristics
of the screw rolling mill drive line is represented as
relevant. In order to determine the vibroactivity
arising in some transmission elements of pipes
screw rolling mills, let us carry out the preliminary
analysis of sources and basic designs of actuating
devices on the example of the main drive of
piercing mills of PRU (Fig. 1)

Figure 1. Kinematic diagram of the drive power line of
the piercing mill of PRU with universal spindles: 1 -
working roll; 2, 4 — Guk's hinge; 3 — spindle shaft; 5 —
reducer; 6 — coupling; 7 — electric motor

The dynamic loads formation in the drive
of a piercing mill is caused by functioning features
of dual gimbal drive of universal spindles. Let us

note that the kinematics of universal spindles is
similar to kinematics of widespread gimbal drive
on the basis of Guk's hinges. The functioning
characteristic of the mill power line is that the
elements, at that, rotate with periodically changing
angular speed and possess a certain degree of run
unevenness [3, 6]. Therefore, the dynamic loads
formation nature and further functioning of the
piercing mill working rolls drive mainly is defined
by impact of unevenness of angular speed and
angular acceleration of universal spindles. Let us
notice that fixing of piercing mills working rolls
within working angles of pipe workpiece supply is
implemented according to the existing scheme in
the working stand housing drum and is not a rigid
construction. In the course of piercing, it leads to
working angles change and further development of
unevenness of this mechanical system run.

The analysis of dynamic processes in the
main drives of a row of heavy loaded piercing mill
shows that hinges kinematic parameters change
affects the change of the speed component of the
working rolls movement. Therefore, when
implementing of basic processes of pipe workpiece
piercing, as a rule, technological resistance forces
change periodically, reaching the maximum and
minimum value one-by-one.

Let us note that nonuniform rotation of mill
working rolls excites the additional dynamic loads
in the elements of the power line. It considerably
reduces durability of the drive units, negatively
influences the run of stable technological process
of piercing and finished pipes quality.

Work objective

The objective of the dynamic analysis and
synthesis of the piercing mills main drive
containing universal spindles is the selection of the
rational parameters of spindles providing the
minimum unevenness of working rolls rotation and
steady dynamics of all the power line.

The method of task solution

For the solution of a task of the analysis
and synthesis of the piercing mill drive, the four-
mass dynamic model presented in Figure 2 is
accepted. When generating of differential
equations of the movement of piercing mill mass,
let us use the method of equivalent rigidity for the
selected model of mechanical system [6]. Let us
take the following main assumptions into account:
the discrete masses of mechanical system of the
piercing mill drive have the constant inertia
moment; the external moments are constant; the
provision of a drive line component in space is
permanent; axes of universal hinges crosspieces
are absolutely rigid; the friction in universal hinges
is absent; there is no dissipation of energy in the
main drive of the mill.
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Figure 2. Dynamic model of piercing mill transmission
with universal spindles

Let us make a system of the differential
equations of movement for the corresponding

k11 = k12

=Ky, =Cpp; Ky =Cpp +Cpal+0.5ns(1—A,) 0520t | K,y = Cpafl+0.5n8(1— A,) cOS it ]
Ky, = Cpy(1—0.5n84, C0S20t) . Ky = Cyq (1—0.5n84, COS 200t + Cy [L+0.56(1— 4,) cOS 2(wt + v |

transmission masses of the piercing mill within the
accuracy of second order of smallness taking into
account the mentioned assumptions and
expressions for transmitting ratios of universal
spindle hinges and the drive line given in papers [2,
6]. This differential equations system is of the
form:

1,4 + kg =K@, =My @
1,0, =Ko + Koo, —Kpepy = M, ; )
1369, — Ko, — Koy —Kyyp, = M3 @)
1,4 —Kya3 + Ky, =M, (4)

where Iy, I, 15 14 — reduced inertia moments of
reducer tooth-wheels, universal spindles and
working rolls on drive shaft of the piercing mill;

Ky, = Coy[L+0.56(1— 4,) c0s 2(cwt + v)] K5 = Kyy = Cy[L—0.564, COS 2(cot + v)]

- equivalent rigidity of the piercing mill drive line
elements;

Mi=My: M, =-0.25c,,nesin 2wt ;

M, = 0.25¢,,nesin 2ot —0.25¢,,£[sin 2v + sin 2(wt + v ]
M, =M, +0.25¢,,&[sin 2v +sin 2(wt +v|
equivalent moments of the piercing mill drive line.

