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This work is an inveastigation of the process of the long-
itudinal rolling of tubes through two grooved rolls with the
aim of contributing to the full understanding of the mechanics
of the process in order to increase its efficiency. The
tubes which were unsupported internally, were rolled through
an oval groove,

Two types of cperation were examined, viz, sinking,
where no external tensions were applied to the tube, and
stretch-reducing where front and back tensions were applied
in different proportions.

Lead tubes were rolled under dry rolling conditions to
simulate the hot rolling of steel. Two types of passes were
used, viz., rolling round tubes through the oval groove
(R~0 pass), and rolling the resulting oval tubes through the
oval groove (0-0 pass) with the major axes of the two ovals
at right angles to cach other. Recordings were made of all
the loads, velocities, dimensions and pressure distribution.
To achieve this, tests were carried out on a fully equipped
2~high roll stand based on an old milling machine. Devices
were also designed for the application of the front and
back tensions.

A novel design of the pressure measuring pin loadecells
was developed incorporating new features which simplified
its use and increased its reliability. The four loadcells
in the shape of cantilevers were fixed to one bleck, thus
making the removal and refitting of the assembly for ins~

pection relatively simple,
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A new theoretical approach to the problem based on the
strain energy principle has been presented and compared with
existing equilibrium approaches and the test results,.

The question of presence and shape of a neutral zone on
the surface of contact has been studied in some detail and a
new idea put forward. Also the extent and effect of the pre-
contact plastic zone, i.e, free zone, on other process para-
meters,e.g., arc of contact and pressure peak has been
examined and verified with specially devised tests.

The variation of the wall thickness of the tube has
been studied in the light of the experimental test results
and the available theoretical treatments,

A general survey of recently available literature,
together with surveys covering specific aspects of the

problem have also been carried out.

Kex Words
Tube-rolling

Pin—]oadcells

Pressure—distribution
Stretch.-reducing
Energy Method



SUMMARY
CONTENTS
NOTATION
CHAPTER(I)
CHAPTER (II)

CHAPTER (IIX)
(I11-1)
(111-2)
(I11-3)
(ITI-4)
(IT1-5)
(I11-6)

CHAFTER(IV)

CHAPTER(V)
(v-1)
(v-2)
(v-3)
(V-4)

CHAPTER (VI)

(Vi-1)

2

«3

CONTENTS

INTRODUCTION
LITERATURE SURVEY

THE EXPERIMENTAL SET UP

The Experimental Roll Stand, 30
Methods of Applying Tensions, 36
Measuring Equipment,41

Tube and Roll Size,47
Instrumentation, 52

Calibration, 55
EXPERIMENTAL PROCEDURE

MEASUREMENT OF PRESSURE DISTRIBUTION
Introduction, 79

Previous Work, 80

Design, 89

Pin Loadcell Calibration, 96

THEORETICAL ANALYSIS OF THE PROBLEM

Determination of the Roll Pressure, 113

Shveikin and Gun, 113
Vatkin, 115

Kirichenko, 118

iii

% 5

vi

30

66

79

113



4
-5
(Vi-2)

CHAPTER(VII)

CHAPTER(VIII)
(VIII-1)
(VIII-2)
(VIIrz-3)
(VIII-4)

(VIiIz-5)

(VIII-6)

(VIII-7)
(vIIz-8)

(VITI-9)
(VIII-10)

iv

Cole's Work,127

The Theory,129

Wall Thickness Variation, 146
Gun, 146 |
Shevchenko, 147
Kolmogorov, 147
Anisiforov, 148

Shveikin, 148

Gulyaev, 149

Cole, 151

Present Work, 152
TEST RESULTS < 185

DISCUSSION OF RESULTS _ 186
Pin Protrusion, 186

Back Extrusion, 188

Effect of Using PVC Discs, 1901
The Arc of Contact and

the Free Zone, 192

Torque Sharing and the Arc

of Contact,205

The Pressure Peak and

the Neutral Zone,213

Roll Pressure,220

Effect of dO/tO and r% on the
Loads, 243

The Rolling Torque, 250
Comparison between Measured and

Calculated RSF,259



(VIII-11)
(VITI-12)
 (VITI-13)
CHAPTER (IX)
CHAPTER (X)
CHAPTER (XI)
CHAPTER (XII)

APPENDIX A
APPENDIX B

APPENDIX C

Effect of the Groove Shape
on the Arc of Contact,261
Effect of Applied Tensions,265

Variation in Wall Thickness,266
CONCLUSIONS

SUGGESTIONS FOR FURTHER WORK
AKNOWLEDGEMENTS

BIBLIOGRAPHY

277

281



(= o o. o o > 2
e

]

NOTATTION

Cross-sectional area of tube at the entry plane.
Cross-sectional area of tube at the exit plane .
Area of contact between tube and roll .

Width of groove.

Outside tube diameter (mean value) .

Groove diameter.

Internal diameter of tube (mean value).

Mean diameter of tube {(mean value).

Eccentricity

Eccentricity of the groove.

Roll spring.

Height of groove.

Length of the arc of contact.

Calculated length of arc of contact(from geometrical

considerations).

Measured length of arc of contact corrected only for

finite width of pin.

Measured length of arc of contact corrected for the

finite width of the pin and also for torque sharing.

Shear factor.
Rotational speed of the rolils.
The roll separating force (RSF).

Roll pressure.

Roll pressure due only to homogeneous deformation.

Mean roll pressure.

Reduction in area %.

Effective roll radius.

vi



vii
Radius of the arc of the free zone,
Radius of groove.
Mean radius of the rolil.
Radius of the rcll at the root of the groove.

Radius of the roll at the shroud.

Radius of the roll at a point on the groove making

angle 6 with vertical,
Radius of tube at entry.

Radius of tube at exit.

Surface area of the tube in the deformation zone (area
of application of ph) .

Wall thickness of the tube.

Tube velocity in the direction of rolling.
Tangential roll velocity.

Volume of tube in deformation zone.
Horizontal component of roll velocity,
Relative velocity between the tube and rolls,
Volume rolled per unit time,

Work of deformation per unit volume,

Work of external forces per unit volume.
Internal work of deformation per unit volume,
Total work of deformation per unit volume.
Rate of doing work.

Rate of doing work against friction.

symbols s~

Torque sharing factor.
Mean draft.

Draft at root of groove,
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Changein wall thickness of tube (mean value).

5tr Change in wall thickness of tube at root of groove.

6Qf6 Logarithmic strain in the axial, radial, and tangential
directions respectively.

E;, Generalised strain,

E% Apparent strain.

ép Frictional strain.

6 Groove angle.

ec Groove angle of contact.

Be Effective groove angle,

Om Maximum groove angle.

ebaaquroove angles made by pins 1,2 ,3 or 4 of the
pin loadcells.

b Coefficient of friction.

5? Yield stress in uniaxial compression(mean value).

<, Shear stress.

43 Angle of contact at any point on surface of contact.

d%, Maximum angle of contact(i.e.,angle of contact at entry
plane).

w Angular velocity of the roll,

Subscripts

Unless otherwise specified:

o

1

Entry plane condition.

Exit plane condition,

At root of the groove, or relative.
Frictional.

Homogeneous,

Mean, or Measured.
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i Internal.

e External or
Effective

(¢} At groove angle ©

1,2 .. Pin loadcell number.

Other symbols, mainly from outside sources, used in this

text, are defined as they appear.






In the manufacture of seamless tubes, the longitudinal
rolling of the tube through two or more grooved rolls in one
of its forms represents an important part of the process.

The three forms of longitudinal rolling are as follows:-

1) mandrel rolling where a mandrel is inserted inside
the tube to provide internal support while the tube
is being rolled between the rolls.

2) tube sinking in which the inside of the tube is un-
supported,

3) stretch-reducing which is similar to tube sinking
except that tensions are applied to the front and
back of the tube to reduce the locads and increase
the deformation.

These three forms of longitudinal tube rolling are
normally carried out in a series of stands called a cont-
inuous mill.

In a typical manufacturing process for seamless tubes
the steel used for the process is continuously cast and then
made into round billets in a billet mill. These billets are
then heated to rolling temperature and by piercing them over
a plug in a piercing mill,converted to hollow blooms. These
hollow blooms are then rolled over a long mandrel in the
mandrel mill., The sizes of the tubes produced so far in the
manufacturing process are limited to a few diameters. In
order to increase the range of diameters produced the tubes
are then passed in the next stage through a stretch-reducing
mill.

This example illustrates a charactéristic feature of

many tube manufacturing process in that the tube goes through



several processing stages.

In the Assel elongating process a sinking mill is usually
installed with the elongator. This process is apparently used
for the producticn of medium-and. heavy-wall tubes. In such
a sinking mill and also in the stretch-reducing mill the
successive stands are normally disposed at 96:to each other,
This arrangement is important since the shapeof the groove in
each stand produces an oval tube. Theréfore in order to
produce the desired circular tube shape the major axes of the
ovals of the tube and the groove must be at right-angles to
each other due to the stand disposition. The major tube axis
from the width of any pass enters into and is reduced to the
height of the next pass. This then becomes its minor axis
which is formed into the width of the subsequent pass.

One of the main problems with the tube sinking process
is the increase in wall thickness which takes place as a
result of reducing its diameter. As the reduction in diameter
increases so does the variation in the wall thickness. In
addition, as a result of sinking the tube in one stand, wall
thickening is not uniform around the section of the tube, being
greater on two diametral planes corresponding to the pass width
Therefore, as the reduction in diameter is increased, the
variation in the mean wall thickness along the tube increases
and is accompanied by the tendency of the tube bore to become
square. For these reasons the total permissible reduction in
diameter in a sinking mill is restricted.

In a stretch~-reducing mill the tube is subjected to

interstand tension which is created by adjusting the speeds of



the successive stands. The roll speed in any stand is adjusted
so that the tangential velocity of the roll is greater than the
veleocily of the tube coming out of the preceding stand. This
results in the creation of tension in the tube. Consequently
wall thickening produced by the rolling forces alone (i.e, as
in sinking) is reduced. Although the stretch reducing process
can reduce or eliminate wall thickening, it has its inherent
problem known as the thickened ends. As the tube ends are

not subjected to the full effect of interstand tensions, they
are therefore thicker than the rest of the tube. This problem
of wasted ends is partly overcome by keeping the distance
between the stands of the mill to a minimum.

From an analytical view point the process of tube sinking
or stretch-reducing is complex. From the attempts that have
been made to formulate a mathematical model of the process,
three have resulted in the three theories now existing. These
theories are all of Russian origin and are based on the equil~
ibrium method of analysis. This method invoives the consider-
ation of the equilibrium of forces acting on an element of the
tube in the deformation zone together with a yield criterion.
The resulting differential equations are then solved for the
appropriate end conditions. These theories, however, proved
unsuccessful in predicting the roll pressure according to
the experimental results of Cole (1) as will be discussed
in chapter (VI) of this work. For this reason it was felt
at the onset of this investigation that a different theoretical
approach should be attempted and the strain energy method

was thought feasible in conformity with the recommendations



of (1). Hence the development of a new theoretical approach
to the problem was one of the objectives of this work.

The question of friction between the tube and the rolls
has also been dealt with in a different manner to that used
in the Russian theories. The use of the constant friction
factor concept instead of the Coulomb type of friction is
believed tq%e more appliéable to the actual pirocess of hot
rolling of steel tubes in which sticking can take place on
the surface of contact, as well as to the sigpulation process
of rolling lead tubes in which sticking does not take place,
When sticking occurs on the surface of contact the assumption
of a sliding friction , of the Coulomb type for instance,
is no longer valid.

Due to the importance of the variation in the wall
thickness of the tube particularly for the sinking process
as shown before, a study of.this parameter was required.

The deformation of the tube hetween the rolls is an
important factor affecting the produced tubes as well as
the rolling loads and justified studying in some detail.

The phencmenon of the pre-contact piastic deformation i.e,
the free zone,and its effect on the calculated length of the
arc of contact, observéd experimentally, were aspects of the
tube deformation which required further analysis.

In order to obtain an accurate comparison between the
deformation stresses developed in the tube rolling process
and the corresponding theoretical values, it was'nacessary
to study the distribution of contact stresses at various

points on the surface of contact, This knowledge was also



important for the assessment of the nature of deformation.
Information gained from the pressure distribution curves

can be used in studying the significance of other parameters
and their influence on the process, e.g. arc of contact,
neutral zone and the free zone. In this regérd the available
test data were not sufficient and the need for a further
study in this field waé present from the start of this invest-
igation. Therefore, one of the objectives of this work was
to improve the technique ¢f measuring the pressure distrib-
ution and the method of calibration in order to provide
reliable results,

The presence and shape of the neutral zone in flat rolling
is well defined. The neutral zone is the zone at which the
frictional forces change direction and the relative velocity
between the metal and rolls is zero. In tube rolling how-
ever, the situation is more complex and the question of
presence and shape of the meubral zone needed clarification
and was therefore included as part of this study.