Where % - full angles of system masses rotation;
n=y2/r?; e=y2 7, 7,-angles between axes
of the spindle device shafts of piercing mill drive;
v=60-0; 0-angle of a relative turn of spindle
shaft universal hinges half-coupling; 6 - angle
between the basic planes of universal hinges (Fig.
1); @ — normalized angular velocity of the drive
shaft rotation (motor armature) of the main drive;

1 1
v10=0, woo=M/Cp, w3g=M(Cp +C23),

After necessary transformations (1) — (4),
we will obtain the system of heterogeneous linear
differential equations of the second order with
periodic coefficients. Each equation of the system
of the heterogeneous linear differential equations
characterizing the system mass movements can be
reduced to canonical (standard) form of the
Mathieu equation by certain transformations. It is
known that the solution of the Mathieu equations
with periodic coefficients is followed by specific
zones of instability and is connected with some
difficulties of mathematical nature [1, 6].

Mg — drive moment of the motor of the main drive;
M, - the moment of technological resistance
when piercing of pipe workpiece.

In order to solve the system (1) — (4),
containing exclusively variable component, let us

put in the new variables Vi, connected with #i by
the ratio # =i T ¥io | considering ¥io = const

The constant ¥i0 are found from the algebraic
equations system on the basis of characteristic
feature of the piercing mill power line functioning,

thatis e =M, =M

It is necessary to outline that when first

approximating, YVio respectively will be

Wao =M (2 +Co3 +C33) + 0, 25¢5in 2v

The analysis of papers [1 — 3] showed that
the solution of the Mathieu equation by only 1 - 2%
differs from the basic task solution at small value
of constants under periodic coefficient and research
of the movement far from instability zones. Let us
note that the components with periodic coefficient
are neglected in the canonic Mathieu equation.
Therefore, taking into account the above
mentioned assumptions let us give to the system of
the differential equations (1) — (4) the following
form:
L, +CLp, —Cuy, = M sin2at + M cos 2mt . (5)
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L7, — Cor, + (Cpp + Cp )W, — Cops = M, SiN 200t + M, COS 200t .
|75 — Cpgr, + (Cpg + Cyy W5 — Coutvy, = My, SiN 200t + M, COS 200t .
| W/, —Coys + Couv, = M SiN 200t + M, COS 20t
M, =0; M,
M., = 0.25&[c,,n — C,, COS2v —2M (1 - A4,)sin 2v ]

where

M, = 0.5(c,, coS2v + MA, sin2v).

Ml

c

=0;M,, =05nM(1-4,); M, =0.25¢{2M[n4, + L- 1,)€0s2v]-c,, sin 2v}

M,. =0.5¢(c,, Sin 2v — M4, cos 2v)

The direct solution of the system of the
equations (5) — (8) causes the lengthy dependences.
It causes certain inconvenience for implementation
of dynamic synthesis of the mill drive. Therefore,
let us find the task solution in the form of
decomposition by forms of system natural
vibrations, presenting the equation in the form

no
l//i = chaiv ! (9)
k=1

where q _ main coordinates; Ay _ the shift of i-

th mass of piercing mill dynamic model at the
corresponding form of mechanical system natural
vibration. Let us consider separately the movement
of dynamic model mass under the forces impact
proportional to harmonious functions sin(2wt)

and cos(2wt) . After necessary transformations,
we obtain

no

W = .M ch,sin(2at) ; (10)
j=1
no

Wi = Y M ch; cos(2at) . (11)
j=1

In (10) and (11), hji are known for this

selected dynamic model of the piercing mill drive
of number; they are calculated by the formula

n0
hji = zajkaik /[mk(plf _4502)]’
k=L

n0

where my = Z‘]i /aizk — the generalized weight
i=1

at k-form of natural vibrations for the accepted

dynamic model of the drive line; Pv_ the
frequency of natural vibrations of four-mass
dynamic system.

The mass movement of the accepted
dynamic model of the piercing mill main drive
because of its linearity is expressed by the sum

Vi=Vis tVic (12)

, (6)
, (7)
: (8)
=-0.25c,;ne ;
or
v, = A cos(2at - 6,) ’ (13)

where A :,/A1§+A12c ;H:arCtg(Ais/Aic);
no no
As :ZMishji s A :ZMichji :
j=1 j=1
Therefore, the angular rate of mass 1,4 replacing a
working roll of the mill is

®, =20A, cos(2at - 6,) , (14)

where

A = \/(M 25y + Myghy, + M45h44)2 +(Mychy, +Mgchy, + M40h44)2
(15)

From the developed mathematical model
of system, it follows that the dynamic processes
formation in the line of the piercing mill drive on
the basis of gimbal drive is mainly defined by
parameters of universal spindles.

It should be noted that the research of
universal spindles kinematics of the piercing mill
drive line causes certain difficulties. These
universal spindles are made in the form of dual
spatial gimbal drive.

The elements of hinges kinematic pairs
load the inertia forces and the moment of the inertia
forces of the spindle. Let us use the hinges
kinematics on the basis of single gimbal drive in
order to calculate the synchronous and
asynchronous dual drives of the universal spindle
of the piercing mill power line with a massive
transmission shaft.

Let us pass on to the analysis of standard
drive universal spindle kinematics on the basis of
spatial gimbal drive (Fig. 1), which consists of two
hinges, for specification of development nature and
further synthesis of dynamic processes. The
dependence between angular movements of two
gimbal drive adjacent shafts connected by

universal hinges, generally if vi# 0, apparently
from works [1, 6], is expressed by a ratio
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1
t9(pi, +Wia) = th (o, +v), (16)

1

where ¥ — the angular between the plane of the
drive shaft leading fork and the plane (phase
angular), where there are axes of the drive shafts
connected by i —th hinge.

Therefore, the dependence between
angular movements of the transmission and driven
shaft of dual gimbal drive of the drive, in that
specific case, is defined by expression

t9(pp +y>) - (17)

t + =
9(p3 +w3) 037,

The angular rate of the working roll @3

(for a case, where y1=0 is given in paper [6]) is
determined by differentiation of expression (17),
presented by ratio

3 = Wy + 2C91(9 COS 27 COS 209 — 2Co1@5 SIN 25 SiN 2005 +
+€91 COS 2/ SIN 200979 + €91 SIN 25 SIN 2005775

(18)
where

®, =@, +2¢,,0,C0S2¢, +€, %sin 2¢,,

2 4
_ 1 9w w9, |
cosy | 4 4 7

o L [t9% g%
21 = +... 0,
cosy,| 4 4

3
On _Wn
2cosy; 4cosy

€1 =

3
972 197

= +.
2C0Syy 4cosyy

Using results of the paper [6] and (18), let

us present the values Sm2¢2,C052¢2 by the
following approximate expressions

sin2¢, =sin2¢y + ¢ Sindey +...;
COS 2¢pp = COS 2 —C11COS2¢0 +...

Only universal spindles Wifh working

< 20° o .
angles 7i=20 are used in drives of the majority
domestic piercing mills. It is characteristic that in

this case, the coefficients “11'C21811:821 500
rather small values. Whereby, in further
transformations, the component with coefficients

2
€1, G0 Q181+ s neglected.
So, having substituted the values

@y, SIN2¢5, COS 2¢7, from [6] in a ratio (18),

having carried out necessary transformations and
rejecting values of the second order of smallness

2
(components with coefficients 11+ 11 C11€11s--
and so forth), let us write down an approximate
formula for the angular rate of the mill working roll
in the form
3 = ) + 2C11@; COS 20 + €11 SIN 20771 +

+2Co10 COS2(¢py +yp) +€218IN2(py +2)72
Having differentiated on time the equation

(19)

(19) on three parameters (01, 7/1’7/2, which are
functions of time,
0wz dgy  Oan dyy w3 dyy

€3 =

we obtain the angular acceleration €30f the
working roll in the form

&3 = &) + 201160820 — 40115012 Sin 2¢y + 2€110,C0S2¢ 71 —
—Acy10 sin 2(gy +72) + 269101C0(201 + )72 +

a1 011 e11

a)lCOSZ(pl;/ +—=25in 2%(71)2 +e15in 27 +
on

oey
+2 216010052(401“//2) 2+—Sln2(¢>l+l//2)(}/2) +
0y 072

+e218IN2(py +y2)72 s

(20)

where

ooy tgn i t9n
dn  2cos’y 2cosSy 20087

+...,

3 5
C1__W9yp 1977 197y
0y2  2cos’y, 2c0s>y, 2€0Sy;

2 4
ooy __ 1 [l_tg 7113t 71+...J;

+...

01 2cosdy 2 8

Oy 1 El_tgzﬂfz _13t9472 N J
3 oo .
072 2c0s” yy 2 8
Let us consider two special cases of
functioning of spatial universal spindles of the
piercing mill main drive with dual gimbal drive.
These spindles are most often met in practice of the
power line operation. For universal spindles of the
piercing mill drive line with dual gimbal drive,
7/1:7/2’7/1:7/21W1:07W2 :O’ iS Correct_ |n
this case, gimbal forks are installed on the
transmission shaft at an angle 90° (
C11 =Ca1,€11 =€21,C0S 23 :1). Therefore, let
us write down a formula for the angular rate of a
working roll in the form:

@3 = @) +4C1 @) COS 2¢; + 2811 SIN 2071 . (21)
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Thus, for this case, at the preset

angles 7i=20 , rotation unevenness of working
rolls will be maximum.