The experimental test data on the rolling of oval tubes
through oval grooves is scarce despite the fact that this
type of pass is the more common one in sinking or stretch-
reducing mills in practice. The tendency of investigators
to roll round tubes in round or oval passes was basically to
simplify the analysis. It was felt necessary to provide
data on the rolling of oval tubes in oval grooves for the

purpose of the present and any future investigation.






The work of 0019(1) at the University of Aston
in Birmingham, of which the present investigation is an
extension, is a comprehensive study of the tube 1rolling
process, Cole notes at the start of his review of pube=
lished work on longitudinal rolling of tubes that publi-
cations concerning these processes were very far to seek
and that there was very little emanating from the English
language sources while most of the published work was of
Russian or German origin, To some extent this statement
is still valid to date and since the publication of his
work the number of new publications of direct relevance
to these processes is small., An experimental two-rqll
stand was constructed for tests on lead tubes of 44,5 mm
(1.75 in.) outside diameter and 6.4 mm (0.25 in.) wall
thickness, The groove shape was circular and the rolls
came from one of the finishing stands of a production
mill,., By varying the size of the gap between the two
rolls, Cole was able to effect a change in the reduction
of area per pass, Because of non-circularity,the cross-
sectional area was obtained by weighing specific lengths
of tube and knowledge of the density of lead. The
dimensions of the deformed tube were measured with
reference to the point on the surface of the tube corre-
sponding te the rocot of the groove. This method has the
disadvantage of not taking into account the transverse
variations in the dimensions of the tube after rolling.
Heowever, the author's main interest was the measurement
of the change in wall thickness as a result of rolling

on the assumption that the change in one plane is



representative of the total change in wall thickness,
A comparison was made between the experimental change
in wall thickness and that predicted by formulae suggested
by Gun(hc” and Gulyaev,et al(50) « The comparison
showed that the two formulae overestimated the change in
wall thickness with that of Gun's exceeding the measured
value by over 100% . Poor correlation was also found
between the measured roll pressure and that predicted by
theories (32), ‘33)and '(Bhl The measured value of the
pressure on the rolls was of the order of 17,00 N/mmz
while those predicted by the three formulagm were in the
rogion of 6.0 N/mmz. It is worth néting here that Cole
used PVC discs on the surface of the roll to cover the
pin tips and prevent the back extrusion of lead into the
annular clearance between the pin and its bush, Tests
were carried out in the present work, and are reported
later, to study the effect of using these discs on the
measured pressure, These tests have shown that the
presence of these discs increases the measured pressure
by amounts which depend on the thickness of the disc and
its size relative to the size of the pin. The increase
however was not such that it would make the correlation
above significantly better, These theories (32) ’ (33)
and (Bh)l, will be further examined in chapter (vi) of
this work,

Four pin loadcells were used for measuring the
pressure distribution round the grocve and along the arc
of contact, The pins were made of Silver Steel and had

diameters of a nominal 1,27 mm depending on fitting.



The bodies of the loadcells were made of Araldite since it
has a high Poisson's ratio and the loads involved were low.,
Four strain gauges were bonded to the body of each load-
cell., Fach loadcell was individually fitted in a _hole
drilled in the roll for that purpose. The angles of the
pins being 0, 30, 60 and 80 degrees. The calibration of
the pin loadcells suffered from response hysteresis under
decreasing load which could not be overcome, This
problem limited the usage of the pin loadcells results
for analytical purposes, The pressure distribution curves
however showed a pressure peak close to the entry plane,

a phenomenon which has been observed in the present
investigation. Good correlation was found to exist
between the measured roll separating force and that cal-
culated by the summation of pressure distribution curves
round the groove,

The arc of contact was assumed to be of the same
length for every position round the groove, This assump
tion . was based on observations of a tube which was cover-
ed with a white emulsion paint and then rolled. The tube
was stopped in the gap and the surface was examined. No
mention was made of any deformation of the tube prior to
its contact with the roll (the free zone). Cole conc~
ludes from his study of the pressure distribution curves
that the position of the neutral plane is very different
from the flat rolling situation being near the entry
plane for tube rolling and near the mid-posgsition between
entry and exit planes in flat rolling. Tests in the

present investipgation confirm the difference between flat
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rolling and tube rolling in this respect but indicate

that the position of the neutral plane varies round the
groove and could be near the exit plane, for certain
positions on the groove surface, This point is discussed
in detail in chapter(VIIL)of the present work,

Cole's work includes a comprehensive study of litera-
ture on different aspects of the problems of tube sinking,
stretch reducing, and mandrel rolling. Particular atten-
tion was paid to the review of the methods of measurement
of contact stresses,

The experimental results of Cole's investigation as
well as certain other aspects of the problem studied in
his work will be further discussed in the relevant sections

Of particular interest is a paper by Fazan et al (2)
1967 in which he discusses some aspects of the tube roll-
ing problem being investigated in the present work., He
acknowledges that the position of the neutral point varies
with the groove angle, due to the variation of roll radius,
He suggests that line (N), on figure (2) of his paper
reproduced here as fige (1) répresents the locus of
the point of no-slip on the surface of the tube in the
deformation zone. His definition of the roll radius is
the distance from the centre of the roll to the point of
no-slip at the plane of exit., In this connection the
aunthor shows that a knowledge of the exit velacity of the
tube would be important. It had been established in the
present work that measurement of tube velocities is

very useful with regard to the guestion of the neutral

point, The author suggests that as an approximation,; line



(N) divides the surface of contact into two equal zones,
i.e., zone I = zone II in figure (1).

On the question of wall thickness wvariation during
rolling the author takes the view held by (15), (20) that
the thickness remains unchanged if the stretch factor is
equal to 0.5 (the stretch factor is the ratio of axial
stres§gn the tube to the yield strength of its matarial.)
He also conclumdes that a change in wall thickness and
diameter between stands takes place as a result of the
tension in the tube., This conclusion was founded upon
the fact that certain rolling schedules which entail
large reductions in thickness would not be attainable
by a series of passes under tension in the absence of
inter-stand deformation and also upon confirmation by
laboratory experiments, The method suggested for cal=-
culating the change in wall thickness however carries

within itself a weakness as a result of not knowing how

11

to calculate the deformaticn by tension between the stands.

The theoretical treatments presented in the paper
were based on the equations suggested by Neumann and
Hanke (20) and included the following assumptions:=-

1~ deformation is symmetrical round the tube axis,

2= the directions of the principal stresses are

radial, tangential (hoop), and longitudinal,

3- von Mises yield criterion applies;

k- radial stress varies linearly across the tube

thickness,

5= the thickness c¢f the tube remains unchanged,

6~ the frictional stress is equal to ps where s is
/
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the normal pressure and B the coefficient of friction.

7= for the hot rolling of steel at 900-950 OC, b

takes a value between 0,35 and 0.40,

It has also been assumed that the radial stress
follows a linear distribution across the phickness of the
tube with the external pressure equal to twice the mean
radial stress across the section. After developing the
baslc plasticity equations as applied to the tube forming
problem, the author then used these equations to calculate
the variation in tension during the passage of the tube
through a stand and the tube deformation between the
stands referred to earlier. In deciding on the value of
the coefficient of friction of 0.35-0.40 the author suggests
that the mean pressure of the rolls on the tube is only in the
order of 4,9 N/mm® for the rolling of steel at 900-950 °C
apparently with tensions applied. The remainder of the
paper is concerned mainly with the stretch reducing
process and the determination and adjusting of the speed
of the stands with emphasis oﬁ the usefulness of measuring
the tube velocity. An example is given of how this is
done during an experimental simulation of the stretch
reducing process,

A report on the operation of a continuous tube~
rolling mill by Neuhoff ,et al was published in 1970 (3)9
The report started by describing the continuous tube
rolling process in which a mandrel is used inside the tube
in a mill normally constructed of 7 or 9 stands consisting
of an arrangement of two-roll stands offset at 900 to

each other., The authors then reviewed the difficulties
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encountered in the operation of the mill, namely: the
deviations in wall thickness in the area of the acceleration
of the mandrel at the entry of the rolling material and
its exit, and the loads on the tool and its service life.
The first problem, that of uneven flow of material, was
sajid to be caused by the change of speed of the mandrel,
thus the rear stands, because of the increase in mandrel
speed created by them, pull more rolling material into the
front stands,

The authors suggested the following measures to
counteract the appearance of wall thickness and diameter
changes along the length of the tube:

1- minimum possible coefficient of friction between

mandrel and tube,

2- maximum possible reduction per pass in the first

stands,

3- controlled variations in the speed of the rolls

against the change of mandrel speed,

The authors studied the rolling forces and the loads,
on the mandrel with a view to determining the limitations
of the process,

(4)

Tselikov et al
(75
ment of the continbus rolling of tubes in the USSR in 1970,

published a study of the develop-

A section of an article by Blazynski (1970) on the
recent developments in seamless steel tube-making was
devoted to the longitudinal tube rolling process. For
the sinking mill a reduction in diameter of between 3
and 5% was said to be the practice, The advantages of the

three-roll system over the two-roll system were discussed,
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including an increase in diameter reduction per stand to
about 14%, Since this article was mainly a review, no
attempt was made on the part of its auther to offer
sclutions to the problems mentioned or to discuss in any
detail the theoretical treatments of the longitudinal
tube rolling process, On the analytical side, the equations
developed by Kirichenko(jh) for the prediction of the
pressure on the rolls were presented and were said to be
of particular interest since they include the effect of
ovality.

In a paper by Gulyaev et a1(5) published in 1971,
a study of the dimeﬁsions of oval passes was made with a
view to determining their optimum degree of ovalization,
The study was partly theoretical and partly empirical,
By zolving the variation equation for media with linear
strengthening of the material for the case of tube
rolling without mandrel, a width coefficient was obtained
This was a function of the thickness to diameter ratio,
tension in the tube, and the coefficient of friction
between the rolls and the tube. The equation contained
constants which were not commented upon., By analysing
the equation for the width coefficient for two-roll passes
with small coefficient of friction the authors stated
that wider passes were required to avoid overfilling of
the groove, Cpfcufated coefficients and experiment showed
good agreement. Graphs were presented showing the vari-
ation of the minimum value of "spread parameter" as a
function of tension and thickness/diameter ratio and

also the dependence of the minimum value of the parameter
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used for determining the width to height coefficient on
these variables, On the bases of the proposed method of
determining the dimensions of oval passes, a new pass
design was developed and tested on a 22 stand mill, It
was claimed that as a result of using the newly developed
pass design the final transewerse wall-thickness variation
of the tubes was reduced from 17-20% to 12-15% , It was
also claimed that a considerable improvment in the internal
surface quality of the tubes was obtained.

Two important points were mentioned in passing these
were (i) : that the actual deformation zone is mﬁch larger
than the geometrical zone and consists of a pre-zone and
the true geometrical =zone,

(ii) that the ratio between the actual area of
contact of the tube with the roll and the theoretical
one, determined by integration was between 0,85 and 0,90
it was not clear however how these values were obtained,
Tests in the present work have shown that the ratio
between the actual arc of contact and the geometrical
arc of contact was around 0,7.

In a paper by Vatkin et al (6) published in 1971,
the effect df metal strengthening on the distribution
of longitudinal stresses in the deformation zone during
the reduction of tubes was established. The equilibrium
of forces acting on an element in the deformation zone was
considered and the resulting differential equation solved
giving an expression for the longitudinal stress in both
entry and exit zones. The wall-thickness was assumed

unchanged within a stand and the external contour of the
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deformation zone was assumed to hawve the shape of a right
circle in any transverse section i.2. the stresses in the
cross section of the tube were uniform, A Coulomb type
of friction was assumed. A yield criterion of the type
of+vE= 1.1503 sy implying a plane strain conditicn, was
used, An analysis was thon presented of the effect of
the coefficient of friction and of different stress
relationships generated under the action of external
axial forces, on the distribution of longitudinal stresses,
Expressions for the limit stresses at entry and exit were
deduced, The effect of tensions on the positions of the
neutral plane was explained in detail.

Vashkin et a1(7) published a paper in 1971 dealing
with the evaluation of specific pressure of metal on the
rolls in tube rolling on a mandrel. The equilibrium
method was used to calculate the contact pressure in both
the reduction and compression zones without allowing for
the reciprocal influence of the two zones on each other,
A discontinuity was obtained in the value of the specific

obse rved
pressure between the two zones which was not/experimentally.
Vhen allowance was made for the supporting force created
by the reduction zone, the value of the pressure on the
compression zone was much higher than the experimental
value, A value for the supporting force of one half of
that created by the reduction zone was therefore used,
A parabolic law was assumed for the pressure distribution
over the width of the pass giving a maximum value at the
apex of the pass. The mean pressure was compared with

three test results on hot steel, (see Fig.(2) on page
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Fig. (2)

Specific pressure in deformation

zone according to ref.(7),

calculated:~

1-by calculation,without allowing for
the reciprocal influence of the zones;

2~experimental;

3-allowing for supporting force U&.p

from reduction zonej;

4-allowing for supporting force oy /2

17
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17 ) and the agreement was good. Hence the authors
concluded that their formulae could be recommended for
engineering calculations.

Some of the symbols in the article were not explained
and are not clear, Tests in the present work have shown
the maximum value of the pressure to occur away from
the root cof the groove. The good agreement obtained can
not be fully justified since only three test results were
apparently used for the comparisons,

In a publication on research at works laboratories
and Institutes at the Urals Scientific Research Institute
for Tube Industry (8) in 1971, two articles relating to
tube rolling were included. The first of these was by
Blinov and Lomachenko concerned with the development of
a technology for the reduction of tubes in four-roll
stands with two driven rolls. It was stated that theo-
retical analysis of the reduction process in the four-roll
pass showed that four-roll stands with two driven rolls
have significant advantages over the two-and four-roll
stands in use at the present time. Stability of the tubes
in the four-roll pass was said to be 25 to 40% higher
than in the three-roll pass enabling tubes with high d/t
ratio to be rolled. It is difficult to determine what was
meant by stability of the tube or how it was measured,
Since the paper was only an outline of research activities
no details were included and a proper assessment of the
analysis could not therefore be made.

The second article was by Matveev, et al and was

concerned with a polarization-optical (presumably photo
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elastic) investigation of the stress and deformation
state in tube production, Model optically-sensitive
materials, used in the study of stresses and deformations
by the polarization-optical method, were studied. It was
stated that a method was developed for determining the
contact stresses in a round or oval pass under conditions
of plane simulation (presumably plane strain).

The effect of the shape of the pass and the degree of
filling on the character and magnitude of the contact
stresses was established, As in the previous article no
further details were presented.

Vater (9) published a paper in 1971 in which he
considered the effect of flow conditions on the force and
work requirements and also on the material flow in plastic
deformation..He showed that in é flow hypothesis of the
kind O] -0 =C KF where the value of ¢ lies between 1.0
and 1,15 , the value of ¢ has a significant influence on
the deformation ratios obtained from the flow Qiagrams.
The correct value of ¢ can be obtained from test results
and practical observations, The effect of ¢ on the struc-
ture of the deformation ratios as well as on the force
and energy required was discussed, Flow diagrams for
different ¢ values are presented to demonstrate its effect,

A Polish paper by Felomek (19} ix 1971, also dealt
with flow diagrams and the stretch factor. The variation
of the stretch factor Z with the number of stands in a
mill is shown diagrammatically.

(11)

Okamoto published a paper in 1971 in which he

introduced the deformation factor as a means of calculating
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the stresses in three dimensional deformation problems,
From the condition of volume constancy he defines the
deformation factor as : Y = o-5+%’i@ whora 439 and ¢E are
the' logarithmic strains. He then é;nsiders the stress-
strain relationships in conjunction with the vonMises
yield criterion to calculate the principal stresses in
terms of the deformation factor. In applying these analyses
to tube deformations he suggests the use of a mean deform-
ations factor (¥m) to cater for the variation of stress
and strain across the wall of the tube, This is defined

in terms of the deformation factor as:

¥ = B

where r, and n are the inslide and outside radii of the

tube and r is the radius corresponding to K e The author
then suggests an approximate theory using the mean deform-
ation factor in which the stresses across the tube wall
are assumed equal to those aﬁ the geometrical mean radius,
Having made this assumption he obtains equations for the
stresses in the tube for two cases: when the outside
pressure and axial tensile stresses act on the tube but
the inside stress is zero i.e, case of tube sinking, and
when the inside pressure and axial tensile stress act on
atube but the outside pressure is zero. This approximate
theory was applied to the case of mandrel rolling of tubes
where there are usually two zones, a reduction zone and

a compression zone, According to his procedure, therefore

the outside pressure on the tube in the reduction zone, yhich
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is similar to tube rolling without a mandrel, can be

calculated as follows:

0
o

=
b
6]
n
_|r.
|

1)

P
'

[ — ] Iz
2) oy =f?(2a/V?io35)Kﬁﬁw(fJ

where kf is defined as the mean yield Qtress of the
material, o7 outside pressure on tube.

Although the equations presented for this application
are the same as those developed in his approximate theory,
the author does not use the mean deformation factor which
is part of his theory. As can be seen from the above
expression friction has not been taken into account or
even discussed in the paper. |

(12)

In another paper Okamoto applies the same
principle to the case of mandrel rolling, His aim was
to determine the conditions for overfilling and under-
filling of the groove. Friction was not taken into
account on the assumption that the forward slip regions
are balanced with the backward slip regions of outside
and inside of the tube.

The expression suggested by Okamoto for the stress
in terms of the yield stress and the strain could readily
be compared with that presented by Neumann and Hanke in
1955 (20),

Potapkin, et al (13) published a paper in 1972 in
which they study the effect of external zones on distribu-~

tion of specific pressures in the hot rolling of flats,
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Although the paper does not deal with the tube rolling
process the phenomenon observed is similar to that of the
free zone in tube rolling and which is studied in section
(4 ) of chapter (VII) of this work. The conclusions drawn
are significant,.

The authors indicate that experimental investigations
show that for a stock of L/h < 1 (where L is the length
of arc of contact and h is the height of stock), the curves
~of specific pressure have a peak close to the entry plane,
The occurrence of pressure peaks is dependent, among other
things, on the L/h ratio. The authors state that due to
the inaccuracies resulting from using large pin diameters
in relation to the length of arc of contact when measur-
ing the pressure distribution, reliability of the experi~-
mental results of previous workers is questionable., TIn
order to eliminate these ilnaccuracies rolls of 1500 mm
diameter were uzed in conjunction with {he loadcells ahown in
fig.( 3). A ball was placed on top of the pressure transe-
mitting pin and protruded above the roll surface by 0,1 mm,
Experiments showed that ball projections of between 50}Lm—
200f4m had no influence on the pressure curves. These
limits are much higher than those found in the present
work and in (25), (26), and present investigation.
However the conditions here are different mainly due to the use
of this type of loadcell and the difference in the
limits could be partly attributed to that. The pregsure
curves presented in the paper, and reproduced in fig(14).
show the effect of L/h ratio on the occurrence of pressure

peaks,
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The authors explain the peak close to the entry
plane for L/h < 0,8 as being the result of the supporting
action of metal flow. They also conclude that when
rolling thick stock (L/h<0.8) the external friction is
found to have only a weak effect on the stress state in
the deformation zome in comparison with the effect of
external zones., With an increase in the ratio L/h the
effect of external friction increases while that of
external zones diminishes,

It is worth noting that for their tests the authors
used lead specimens on roughened rolls.

Proctor and Jubb (1%)published a paper in 1973 in
which they discussed some aspects of the stretch reducing
process with particular reference to the stretch reducing
Mill at the Weldless Steel Tube Co, The authors show that
the equation developed by Neumann and Hanke (20) which
relates the longitudinal stress in the tube to its yield
strength and tke radial and tangential strains, could be
used as a basis for the calculation of roll speeds and
for selecting the appropriate size of the parent tube to
be produced from the primary mill to give the minimum

finished size., This equation takes the form:

SU
y, = 3 _ w(2-Eu)+(1-2Ew)
0"1".! ‘! % ~

== (1= Ew) = E(EM-*!)
where:

Xyp.tis the stretch factor

oy :longitudinal stress

Ko :tensile yield strength
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q@@qi:radial and tangential strains
E..tis the average thickness to mean diameter ratio of
the tube,

The problem of polygonization of the tube bore, which
is more pronounced for thick tubes and high diameter
reductions,was said to be influenced by the stretch factor
and the roll pass design, It was shown that a roll groove
design which minimizes the differences in contact iength
across the groove inhibits the formation of polygonization.,

The authors avoid the problem of calculating the
position of the neutral point in calculating the roll
speeds by assuming that it occurs at the root of the groove
in all stands. The resulting inaccuracies of the speed
calculation are overcome by facilitating additional speed
control known as the stretch vernier, The problem of end
thickening which increases with the amount of stretch in
the mill, diameter reduction, and the increase in distance
between stands, could be overcome by varying the roll
speeds during rolling. This could by accomplished by the
use of separate drives for each stand with electronic
speed control., The article was concluded by discussing
the wvarious process measurement technigues used at Weld=-
less to control the quality of the tubes produced,

Gulyaev and Ivshin (15) published a paper in 1973 in
which they review the then existing formulae for calculat-
ing the change in wall thickness during tube reduction .
They also develop a formula which they claim to be
structurally simpler, more accurate, and applicable over

the full range of wall thicknesses, reductions and tensions,
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Their analysis is based on the calculation of the dis-
placements of the tube outer and inner surfaces, They
present a comparison between expefimental results and the
predictions of the various forgiulae.

These formulae, however, will be discussed and reviewed
in the section of chapter (VI) dealing with the wall thick=-
ness variation in tube rolling.

Experiments on the rolling of lead and on the determ-
ination of its yield strength were carried out by Tamano,
et 31(16) and Shida(17) in Japan. Tamano used the
results of Shida's work on lead to obtain an expression
for the yield stress of pure lead in plane compression
(k) in the form :

370 083 o071
¢ = 195 eap(Tam) G O
where:

T tempoerature °¢c

€p and ) are the two dimensional strain and strain-

rate (5-1) respectively,

Tamano suggests that for the rolling of lead sheets
under dry conditions, the coefficient of friction has a
value of 0,26, This value was obtained from comparing
the experimental roll force with the theoretically cal-
culated values in which the coefficient of friction was
varied by applying various lubricants.

Gulyaev ot al(18) studied the transverse variation
in the wall thickness of the tube duming reduction in
two-and three-roll mills, in a paper published in 197k,

After analysing the existing method of investigating this
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phenomenon,the authors conclude that the statistical methods
normally used were not valid in many cases due to experimental
difficuities. In tneir method the transverse wall thickness
variations are made up of two components :

i) eccentric and,

ii) induced by rolling.

The authors suggest that the function of wall thickness
variation in the trxansverse section of the tube can be
presented in the form of a complex cyclic function with
periods equal to the tube perimeter, This fumction

includes an harmonic component with a period equal to

the tube perimeter and a set of higher frequency fluctua.
tions, °~ TFrom test measurements and analysis it was found
that the eccentric component, and alsc harmonic fluct-
vations of the second aﬁd fourth orders, predominate on

the two-roll mill, and third and sixth orders on the three-~
roll reducing mill,

Lomachenko, et 31(19) published a paper in 1973 in
which they present the result of an experimental invest-
igation carried out at Urals Tube Research Institute on
the determination of transverse wall thickness variations
when hot reducing in two-and four-roll stands., The four-
roll stand had only two griven rolls subtending an angle
of 1200. The authors found that the transverse wall thick-
ness variation for the fﬁur-roll stand with a reduction of
3=7% two to three times less than for the two-roll stand.
The results show that the character of the variation is
approximately the same when reducing tubes with do/t0 oqual

to 18 -« 16.6 in the two-roll stand and with do/to = 747 to



7.2 in the four~roll stand, Amongst their conclusions
48 that the metal consumption in a mill could be reduced
by replacing the two-roll stands by four-roll stands with

two driven rolls.,

29
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(L£II~-1) The Experimental Roll Stand:

The reconditioned and modified milling machine
(type Herbert 23p) used for the previous investigation
(1) was used in the present work to provide the
drive and a rigid stable base for the roll stand. Further
extensive modifications were carried out in order that
the rig would suit the purposes of this investigation,
These modifications included:

1= The use of a pair of double helical gears to
transmit the motion from the top to the bottom shaft
smoothly and without wvibrations,

It had been noticed in the previous investigation
that the vibrations from the previously used spur
gears had superposed a cyclic variation on the UV
traces similar in nature to the shape of the gear teeth,
Therefore to eliminate such interference helical gears
were used,

2= A removable top roll: for purposes of calibrating
the pin loadcells in-situ, Hence the top shaft was made
of two parts :
one part was fixed and carried the driving gear, and the
other carried the roll and was thus readily movable.
The two parts were connected together by a cylindrical
coupling used also as the torquemeter. The fixed part
of the shaft was part of the original milling machine
arbor and was driven by the machine gears,

3~ A two-part bottom roll shaft: in ordex to alter
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the gap setting without changing the centre distance
between the double helical gears , The fixed part
carried the driven gear and the unrestrained part

carried the roll, A special flexible coupling was used

to connect the two parts of the shaft and to provide
axial adjustment for the unrestrained part of the

bottom roll shaft, Thus éhanging the gap setting between
the two rolls was achieved by moving the bottom roll
shaft vertically as required, The freedom of movement

of the unrestrained bottom shaft; in the vertical
directiongpermitted the measurment of the roll separating
force by specially designed loadcells,

Lo Special Roll Supports: the roll supports and
bearings were designed to provide rigidity and allow the
removal of the top roll and the measurment of the roll
separating force,

5= Modified Rolls: the rolls were modified to suit
the requirements of pin loadcell assembly and the groove
shape.