For universal spindles of piercing mill transmission
with dual gimbal drive,

7/1:}/2’7/1:7/2"//1:0’!//2:goo’le glmbal
forks are installed on the transmission shaft in one
plane (Cll = 021’ ell = e21’ Cos 2W2 = _1) For

this case, let us write down a formula for the
working roll angular rate in the form:
w3 = @) + 2C11@ COS 2¢05 +
+€11 sin 2(02}}1 - 2C21a)_|_ Ccos 2(02 —€21 sin 2(01]/2 =
(22)

Therefore, the angles » change has no
noticeable impact on kinematics of universal

spindles in synchronous gimbal drive of the
piercing mill drive line (

rn=ra2n=r2:v1=0w> :90°).
The analysis of this work results shows that

it is possible to be limited to average values y,

calculations in the kinematic analysis of the
piercing mill gimbal drive at small values of angle

7, <20%and small change rates of this angle

n= a)l, and the impact of angle y, variability at
small values 7 <(0,05...01)w, may be

neglected. The calculation by formulas (19) and
(20) should be carried out only at high rates of

change == @ especially in high-speed gimbal
drives. It is reasonably to use more exact ratio for
variable components of angular rate and angular
acceleration of the driven working roll of the
piercing mill at big angles y, > 20°.

The obtained dependences (19) and (20)
are universal and can be used with a sufficient
accuracy for the analysis and synthesis of dynamics
of the piercing mill main drive with dual universal
hinges.

It should be noted that in drives of the
piercing mills row, the working angles y, > 20" are

applicable. In this regard, there are additional
components, which quantity depends on the

number of variable angles 7i in drive elements, in
formulas for angular rates and accelerations. In this
case, the equation of the movement of the drive line
of a mill working roll (13) definitely differs from
the known Mathieu equation, since the periodic
coefficients are not small.

The research (13) and (14) allows
establishing of some main reasons for occurring of

complex vibrations of working roll axis in
combination with the drum in the housing window;
in turn, they affect significantly the dynamics of the
entire piercing mill.

The obtained results analysis shows that
the unevenness of the power line run with dual
universal hinges is the main reason for discrepancy
of experimental and known theoretical researches
results of the piercing mill drive line. It is necessary
to emphasize that the certain alternate areas of
steady and unstable solutions are inherited in the
differential equations (5) — (8) because of the
available periodic coefficients. From (13) and (14),
it can be seen that the turn angles of the main drive
spindle hinges (parameters n and v ) have impact
on the value of vibration amplitude 44. Having
selected the last of conditions 44= 0, it is possible
to achieve the quasiuniform rotation of working
rolls at first approximation.

The specified analysis and synthesis of
vibroactivity of the piercing mill power line should
be made on the basis of research of the drive
generalized dynamic model. In this case, the
stability of functioning of driving line elements and
piercing mill working rolls of the pipe-rolling unit
is defined on the basis of known prerequisites for
the mathematical theory of stability and asymptotic
methods of differential equations research
according to [5, 7]. At that, from the equation (15),
it is necessary to determine the areas of
parametrical stability of system depending on the
piercing mill operation modes, a spatial location
and angle sizes of the spindle device elements of
the main transmission.

The approximately twofold decrease in
level of system acceleration capacity is reached by

using of recommended sizes of working angles Vi
, for example, for the piercing mill of the pipe-
rolling unit TPA 350 within 10°30' + 11°30', and
the corresponding rotation frequency of the main
drive elements. In this case, at the same time, the
noticeable decrease in vibroactivity of the drive
line elements of the working rolls is observed.
However, the further increase in working angles of
spindles and rotation frequency of the piercing mill
drive line of TPA 350 causes the significant
increase of dynamic loads. It demands the
introduction  of  additional  measures  for
stabilization of vibroactivity in the mechanical
system “the drive line — working rolls™.

Conclusions

1. It is established that known methods of
dynamics calculation of the mill drive line of pipes
screw rolling (piercing mill) do not consider some
features of the mill working roll behavior, and in
particular, the time change of axes deviation angles
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of spindles spatial hinges.

2. The specified differential equations of
the movement of the piercing mill main drive
elements taking into account the time change of
working angles size and unevenness of kinematic
parameters of spindle hinges are worked out.

3. The impact of basic parameters of
universal spindle with dual hinges on the dynamic
loads formation of the piercing mill drive is
established.

4. The stabilization of the run of the
piercing mill main drive line is achieved at the first
approximation by working roll amplitude
minimization and the selection of spindle hinges
parameters.

5. It is found out that the variability of dual
hinges working angles of the drive universal
spindle is the main reason of parametrical
vibrations in mechanical system of the piercing
mill power line.

6. The obtained results can be applied in
drives of similar machines and mechanisms with
universal spindles on the basis of Guk's hinges.
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