6- A new tube tensioning unit: the methods of applying
back and front tension were either modified as in the
case of the front tension or entirely redesigned and
remade as in the case of the back tension.

7= New instrumentation ; the loadcells, torquemeters
and other measuring equipment were redeéigned except
for the two tension loadcells which were re-used,

8~ An additional flexible coupling was included
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Photo,. (1)
_General View of the Rell Stand

with one of the Supports Removed.






between the motor and the machine to eliminate vibrations
and theilr transmission to the traces,

A general view of the experimental roll stand is
shown in fig. (5) and photo, (1) in which one of the
wll supports was removed,

The flexible coupling used on the bottom shaft was
chosen after an extensive study of the literature on the
available types @&f couplings., The requirements were
those of compactness constant speed and spatial adjust-
ment, The type shown in fig, (6) known as the American
coupling , was selected since the specification indicated
it to be the most eligible, However, when the coupling
was used it resulted in a cyclic fluctuation of the
recorded lcoadcell traces,.The fluctuations were some-
times of the same order as the recorded loads and therefore
were unacceptable, Even under no-load running condition
the traces suffered from the fluctuations. Different
lubricants were tried on the interface between the floating
disc and the flanges in order to reduce the frictional
forces which had been found to be responsible for the
fluctuations. Even so, the improvement was not signi-
ficant and other ways of minimizing the effects were
sought, Consequently the design of the coupling had to
be modified as follows: |

a~ éhe floating disc was redesigned as shown in

fig. (7) . The new disc consisted of two square
plates with ball bearings fitted between them at

the corners, It was hoped that by replacing the
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brass strips with these ball bearings the fric-
tional forces would be greatly reduced,

b—‘ the faces of the two flanges in contact with
the floating disc were lined with hard steel
liners, "These liners were heat treated and

after grinding were fitted in position,

After reassembling the coupling and fitting it in
position some tubes were rolled and no fluctuations that
could be attributed to the coupling were found, Therefore
this modified coupling was used throughout the trials

and has proved continually successful,

(ITII-2) Methods of Applying Tensions

(XTIX~-2-1) The Back Tension Device

After an extensive study of the literature on the
techniques used for applying back tension to the rolled
strip, bar,or tube, the use of a braking system was
believed to be more suitable for this application than
that previously employed . The friction between a moving
frictioﬁ pad pressed against a stationary surface provided
the required braking effect. Consequently variation of
the amount of tension was made by varying the pressure
on the pads.

Preliminary tests had shown that in orxrder to be
able to roll a sufficient length of tube to achieve steady

state rolling conditions without the end of the tube
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bending undexr its own weight, the tube had to be guided.
Bending of the tube resulted in the torque on the two
shafts not being equally shared and made measuring of
the length of the arc of contact more difficult. Guiding
of the tube ends was required for sinking as well as for
stretch reducing.

With this in mind the system shown in photograph
(2) was chosen,

To ensure that the value of the applied back tension
was maintained at a constant level with small variations
in the tube velocity and in the surface condition on
the interface between the pads and the surface of the
channel, some tests were carried out for this purpose.

A one metre long steel bar of 25mm x 5mm dimensions
(cross section),having a surface finish similar to that
of the channel sides,was fixed to the stationary chuck
of a lathe and was kept in a horizontal position. An
automobile disc brake unit with manual pressure adjustment
was fixed on the saddle of the lathe., With the bar
between the friction pads under pressure, the saddle
wvas engaged and moved along the bar at various speeds.
Drops of o0il and water were put on the surface of the
bar from time to time. The bar was fixed to the chuck
through a loadcell which was connécted to a UV recorder
and the tension in the bar was thus recorded,

This investigation shewed that small wvariations
in the speed and the frictional conditions did not

have a significant effect on the braking force produced



Photo. (2)
The Roll Stand With the Front

and Back Tension Devices.






38

in the bar. Accordingly, the design shown in photo. (2) was
made,

The two sides of a rolled channel section provided the
stationary surfaces against which the two friction pads were
pressed. The channel was carried on the two front vertical
supports in fig. (5) at one end and a tripod with height
adjustment at the other. The channel was made horizontal by
the use of a spirit level and adjusting the screw rod on
the tripod.

The carriage carried an automechile brake cylinder wifh
two pistons to which the fricticn pad helders were fixed, The
carriage had four wheels and ran along the channel in a guide.
The pressure on the pistons was provided by an arrangement
similar to that used in a road vehicle except that the piston
of the master cylinder was acted upon by a pivoted L-shaped
bar carrying a weight . To vary the pressure on the piston,
the weight was appropriately positioned on the bar thus
changing the leverage ratio and hence the force on the piston.
An electric motor was used to drive a screwed rod which ran
throﬁgh the weight consequentially adjusting its position.

A pressure gauge connected into the brake fluid line gave

an indication of the pressure on the pads. The gauge was
later calibrated to indicate, conveniently but approximately,
the resulting tension in the tube. The pressure and hence
the temnsion were remotely controlled,

Arrangements were made so that the force on the
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master cylinder piston could be released and therefore
no braking effect took place. The carriage could then
be used to guide the end of the tube for the sinking

process.

(III-2-2) The Front Tension Device { -photo. 3 )

e —

In a stretch-reducing mill, the interstand tension
is produced by the difference in the speeds between the
stands, @ith the inlet speed requirement of a stand being
higher than the output speed from the previous stand.

The magnitude of the tension in the tube between two
stands is altered by altering the relative speed
between the stands,

The same concept has been adopted in this invest-
igation. An electric motor, photo.(3) with a variable
speed gearbox had a drum fixed to the output

shaft of the gearbox. The drm had a helical slot

machined on the surface round its periphery. One end

of a wire-rope was attached to a point on the

outer surface of the drum at the start of the slot

and the front of the tube was attached to the other

end of the rope., By driving the drum so that its
peripheral velocity was slightly higher than the exit
velocity of the tube from the roll stand, tension in the
tube was created. By varying the speed of the drum the
amount of tension in the tube was controlled.

To provide guidance for the front of the tube an
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arrangement similar to that for the back cof the tube was
adeopted. Two C-shaped sections provided a guide for the
carriage. The tube end was attached to the carriage through
the front tension loadcell., On the opposite side of the
carriage was attached one end of the wire roﬁe from the front
tension drum. To ensure the axial alignment of the applied
tension a guiding arrangement for the rope was made at the
end of channel near the front tension drum. Two small rollers
with semi-circular grooves were fitted with their axes in

the vertical direction as shown in photo. (3). This arrange-
ment prevented the lateral movement of the rope due to the
helical groove on the drum. The gap between the two

rollers was somewhat bigger than the diameter of the wire
rope passing through it.

The settings on the speed control knob were calib-
rated to indicate approximately the magnitude of the front
tension for initial setting purposes.

The controls of the back and front tensions were
conveniently situated on the control box photo. (3) in
front of the roll stand.

The front tension channel was fixed to the two outlet
gide vertical supports at one end and to the mount of the
motor; i.e., the foundation at the other end with facility
for height adjustment.

The front tension and back tension channels were set
in line with the centre of the groove before the tests

commenced.,



(£r1r-3) Measuring Equipment :

(IIT -3-1) Roll Separating Force(RSF) Loadcells:

The movable(ifgunrestrained)part of the bottom
shaft of the roll stand was attached to the top shaft
through the two RSF loadcells as shown in fig. (5),

The two bearing blocks of the movable part of the shaft
were designed so that they cbuld slide vertically, guided
by the slots in the supports,photo.{(1) . The design of
the loadcell itself can be seen in fig. (8) . Eight

foil strain gauges were mounted on the two faces of

the loadcell and were connected into a bridge. The
material of the loadcell was steel type EN 26 heat
treated to condition( V ) according to standard spec-
ifications. A view of the loadcells can also be seen

by reference to photograph (1),

(ITTI-3-2) Torque

It was important to measure the rolling torque on
both shafts since any variation in torque sharing
between the two rolls would indicate a variation in
conditions at the roll surface. For example measur-
ement of.the length of arc of contact which was of
great importance, could only be made from the pin load-
cell traces and in order that the measured arc of
contact can represent the mean value,it must be
corrected using the knowledge of the torque sharing
factor,

The torque on the top shaft was measured by means
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of four gtandard 45 torque gauges mounted on the collar
(see fig.(5)) , which connects the two parts of the

top shaft ., The gauges were connected in a bridge circuit
antd the leéds from the torquemeter followed the path
described in the section on instrumentation.

Similarly, the torque on the bottom shaft was
measured by means of four standard hé’electrical resis-
tance torque gauges but mounted directly on the shaft
itself in the position shown in fig.( 5 ) . Both torq-

uemeters were protected against outside damage,

(III-3-3) Tensions:

Two tension loadcells used in the previous invest-

(1)

igation were checked and when found to be in good
working order used to measure the back and front tensions
The design of these loadcells can be seen in fig. (9).
Each loadcell carried eight strain gauges and was
compensated both for temperature and bending.

One end of the back tension loadcell was fixed to
the inlet channel carriage and its other end was connected
to the tube holder. Similarly, the front tension load-

cell was fixed to the exit-side channel carriage and

carried the exit-side tube holder,

(III-3-4) Velocities:

In the first series of tests, i.e. free sinking where

the ends of the tube were not guided, ,the tube was not
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straight because it was free to bend under its weight
or because of the variation in frictional conditions

at the interface between the tube and the rolls.
Therefore, in these circumstances measurement of tube
velocity was not easy. A number of methods was consid-
ered (e.g. light-activated switches, magnetic switches .
«ee. ©tc.) but all proved unsuitable because of the
unguided movement of the tube ends.

To overcome this difficulty, the method finally
adopted comprised a string, with a clamp on one end
and a weight on the other, driving a cam which activated
two microswitches. fhe cam was fixed to a small pulL;
which was driven by the string. The weight on the free
end of the string provided tension to prevent it from
slipping over the pulley , When the string was clamped
to the moving tube end the cam activated the switches
which in turn triggered an electronic timer. The tube
velocity was calculated from the time recorded and the
fixed distance on the cam. The arrangement is shown in
fige (1O )

In the second series of tests, where the ends cf
the tube were guided, the velocity measurement was
simpler, A light-activated switch was fixed to each
of the two carriages - which were attached to either
end of the tube - and moved axially with it. Two small
light sources at a known distance from each other
(381mm) were fixed to the sides of the inlet and exit
channels., As the switch passed the lights it produced
signals which were recorded ¢n the UV recorder traces

with time signals also recorded for reference,
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(IITI-4) Tube & Roll size

(TTT-4-1) Tube size

The only comprehensive study of the tube rolling
process readily available in English is that by Cole(T)
also carried out at the University of Aston in Birmingham,
In his dinvestigation, Cole used lead tubes of nominal
outside diameter of 1,75 inch (44.5mm) and wall thickness
0.25inch(6,3mm).

His test results and conclusions were used to

provide a background against which the plan of the present

investigation was cenceived. To make good use of his
experimental work and to provide a firm basis for com~
parison of results, the size of tube used in Cole's
work was included amongst the sizes to be used for the
present investigation,

Two factors influenced the choice of tube sizes,
firstly the need to study the effect of diameter to
thickness ratio (&/t) and secondly,the desire to be
able to obtain different pass reductions without having
to alter the gap., To fulfil these two requirements it
was decided to use tubes having the same nominal outside
diameter but of various d/t ratios, The three selected
d/t ratios were 4.7 , 7 and 14 for tubes of nominal
outside diameter of 44 ,5mm, Thus for a certain gap
setting three different reductions in area per pass
were achieved, Two independent wvariables could be
studied in this way: the first is the éffect of d/t
ratic on the process parameters(i.e., area of contact,
rolling lecads and torque, reduction per pass etec. )

and the second is the effect of wvarying,h the adjustment of

the
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gap between the rolls on the shape of the tube as well

as on the other process parameters., In addition to these

two variables, others could be studied also e.g. effect

of d/t on wall thickness variation and on the pressure

distribution curves, which were of particular interest.
The lead tubes were supplied in lengths of 1.5 m

in the as-extruded form. They were carefully packed

in wooden boxes to avoid distortion and surface damage

during transit and consequently the tubes were usable

without the need for any preparatory treatment.

(ITTX-4-2) Test Specimens:

In order to produce reliable and reproducible results
it was important that steady state conditions prevailed
during the recording of the wvarious parameters., To
achieve this a sufficient length of tube was rolled before
recordings were made._ This eliminated the possible
variation of roll speed from noc-load to full-load condition
and ensured that frictional conditions were those assumed
to exist between the rolls and the fube. Unless a suff-
icient length of tube were rolled the recordings were
unrepresentative. Also, all factors contributing to
each set of readings were recorded, Another recason for
requiring steady state conditions was that all the theo-
retical studies assumed steady state conditions.

Handling long lengths of pure lead tubes and main-
taining them straight was difficult. Therefore the
need to roll a length sufficient to ensure that reli-
able data was collected conflicted with the need to

roll short straight tubes,
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With a bent tube torque sharing between the two rolls
was disturbed due to the change in the area of contact
between the tube and rolls., Some preliminary tests were
carried out to establish a compromise.

These tests showed that a minimum length of about 380 mm
was necessary to ensure reproducibility of the results.,
Therefore it was decided that for the first series of tests,
i.e., free sinking, the length of the specimen should be 450 mm
with the recordings being made half way through the length.
For guided sinking and when tensions were applied the specimen
length was increased to 700 mm and 1.5 m respectively.

To determine the minimum specimen length for steady
state rolling, a number of specimens of different lengths
were cut tfrom the same tube and rolled under identical
conditions. The pressure distribution curves,roll-separating
force, roll torques,and areas of contact were compared.

When allowance was made for non-homogeneity of wall thickness

and friction conditions, it was found that the reproducibility
improved little for specimen lengths of over 380 mm and there-
fore this length was considered to be the minimum permissible,
However for the free sinking trials it was necessary following
a similar comparison of parameters to increase this length

by between 15 and 20%.

The specimen length for the guided sinking trials was
increased by the attachments to the leading and trailing

ends, Similarly, for the stretch~reducing trials a further

increase in specimen length was requirsd to allow for
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the build up of tension in the tube before the recordings
could be made, However, in these trials instantaneous

readings were made for increasing values of tensions.

(ITT-4-3) Roll size and material:

The two rolls were manufactured in the University
workshops. The material was steel type EN 24 whic{ has
the chemical and physical properties listed in Appendix
(A ). No heat treatment was necessary since the roll
stresses were relatively lew and the nugpber of trials
was limited.

The size of the rolls was made similar to that
used in industry for similar sizes of rellied tubes. The
other limiting factor was the special design of the pin
loadcell assembly which necessitated an increase in the
roll diameter to enable the assembly to be accommodated.

The diameter of the roll at the root of the groove

was 189.2 mm and that a4t the shroud was 226.,9 mm.

The groove shape fig.(1 ), was of the single radius

(21)

oval pass design since it is relatively simple for
the analysis of the deformation zone and also it is not
uncommen in practice. The groove had a slight relief

near the corners. The groove mdius ( rg) was 23,39 mm

while its depth at the root ( hg) was 18,9 mm, Thus the

groove eccentricity ( ag) was 4,5 mm,
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(ITTI-5) Instrumentation

Transmitting the voltage anply to the bridges of
the various loadcells and the signals from these bridges
to the recording instruments was the first step towards
obtaining permanent recordings of the relling loads,

The two roll-separating force loadcells and th?
loadcells for front and back tension presented no
problem since the connections were simply made by using
screened cables,

However complications arose when the loadcells rotated
with the rolls as was the case of the pin loadcells and
the two torquemeters. The bottom shaft carried only one
torqumeter in the position shown in fig.(§) . The four-
lead ecreened wire from the torquemeter passed the back
bearing through the keyway, then the roll through a hole
drilled axially in it for this purpose, and finally thruogh
a central hole in the shaft which ran from its free end
to a point between the roll and the front bearing. A
slip ring was axially attached to the end of the shaft
through a flexible tubing-which permitted small misalig-
nments, Screened wires were used between the slip rings
unit and the instrument table.

Connections to the top shaft, however, were more
complicated since the four pin loadcells and the top
roll torgquemeter had all to be accommodated, This meant
that if each of the bridges wns supplied separately, a
group of five four-lead screened wires had to be taken
through a central hole in the shaft to the slip rings
unit at the end of it. Preliminary tests on the pin

loadcells had shown that the required sensitivity of
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their bridges was approximately the same and therefore
it was possible to use one value of supply voltage for
them. This meant that the size of the.group of wires
which passed through the hole in the shaft could be
reduced by using five twin-lead screened wires for the
pin loadcells and onefour-lead wire for the torquemeter.,
The torquemeter cable followed a path similar to that

of the bottom torquemeter, The wires from the pin load-
cell assembly needed only to pass through the central
hole to the free end of the shaft., A combination of two
slip ring units had to be used since the largest unit
avaliable could not accommodate 14 leads, The two units
were coupled together by drilling a small central

hole through the spindle of the large one allowing the
wires to the coupled unit to pass through it. The
combined unit was fixed to the body of the rig and
attached to the top shaft with a flexible tubing, screened
wires were again used between the slip ring units anq the
instrument table,photo.(1).

Voltage Supply

The bridges were supplied by fopr stablised dc
suppliers, The values of the dc voltages for the wvarious
bridges are listed in table (B1) Appendix(B ) . The
stability of dec voltages was checked during the tests
with a digital voltmeter., The dc power source supplying
current to the tftop torquemeter was integral with the
amplifier used with the bridge.

Bridese Balancine

This was achieved by the use of balancing resistors

in the form of potentiometers connected as shown in fig.(12),
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DBridge balancing was kept under constant observation and
any drift rectified.

Signal Amplification

The signals from the torquemeters were not large
enough, even with the use of the most sensitiyge galvano=-
meters available and the maximum permissible voltage,
to providéan adequate deflection of the galvanometers,
Therefore two dc amplifiers were used to amplify the signals,

Recording of the signals

The final stage in measuring load or torque was the
recording of the signals produced by the different load-
cells when under load. Ultra violet(UV) recorders seemed
ideal and the type selected was made by Southern instrue
ments. During the sinking tests, two UV recorders, with
ten channels each, were used. The four pin loadcells
signals were put separately on one chart. The paper
recording the signals from the pin loadcells ran only
doring the passage of the pins on the tube., The speed
of this paper was set high to give accurately measﬁrable‘
traces as the angle of contact was only small, The
second recorder dealt with the two toydrquemeters and the
two roll separating force loadcells and operated at a
relatively low speed since the recordings were made for
the whole length of the testpiece.

Table( B#) Appendix(B ) shows the values of the
natural frequencies for the various galvanometers
used in conjunction with the wvariocus bridges. A view of

most of the instruments mentioned above is shown in
photograph (2 ).

A cam on the top shaft actuated two microswitches
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during the passage of the ﬁins over the tube. The first
of these controlled the UV recorder which recorgded the
pin loadcell signals while the second provided event
marké on the recording paper of the second UV recorder.
These marks were made during the passage 6f the pins

over the surface of the tube and were used as datum lines.

-6 alibration

Wherever possible, direct calibration of loadcells was
carried out in situ. Where there were doubts about the
accuracy or reproducibility of one method, an additional
method was employed or the technique was altered and the
results compared, As in the case of the pin loadcells
three methods of applying loads were employed in order
to eliminate any uncertainty.

Because of the importance of calibrations all load-
cells were calibrated immediately before testing started
and recalibrated after testing was finished. Also, during
calibrations, the constant voltage supply to the loadcells

was checked and adjustments were made when necessary.

Calibration of the Torauemeters

After fitting the top and bottom torquemeters to
their respective shafts as shown in photo. (4), each
was calibrated by applying the load in the form of dead
weights te the end of a 900 mm long arm which was fixed to
the shaft. The gears of the milling machine were engaged, and
therefore locked,to prevent the shafts from rotating during

calibration. The lever was fitted to the free end of



Photo. (4)
Positions of Torquemeters

and Coupling.
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the . shaft in a horizontal position to apply a torque in
the same direction as that occurring in a test. The
lever, which was marked in mm, carried a hook and was
fitted with a carriage on rollers, this allowed it to
move smoothly along the arm,., To counter balance the
weight of the lever aim, another arm of the same weight
was fitted to the shaft in the same horizontal plane as
the first lever arm but pointing in the opposite direction.
A weight was attached to the hook and moved along the
lever arm with readings recorded at intervals of 150 mm-
Torquemeter readings were recorded during both increasing
and decreasing values of torqgue.

Torquemeter Calibration Results

Figa(13) and (14 ) show the calibration curves for
the top and bottom torquemeters respectively, It can
be seen from fig.(13) that generally the calibration
curve is a straight line except at the lower end where
it appears to exhibit some hysteresis, The predicted
working torque for each roll was in the region of 70-
140 N.m which is in the linear part.of the curve and
unlikely to be affected by any change of shape that
might result from ahy corrections introduced. Never-
theless, attempts were made to minimise these effects
by eliminating the causes of the non=linearity. It was
believed that tge reason for this behaviour, besides
the friction in the bearings, was the possible mis-
alignment between the two parts of the top shaft. The
infiluence of friction in the bearings and possible mis-
alignment may have been more significant at low torques

where their contribution to the small signal from the
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torgquemeter was proportionately high + To reduce the
effect of possible misalignment on the torque readings,
the two top bearing blocks were loosened slightly, This
resulted in some impreovement and was adopted throughout
the tests.

For the bottom torquemeter, it can be seen from fig.
(14) that the extent of the non-linearity at- fhe lower
end of the curve was less than for the top torquemeter,
fig.(13) and was not accompanied by hysteresis, This
amount of non-linearity could not be reduced as the two
bearing blocks were not fixed to the supports, even so
the actual torques were hardly influenced by any of non-
linearity at the lower end of the curve,

Calibration of the Roll Separating Force(RSF) Loadcells

It is always preferable to calibrate the loadcells
in situ thus taking into account all the factors that
might influence the performance of a loadcell. These
factors include the method of fixing, wiring, and any
friction that could obstruct the free movement of the
loadcell. Failure to simulate any or all of these factors
in the method of calibration used,calls for an in situ
calibration or some correction.

The RSF loadcells, were always subjected to a tensile
force and the movement of the loadcells, resulting from
extension under load, was very small, Also the end fixing
of the loadcells was easily reproduced in a test machine
and the same lecads were used for calibrations and tests,
Therefore, due to the difficulty involved in trying to
apply loads to the loadcells for calibration purposes

in situ and the capability of simulating accurately the.



actual conditions on a testing machine, the two RSF load-
cells were calibrated on a tensile testing machine.

A 2000 1bf (8.9kxH) Denison testing machine was
used, The two loadcells were both atfached to the arms
of the machine in series, Thus the same load was applied
to both loadcells simultaneously. A maximum load of 2000
1bf (8.9kN) was belﬂied to cover all the working loads
expected for various rolling conditions. A step of 200
1bf (890 N) was chosen and the loadcells readings were
recorded for each loading step both on the increasing and
decreasing side of the load., A warming up period of
approximately two hours was allowed before calibration
started,

Results of RSF loadcells Calibrations

Fig.(15) and (16) show the calibration curves for
the front and back loadcells respectively, It can be
seen from the figures that the calibration curves for
both loadcells exhibit no hysteresis or zero drift. The
recalibration of the loadcells after the test series
was finished confirmed this, The gradients of the
calibration curves were as follows:

Pront loadcell 76.25 N/mm

Back loadcell s P N/mm

Calibration of the Front and Back Tension Loadcells

The calibration method employed waé similar to that
described for the calibration of the RSF loadcells, The
question of simulating the actual working conditions in
the calibration method used was readily sclved by the
fact that loading under actual conditions was identical

with that in the testing machine, This resulted from the
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fact that the tension loadcells were subjected to tensile
forces with no friction or fixing problems, The only
missing factor was that of the effect of the weight of
the tube in producing bending stresses in the loadcells,
But since the loadcells were compensated for bending,and
this was checked, this problem did not arise,

Therefore, the tensile testing machine used for
calibrating the RSF loadcells was used to calibrate the
tension loadcells. A load step of 100 1bf (L45N) was
chosen and a maximum load of 1600 1bf (7.1 kN) was
applied, Readings were recorded for each step, both on
the increasing and decreasing side c¢f the load.

Results of Tension Loadcell Calibration

Figs.(17) and (!2) show the calibration curves
obtainéd for the front and back tension loadcells
respectively. As can be seen from the figures the
calibration curves for both loadcells were excellent,
exhibiting no hysteresis, zero drift or non-linearity.

The gradients were:

Front tension loadcell 85.30 N/mm

Back tension loadcell 80,87 N/mm
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The Experimental Procedure

Since rolling in the actual process is carried out
under dry conditions,rolling in the simulation process
was also carried out under similar conditons. To achieve
this ,the tubes and rolls were thoroughly cleaned and
degreased before each test by the use of trichloroethylene.
The surfaces of the tube and rolls were clean and dry
'consistantly before each test,

Due to the uncertainty about homogeneity of the wall
thickness of the tubes and the influence this would have
on the rolling loads, and the pre ssure distribution in
particular, the testing procedure was designed to cope
with this situvation, Attempts were made to eliminate
the non-hcomogeneity of wall thickness(e.g. by drawing the
tubes on a mandrel) but these had not proved satisfactory.
Therefore each test was repeated and the average of all
the measurements was taken.

Thus for each test set up from the first series of
tests three test specimens | normaly cut from the same
tube, were rolled and the averages of the three sets df
measured parameters taken to represent this set up. In
the second series of tests however wher2 the specimen
length was long enough to permit three sets of recordings
to be made there was no need to repeat the tests.

In presenting these results, however, the three sets
of results were included since in some cases there were
some differences between the three sets representing
one test condition making it possible for these individual

sots to bs considered separately and the difference discussed.
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A warm up period of about two hours was allowed
before testing started. Prior to each testing session
the balance of the loadcells bridges was checked and
when necessary rectified, Also the voltage supply for
all loadcells was checked by the use of a digital volt-
meter before and during each test,

The roll speed was 1,590RPM

To affect the reduction of area per pass, different
roll gap settings were used in conjunction with the three
wall thicknesses to give different reductions. However it
was found that soie of these combinations had overlapped
and the number of pass reductions obtainable was smaller.

Test Phases:

One feature of the present work was the rolling of
oval tubes through an oval groove, an aspect of the tube
rolling process which had not been fully investigated
before. The oval tubes were produced by rolling round
sections through an oval groove. Results of the Oval-to-
Oval passes sheculd be useful in any future analysis which
might involve such passes. It is a fact that in an
actual reducing mill most of the passes are of the oval-
to-oval type.

At first the plan was to divide the testing into two
phases sinking and stretch reducing. But due to the diffi-
culties encountered in measuring tube velocities for the
sinking phase; as mentioned in soption (XrII-3-4), and the
need to obtain accurate velocitiy measurements, the plan
was altered, These alterations were the result of pre-
liminary tests, Accordingly testing was divided into the

following three phases:
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Phase 1: Free sinking

This was the original sinking phase, In this series
of tests the tube ends were unguided i,e., free,

Each test representing a certain set of conditions was
repeated three times for the reaséns given earlier in this
section,

The specimen length was 450 mm, 15-20% above the
minimum necassary to ensure steady state rolling conditions,

The passes rolled were:

i- Round-to-Oval pass (R-0): where the original

circular tube was rolled through the oval
groove producing an oval tube,

ii- oﬁal-t0»0va1 pass (0-0):

where the oval tubes produced by the R-0
passes were rolled again through the oval
groove with the major axes of the two ovals
at right angles to each other similar to the
actual proceés.

However, the results of these oval-to-oval passes
were not satisfactory in terms of measured loads due to
the tendency of the tube to rotate about its axis,
Didficulty was encountered in trying to stop the rotation
of the tube without guiding it.

Phase II: Guided Sinking

Guiding the two ends of the tube made it possible
to measure the tube velocities more accurately. By
attaching the two ends of the tube to the carriages of
the inlet side and exit side channels the movement of
the tube was restricted to an axial movement,

The test pieces were 1.5 m lidng allowing the pin
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loadcells to contact the tube surface three times giving
three sets of recordings for assumed ly identical conditions.

As the tube was long enough for the steady state
conditions to be reached, especially for the second and
third sets of results, comparison was made between these
results and the results of similar tests from the free
sinking stage., This comparison showed that, within
acceptable 1imits, the results of the corresponding
tests from phases I and IT were identical., This was a
further broof that steady state conditions had prevailed
in the free sinking trials. It alsc showed that guiding
the ends of the tube did not affect the measured quanti-
ties while simplifying measurement of tube velocities,

Tests were carried out, as in the case of free
sinking, under dry conditions, A similar procedure to that
followed in phase I and described earlier in this section
for cleaning and de@gasing the tubes and rolls was
employed,

Reduction of area per pass was affected in the same
way as in phase I,

Further to simplifying the measurement of tube
velocities this method produced straight lengths of tubes
which were easy to handle and were rolled again in oval-
to-oval passes, The problem encountered in the free
sinking stage of the rotation of the tube in the oval-
to-oval passes did not occur bpcause the tube ends were
guided, Hence the results of the 0-0 passes were more
reliable,

Phase TTT: Stretch Reducing:

This phase is similar to phase II except that front



and back tensions were applied to the tube in varying
combinations.

Measurement of ¢ross-sectional area of the tube:-

To determine the percentage reduction of area per
pass, it was necessary to measure the cross-sectional
area of the tube before and after rolling.

Several methods were considered including the direct
measurement of the area by the use of a planimeter with
a sheet of transparant perspeX on the cross-section to be
measured, Other methods included the measurement of the
X and Y co-ordinates of points on the outer and inner
surfaces and feeding these coordinates into the computer
to calculate the area between two curves using a suitable
approximation e.g, Simpson's. The method employed bw
(1) which consisted of weighing a certain length of the
tube and calculating its cross-sectional area from know-
ledge of the density of the material was also considered,
This method involved difficult preparations of the
specimens and provided information on the cross-sectional
area only.

The method adopted consisted of the following
procedure:

a- photographing the cross-section of the specimen,

b~ projecting the image on a screen where it could

be traced and measured,

There were some doubts about this method regarding
the distortion caused to the image by the lens and also
by the streching of the film mateirial due to the heat
p?oducad during the projection period. Tests were carrded

out on a number of specimens which had been measured
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directly by the use of the planimeter and by weighing.
Measurements were compared and the photographic method
proved to be highly accurate, This was due to the use of
high quality equipment with high resolution lenses and
also to the procedure followed in positioning the
specimen and using sectional paper as a scale indicator,
By enlarging the image nearly ten times the actual size,
errors of measurement were decreased. Since most of the
optical distortion of the lens occurs near the edges and
away from the centre of the image, the specimen was
positioned in the middle of the view finder ensuring that
the axes of the lens and the specimen coincided. A hole
was cut in a sheet of sectional paper which was fixed to
a piece of thin glass resting horizontally on the speci-
men cross-section, The scale factor was taken from

the squares on the paper and had therefore included any
amount of distortion that might have occuécd.

Linear measurements of the transverse variation of
the wall thickness were also made for a number of‘
specimens for comparison with the mean value.

By measuring the area of the outside and inside
ovals of the cross-section,a mean value for the outside
and inside diameters of the tube was calculated, hence
the mean wall thickness. These values were believed to
be more representative of the true dimensions of the
tube than those made with reference to a particular
point on the surface. This is because they take into
account the transverse variation of the diameter and

wall thickness of the tube since the shape of the cross-
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section was not a true circle,
Thus this method of measurement enabled measurement
of the cross-sectional area of the specimen and also the

tube dimensions at the position corresponding to the root

of the groove.

Maximum groove angle of contact:+ (Gc.)

If complete filling of the groove takes place;as was
the case in the majority of Round-to-0Oval passes, then the
maximum groove angle of contact (ec) is equal to the

maximum groove angle ( Gm),

i1.0. Bc = Qm

However, for large gap settings and also for all
Oval-to-Oval passes complete filling did not occur and
©, was less than @ as can be seen from figfi9):

The spread of metal in the groecve was discussed by
Gulyaev et al(S) in a paper published in 1971, The
expression they present for calculating the spreéd index
ob/ah, where sb is the absolute draft at the root of the
groove, is a complex one, It contains a large'number of
constants and depends on nearly all of the geometrical
parameters of the rolls, groove and tube. However they
present the solution for the hot rolling of tubes graph-
ically as a function of the tension (Z) and wall thick-
ness to diameter ratio (which is shown on the fig.20with
the coefficient of friction in the brackets ). The three

greoups of curves are for two~roll grooves ( A), three

roll grooves (G) and four-roll grooves ( B). This graph
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Fig. (l19)

Maximum groove angle of contact
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is reproduced here as fig.(20). It can be seen from this
figure that for Z = 0 (i.e., sinking) and to/dU ratios
between 0,03 and 0,1 the value of 4b/Ah for two roll
grooves is approximately 0.2.

It is therefore reasonable to assume that for small
reductions, as is the case in the present investigation,
metal spread can be neglected, The maximum draft obtained
in the tests with respect to the root of the groove Sr

was 6,70 mm as can be seen from table (VII,2) of the test

results, Hence 0.2 Sr will be equal to 1,34 mm, i,e. b,

in fig.(19) would be increased by 0,67 mm, This amount
represents about 3% of bc for the Round-Oval pass, fig.
(9 -a) and about 6% for the Oval-Oval pass, fig.(19-b),
Thus for determining the maximulm groove angle of contact
Bc fig.(lg) point ¢ has been assumed to represent the
extent of the surface of contact around the groove,.

For Round-0Oval passes with initial tube outside
diameter do and from geometrical consideration of fig,

(19-a) we obtain:
d2
cos Qc = e (rg - _'n_o' - 02 ) oo-co(Ivol)

where: - e
e
g 2
eé is the eccentricity of the groove which is equal to the
difference between the groove radius rg and the groove
depth h_,
. g
For oval tubes produced by rolling round tubes through
the same gap setting as is required for the Oval-Oval

pass , fig.(19-b) we obtain :-

75
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; V1 % u((egi)zu 1) -9 :
cos 6, = 2rg/e St stV 2]

The following values of o, were calculated for da = L mm

from equations (IV.1)and (IV.2)above for various gap settings:

Gap setting : Round-0Oval Oval=O=mal
T o, = 78° 275
IT 75° 25°
TIT e 23°

The above values of ec have been used for calculating
the area of contact. However since these wvalues are for
nominal diameter,other values for different values of

d0 wlill be calculated separately.

Yield Stress cf Lead

(1)

A similar method to that used by Cole to obtain
the true stress-strain curve for the lead was employed
here,i.e, by plane strain compression indentation testing,
The lead specimens were in the form of strips SEmm wide
by 5 mm thick prepared from flattened parts of unrolled
tube, They were fine machined, The indenting tools
were 9,0 mm wide,

Following the same procedure used by Cole the true
stress-strain curve was obtained. The curve was the
same as that obtained by Cole, fig.(21).

It was found possible to express the mean yield

stress ( w} ) in terms of the generalised strain for

the uniaxial condition relevant to tube sinking as
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follows (shown as the dotted curve in £ig.(21))

(?‘;. = 17.25 é_ N/mmz ---co-oco(IlJns)

The mean value of the stress was obtained from the

true stroess-strain curve for diffevent values of €.
This mean value was thewnconverted to the uniaxial condition
by multiplying it by {3/2 ({8 N RS

The expgression for the generalised straih,é’, is, (1):—
m

= 2 - 2 2
6m= /‘_'“ JEL +€r +€0 .'o....(IV.ll)
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Pressure Distribution

(V-1) Introduction:-

In order toobtain an accurate comparison between
the deformation stresses developed in a metal-forming
process and the corresponding theoretical values, it is
necessary to sgtudy the distribution of contact stresses
at various points on the tool surfaces. This knowledge
is also important for the accurate assessment of the
nature of deformation during the metal-forming processes
and in particular the rolling process, Information gained
from the pressure distribution curves is valuable in
studying the significance of other parameters and their
influence on the process, e.g.arc of contact, neutral
zone and the free zone.

The usefulness and importance of the measurement of
contact stresses were realised in flat rolling long ago
and work on the problem of measuring these stresses
started as early as 1929 when Huber {22) attempted to
measure the pressure exérted by the deforming material
on the roll by measuring the total force separating the
two rolls and the area of contact. He was only able to
estimate the mean pressure,

The idea of using a pressure-transmitting pin

.

protruding through the roll surface and acting against a
transducer was employed first by Siebel in 1933 (23).

In spite of the inherent problems ef this method,
developments have proved it to be most useful for record-

ing the pressure distribution in metal forming processes

such as rolling and it can be relied upon to vield
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meaningful data., These problems which are applicable
to any technique employing a pressure-transmitting pin
may be summarised as:-

a) the back extrusion of work piece material into
the annular clearance between the pin and the bearing
surface which guides the free axial and/or radial
movement of the pin. The presence of such extruded
material inhibits the free movement of the pin hence
affecting its performance,.

b) the effect that the presence of the pin has on
the state of stress being recorded. This effect can be
minimized by reducing the diameter of the pin.

The special requirements of metal deformation problems
have resulted in a variety of pin loadcell designs and
many designs, together with explanations on the means
employed to overcome the problems, have been reported.

A comprehensive review of most of the published
work on the problem of measurement of contact stresses
can be found in reference (1) .

However some works which were of particular importance
to the present investigation since they involved aspects
of the problem which were being studied in this work will
be reviewed,

(V-2) Previous Work:-

(23)

Siebel and Lueg were among the first workers

in this field who used the pin loadcell technique for
measuring the pressure distribution in the case of flat
rolling. The design consisted of a pressure-transmitting

pin which fitted accurately into a cylindrical hole, one
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end of it was flush with the roll face while its other
end pressed upon a piezoelectric crystal placed inside
the rcll, The use of a 2 x 2 mm square secticn pin
presented them with the main difficulty since the correc-~
tion needed was large because the arc of contact was of
the order of 8 or 9 mm, |

This type of transducer was given some consideration
during the present work because it is relatively sensitive
and small in size and could be accommodated inside the
roll more easily especially in the case of multi-pin
designs. Preliminary tests however have shown it to be
more sensitive to temperature variations than other types,
e.2. atraingauges . The load-deflection curves for the
piezo-electric transducer exhibised an unacceptable
degree of nonlinearity in the range of loads expected in
the rolling tests of the present work.

The next major work was that of Orowan " in 1950
and 1952 where a photoelastic dynamometer was used,
Orowan retained the idea of a pressure-transmitting pin
but with modificatiens aimed at avoiding the difficulties
encountered by Siebel and Lueg., The sensing device was
changed to eliminate the slip-rings, increase the sensiti-
vity , reduce the inertia and avoid the electronic problems.
To reduce the effect of the presence of the pin on the
state of stress being measured, a 0,7 mm diameter tungsten
pin was used which was equivalent, so far as the recorded
curve was concerned, to a square pin of about 0,5 mm width
as compared with the 2 mm wide pin used by Siebel and Luveg,

(25) =

An interesting part of the work of Smith t al,
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in 1952 was devoted to the study of the effect of the
protrusion and recession of the recording pin on the
shape, magnitude, and general characteristics of the
observed pressure distribution curves, It was noticed
during their experiments that the pin always protruded
slightly above the roll surface when in contactlwith the
stock,and penetrated it. The depth of penetration was
determined by observing the surface of the rolled strip
under a microscope focusing first on the strip surface
and then on the bottoik ¢f the pin impression. Fully
annealed copper strips, 2 mm thick x 40 mm wide, were
used and the measurements of pressure distribution were
made for different pin protrusions with a constant reduction
and with the condition of each experiment kept constant.
The results were given for the recorded pressure distrib-
ution when the pin projected by amounts from 0,150 mm to
-0.172 mm, fig.(22). It was found that for pin protru-
sionsof up to 254#m the error in the maximum stress
recorded was less than 3% swhile the increase in the area
under the curve was less than 6%, It was also found that
the pin protrusion had some effect en the shape of the
pressure distribution curves but again for protrusions of
up to 25)Lm the shape of the curves were not appreciably
different from those which would be obtained with a
perfectly flush pin. They concluded, therefore, that
esmall amounts of pin protrusions did not invalidate their
results,

(20)
The work of Parish which was published in 1955

(25)

is of a similar mnature to that of Smith , et al,
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A pressure transmitting pin of a rectangular section 0.79 mm
(1/32 in,) in the direction of rolling by 12.7 mm (% in.)
wide in ;he direction of the roll axis was used together
with a photo-electric transducer , Parish studied the
effect of pin.protrusion and recession under load on the
pressure distribution curves., He showed that the relation-
ships between the peak pressures and the pin heights were
linear, and that the effect of pin protrusion on both the
base length of the curve and its general shape was
negligible for small pin projections. He then worked out
corrections for pin protrusion and pin depression under
load due to difference of compressibility between the roll
and the pin, the latter being less stiff than the former,

A comprehensive study was carried out by Palme and

(27)

MacGregor at the Massachusetts Institute of Technology
in an attempt to measure the coefficient of friction in
the contact zone during the rolling of Aluminium, Copper
and Steel bars.

The technique they employed for this purpose was
that of a pressure-transmitting pin with a strain gauge
type transducer,

The measuring device was inserted into a diametral
hole which was made in the upper roll of a two high
rolling mill., It consisted of a square shank cantilever
loadcell with small round end of 2.35 mm (0.0925 in.)
dia, which projected centrally through a 2.54 mm (0,10 in,)
dia. hole in the roll surface and was flush with it,

Three pairs of SR~-4 wire strain gauges were mounted

cn the sides of the element so that one pair measured the
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radial displacement while the other two measured the two
lateral deflections of the pin in two perpendicular
directions for measuring shear stresses, To allow for
the pin tip to deflect laterally, a2 wminimum radial clear~

ance of about 0,095 mm ( 0.00375 in.) had to be used.,
This in fact presented them with a problem and was,
indeed, the cause of the failure of their attempts to
measure the frictional stresses., As soon as the leading
edge of the pin tip entered the arc of contact, rolled
material was extruded into the gap between the pin and
the hole. This gave false readings for the shear stre-
sses at the entry side of the arc of contact and prevented
the pin from deflecting laterally in opposite direction
as it passed the neutral point., The basic design was
modified in an attempt to overcome this problem. Steel
washers were used to overlap the annular clearance between
the pin and the hole without obstructing the functioning
of the measuring device., The idea did not achieve its
objectives and the shear stress measurements had to be
abandoned after further unsuccessful attempts. The same
problem existed with the normal pressure measurements but
on a smaller scale,

The results of the work of Smith, et alJ(ZS) on the
effect of pin protrusions on the pressure distribution
curves were used to shew that their results were not
invalidated by the amounts of pin protrusions that occurred,
since these did not exceed 76/pm(0.003 in,) ( about

3% of the pin dia.).
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. (28)

In the work of Muzalevsku and Grishkov in 1959
the.same idea for measuring the shear stresses was used,
i.e. by measuring the lateral deflections of the pin end,
although a different element design was employed,

A minimum clearance of 41 um ( 0.0016 in.) between
the pin and the hole was believed to be adequate to allow
a deteétable lateral deflection. To overcome the problem
of back extrusion, compressed ailr was fed inte the interior
cavity of the insert to act as a cleaning system by blowing
the rolled material fragments out of the annular clearance .
No results were presented in the paper.

Of direct relevance to the present investigation is

(1)

Cole's approach to the measurement of radial pressure

in tube rolliing since this is one aspect of the present

work, He measured the distribution of pressure not only

along the arc of contact but also around the periphery of

the tube, This meant that one measuring element was not
enough, Four elements were placed inside the roll around

the groove, fig.{(23),one at the root of the groove and three at
300, 60° and 8% from the centre of the groove. Because of

size limitations, Araldite, having a high poisson's ratio,
had to be used for making the bodies of fhe loadcells fig. (24).
The pins were made from Silver Steel and were a nominal

1.27 mm ( 0.050 in.) dia. They had enlarged ends and were
bonded to the loadcell bodies, Four small strain gauges

were bonded to the body of each loadcell., Phosphor bronze
bushes were presg?itted into the cavities and the pins

protruded through them fo the surface of the roll groove,

The problem of hack extrusion was overcome by simpky
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covering the pin and its bush with a disc of PVC self-
adhesive strip. The effect of the presence of such discs
and their thicknesses was found to be negligible after
successive calibrations with and without the presence of
a disc showed that there was no detectable effect. It was
therefore concluded that the technique could be used with
certainty. However, the second difficulty, that of
response hysteresis under decreasing load, was not overcome.
This meant that only the load-increasing part of the curves
could be used, It was stated that because of the random
nature of the results, it was difficult to assess the way
in whigh the radial pressure was distributed round the
groove, Because of the simplicity of Cole's method of
overcoming one of the main inherent problems of the pin
loadcell technique, it has been investigated further and

is reported in chapter (VIII).

(V-3) Design:

The idea of a pressure-transmitting pin was employed
after extensive study of the possible methods,

The design used in the present work was developed to
investigate some of the phenomena occurring in the tube
rolling process for which the mechanics of deformation
have been particularly obscure, The factors which have
led to the design finally adopted were:

a) the contact stresses were low because a soft
material was rolled, This necessitated the use of
highly sensitive transducers,

b) the need to etiploy more than oneloadcell, due to

the variation of the contact stresses round the
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groove, In flat rolling one pin loadcell may suffice
for the measurement of the radial pressure but in tube
rolling the deformation and the forces are known to vary
round the groove and therefore it was important to use
more than one loadcell.

c¢) the necessity of removing the loadcells from the

roll in order to investigate the presence of
extruded metal on the surfaces of the pins without
disturbing the calibration.

This was believed to be an important factor in
determining the reliability of the resuthts and was there-
fore investigated in the present work.,

These factors, together with the need for simplicity
of design, have resulted in the choice of the assembly
shown in photograph(§ ) and outlined in fig. (25) .

The technigue employed utilised four pressure-~
transmitting pins located radially in the roll at planes
making Oo, 22.50, h5°and 67.3)with the root of the groove,
see fig.(25) .

Following the study of several designs of pin load-
cells and much preliminary experimental work, the forces
exerted on the pin by the tube were transmitted to a
cantilever type transducer, fig.(ZS) . Calculations have
shown that a cantilever of dimensions(Z.S i ) 15)mm
would give the required amount of deflection under the
expected load without being too flexible in relation to
the roll. This has meant that a surface area 0f(12 X 15)mm
on each face of the cantilever was available for mounting

the strain gauges. With gauges of 1 mm active length it



was possible to mount four gauges on each face giving,
when connected in a bridge circuit, high bridge outputs
from small cantilever deflections. This was particularly
important in the present work since the pressures on the
pins were low, Tests on a model loadcell have shown that
the galvanometer deflections under the exﬁectad range of
loads were suificient for accurate measurements to be
made from th® curves,

In previous investigations A1) 3 (51) on tube roll-
ing a separate assembly for each loadcell was used, This
while facilitating the separate adjustment and setting of
each individual loadcell , makes it difficult to remove
the loadcells and inspect them for back-extruded metal
without having to remove the roll, Because of the
difficulties encountered by Palme and MacGregor(27)
duve to the presence of back~extruded metal in the annular
clearance between the pin and the orifice and the doubt
this has cast over the validity of their results, it was
thought important to facilitate the easy removal of the
assembly for checking. Therefore the transducer assembly
for the four loadcells was made as one unit. The block(4 )
fig.(25) was shaped so that when the cantilevers( § ) were
fixed to it as shown, the angles they made with the
vertical were 00, 22.&’, hg)and 67.5°which corresponded
to the angles made by the four pins (6 ), The main
difficulty expected from this type of system was that
ad justment of the heights of the pins could only be made
for the whole system or for a group of pins at a time

and not for a single pin. To overcome this difficulty

ad justment of the heights of the pins with respect to the

92
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surface of the roll was made by the action of the two
tapered bolts (2 ) and the split ends of the supporting
block( 1 ). By turning either or both of these bolts,
together with the adjustment of the tightness of the
fixing bolts (10) it was found possible to arrive at a
combination wherebyone pin could be adjusted in height
without disturbing the setting of the other pins significan-
tly. This was one of the reasons that tests were carried
out to investigate the effect of pin protrusion or recession
with respect to the roll surface on the recorded press-
ures., These tests showed that pin protrusions of up to
25 pm did not affect the results significantly in
conformation with the findings of Smith (25) et al and
Parish.(26).

The initial setting was made by grinding the pins
to be flush with the surface of the roll and then they
wvere adjusted by turning bolts (2 ) fig. (25) clockwise
so that the pins protruded above the surface of the roll
by amounts not exceeding the 25 Jm limit. There was
no difficulty in readjusting the pin heights after
removing the assembly for inspection, After refitting
the assembly the heights of the pins were checked and/or
ad justed to within the limits mentioned above,

In order to accommodate temporarily any back~extruded
fragments of metal, the pin was designed with a relief
as shown in fig. (25) providing an enlarged clearance
between the pin and the orifice where the burr could be
accemmodated without disturbing the performance of the

pin loadcell,
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The main block (4 ) fitted into a slot made in the
side of the top roll for that purpose, fig.(25) and
photograph ( 5 ). The radial cylindrical holes for the
pinhs were drilled and bored, After machining,the pins
were heat treated and ground and were fitted intc the
corresponding orifices individually to give free axial
movement with the minimum of clearance, The pins were
ground flush with the surface of the roll after the whole
assembly had been fitted in position and the fixing plate
fig.(25) bolted to the side of the roll,

The pins were not fixed to the cantilevers for two
reasons:-

a) with a fixed pin, as the cantilever deflects
under load the tip of the pin will tend to move
tangentially and rest against the wall of the
orifice. This may result in additional stresses
on the cantilever and thus affects the recordings.
It may also increase the friction between the pin
and the orifice hence affecting its performance
adversely.

b) a floating pin ensures that only the radial comp-
onent of the contact stresses is transferred to
the cantilever and recorded.

Small springs (3 ) were used to keep the pins in
contact with the cantilevers, Since the pins were not
fixed to the cantilevers, relative movement between the
pins and the cantilevers was possible, but as this was of
a very small order, because the measured pressures were
low, it was believed that neither the performance of the

pins nor the cantilevers was affected., Calibration of the
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pin loadcells in situ has shown that the relative movement
had no effect on the performance of the loadcells,

Leads from the strain gauge bridges on the cantilefers
were brought out through holes (9 ) drilled in the main
block (4 ).

The material of the pins and cantilefers was steel
type En 24 as used for the rolls.

Removal of the whole assembly was carried out by
unscrewing bolt (ZR) and loosening bolt ( 2L ) to allow
the withdrawal of the supporting block. The bolts fixing
the plate (7 ) to the roll were undone and before with-
drawing the assembly, the main block( 4 ) was lowered
first as far down as it would go and then withdrawn to
avoid damaging the strain gauges when the pins retracted
under the action of the springs. The pins were withdrawn
individually from inside the slot.

When grinding the pins to be flush with the surface
of the roll, compressed air was used to prevent the metal
burr, resulting from the grinding operations, from
entering the clearance between the pin and the orifice,
Nevertheless, when the assembly was removed for the first

time for checking the rim on the pin tip, also xesult-

3
ing from the grinding operations, restricted the movement
of the pins in the holes. This point has not been
discussed before in any publication on the subject. How=
ever, it could not be established whether the presence of
the metal burr and the rim on the pin tip as a result of

the grinding operations had any significant effect on the

pPin loadcell performance under load since no recordings
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were made at this stage. It is believed that calibration
of the loadcells in situ after the grinding operations
should show this effect,at least partly, as non-linearity
of the caibration curves, especially under decreasing load,
and probably also as zero drift. In most cases however
the grinding operations were carried out after calibrations
took place thus leaving this effect unchecked.

(V-4) Pin loadcell Calibration :-

Before describing the method of calibhration used in
this work, a review of some of the methods used by other
investigators which relate directly to the present invest-
igation will be made. The method used by Orowan, et al,

2
(24) in 1950 for the calibration of the photoelastic

dynamometer, and in 1952 by Smith, et al (25) involved the
application of force directly on to the pin through the
action of a weight on a 1lever arm as shown in fig. (26)

A tungsten pin was attached to the lever arm and was centred
accurately on the pin under calibration, The pin in the
roll was protruding approximately 1 mm from the roll surface
and, when the calibration was completed, the pin was ground
until its end was flush with the surface of the roll.

This method, and all others in which a pin is used to trans-
mit the force from a lever arm or dead waights tc the
measuring pin, will be called the pin-to-pin method.

A review of most of the published work on contact stress
measurement (1) showed that a pinuto—pin method of
calibration similar to that adopted by Orowan (24)was
employed by mest investigators,., In most cases the pin

loadcells were calibrated in situ and were ground flush



(24) ,(25)
Fig, (26 )Appnrutus used for calibrating the dynamometer
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with the surface after calibration. But in a few cases
they were calibrated out of position, then inserted in
their cavities and finally ground flush with the surface.
In a brief paper by Osadchii and Gleiberg in 1959(29)
the measuing devices( diaphragm and direct;action carbon
pick-ups) were apparently calibrated on a 4,9 kN (500 kg)
press before and after operation and a calibrational
accuracy of 5 per cent was reported, This is significant
since calibration was carried out befeore and after testing
thus reducing the element of doubt on the reliability of
the results. It was not clear, however, whether the
measuring devices were calibrated in or out of position.
More attention was paid to the calibyration problem in the
work of Frisch(so] in 1955 on the measurement of cylinder
wall pressure during the extrusion of commercially pure
lead, whe're the calibration of the pressure gauges was
carried out on three different steps, i.e. dead-weight

calibration, calibration using a rubber billet under

no~-flow conditions,and caliﬁration using lead billet under
no-flow conditions, In the first method, fig.(27),force was
directly applied to the measuring pin by the use of dead
weights, i.e., a pin-to-pin technique, This gave a linear
calibration curve. In the second method, a rubber billet
was placed in the extrusion confainer while a solid plate
was used to close the die opening and for the application
of compression. This method too gave linear response and
calibration curves which were the same as those cbtained

from the pin-~to-pin method. An interesting third method
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of calibration was employed to ensure the fidelity of
the measuring elements, This was the calibration under
simulation of the process being investigated. A lead
billet was subjected to compressive loads in the same way
as the rubber billet, i.e, under no-flow conditions.
It was found, as can be seen from curve (a) fig. (28 ) that
the gauge did not respond immediately but that a consider-
able load had to be applied before the curve became
parallel to the dead weight calibration curve. Further-
more, when decreasing the load the curve (b) neither co-
incided with curve (a) nor did it return to the intial
zero reading. Continued loading and unloading produced
pressures along curves (c¢) and (d) respectively. Frisch's
explanation for this was that the pressure gauges would
not respond until the metal in the cylinder reached a
critical stress, It was assumed that a plug of lead was
extruded in to the pin hole, as the biliet expanded under
load, and hence prevented the measuring pin from returning
to its initial position upon unloading. The reason that
the curves obtained from subsequent loading and unloading
were ncet the same as those representing the initial
loading and unloading condition was said to be the increase
in the lead plug diameter as well as its length as the
lead billet expanded under the efffct of the compressive
loads.

Reference to the calibration curves of Frisch and
to his explanation for the difference in shape between
the calibration curves under simulation of the process and

those obtained by the dead-weight method shows that the
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effect of pin recession, either initially or under load,
contributed to the resulting distortion of the calibration
curves.

Noritsyn, Glovin and Bazyk (1964) (31) 44 ¢heir
investigation of the forging process envisaged that the
worked material flows over and in to the indenting pin
orifice as illustrated in fig.(29) and as discussed by
dote 3) _ Seny nethod uded by Cote 1) “dnrivg his
investigation of tube rolling was a pin-to-pin method.

A proving ring was used fig.(30 ) with a dial gauge attached
to it across the diameter with facilities for setting the
device to the required angle to give an axial force on the
pin loadcell, The device was pre-calibrated by dead-weights,

In the present investigation a model pin loadcell was
used to investigate the response of the loadcell under
different conditions, The pin loadcell was assembled as
illustrated in fig.(31). The pin-guiding block was
made frofit the same steel used for making the rolls and
had its top face machined to a surface finish similar to
that of the roll sufface., The pin hole was also identical
in size and internal surface finish to the pin holes in
the roll. Dead-weights were applied oﬁ the disec, A
reference response curve was produced by loading the pin
directly, i.e. using a pin-to-pin method. This is curve
(a) fig.(32) to (34).

Tests were then carried out to check the response of
the loadcell under conditions similar to those in tube
rolling. In an attempt to reprgoduce these conditions a

lead disc 1,5 mm thick by 9 mm in diameter was positioned
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between the loading rod and the pin end as shown in fig.
(32a).This test was repeated for three positions for the

pin end with r05péct to the surface of contact, i.e, pin
recessed, pin flush and pin protruding,but with a PVC-tape.
under the lead discs as shown in fig.(33). The PVC tape was
used because it was found to give the nearest response to

that of the pin-to-pin calibration. The effect of using lead
discs of different thicknesses is shown in fig. (34~a). Fig.
(32-b) shows that with a pin=to-pin method of célibration, the
effect of using PVC discs cannot be established.

With the pin recessed below the surface of ccntact, a
small rod of lead was formed on the surface of the disc and
the reSponsefg?;ost zero until the length of this rod was equal
to the amount of recession,i.e.,when it touched the pin,

The response was improveé wﬁ;n the pin was flush with the

surface and further improved for a protruding pin,

It can therefore be concluded,according to these tests,

that a recessed pin yields an incorrect representation of

the contact stresses and that a protruding pin is more
advantageous and gives results which are more representative
of the state of stress being recorded providing that the
amount of protrusion is limited.

The method of calibration employed in this& work
utilized the use of a pin-to~pin technique and dead
weights. The arrangement is shown in fig. (35). The top
roll was removed from the rig together with the removable
part of the shaft with slip rings and wiring still conn-
ected, The roll was fixed to a pivot (o) with locking

facility. The shaft and roll could be rotated in a vertical
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plane about the pivot,

A spirit level with angle indicator was used to
locate each pin vertically where the load was applied
through the loading pin. The calibration curves for the
four loadcells are shown in fig. (36) to (39) .

They showed no hystresis or zero drift of any significance.
Calibration was carried out before testing started and
after it was finished., The calibration of the pin load
cells was also checked frequently using the proving ring
arrangement used in Cole's work (1) « The two calibration

methods gave almost identical results,

The gradients for the four pin loadcells are:-
Pin 1 0,181 N/mm?/mm
0.173 N/mmzfmm

0,200 N/mmZ/mm

o
=]
=
£~ S A T

0,212 H/mmzfmm
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(VI-1) Determination of Roll Pressures

Existing theories:

Since the publication of Cole's work in 1969 no new
theories relating directly to tube rolling have been put
forward. For comparison purposes the theories put forward
by Shveikin and Gun (1958) , Vatkin (1954) and Kirichenko
(1964) will be discussed. For a full review of these

theories reference should be made to Cole's work (1) .

(VI-1.1) Shveikin and Gun (32) (1958) 2

Basing their analysis on the theory of axially
squetric shells, Shveikin and Gun put forward a simple
theory for the prediction of roll pressure. Friction
between the tube and the rolls was neglected and the arc
of contact was replaced by a chord,see fig. (40).

FPor tube sinking, the final equation takes the form:

om Tm

The authors coﬁpare the predictions of equation (VI,1)
with the test results of Vatkin (33) on steel tmbes.
Generally, this equation overestimates the roll pressure
but the agreement presented was acceptable, However in his
commentary on this comparison Cole (1) makes the point
that the wvalues of the yield stress of steel used in
equation (VI.1),.(294 N/mm2 for cold rolling and 58.8 N/mm2
for hot rolling) are not correct. He shows that these
values are a serious underestimate, Therefore the agree-

ment which Shveikin & Gun obtained must be questionable,
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(VI-1.2) Vatkin(BS).(1954).§g§_§;g&§41[:

Vatkin used the equilibrium approach to develop the
differential equations., He considered the equilibrium
of forces acting on an element of tube in the deformation
zone, The main assumptions which Vatkin made were:
1) No change of wall thickness i.e. to = t1
2) The principal stresses are:-
i) the compressive longitudinal stress -
ii) the radial compressive stress on the outer
surface of the tube 0"
iii) the circumferential stress g *

3) the yield criterion was :

e e B oy

4) the relationship between o~ and gy was obtained
by considering the equilibrium of a semi-circular

section of the tube thus giving:

d
0 = o .-—;f—- at any section.

5) the arc of contact is approximated to a chord
and has the same length for all positions round
the groove,

6) A dry type of friction exists between the tube and

the rolls, of the kind:
T=pp at any section.

After arriving at two equations giving the pressure

distribution for the entry and exit zones in the form:
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Fig. (41)
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d +d,.1/Q
* i
P R e S el e LS

-;-oo-a.oool(VICZ)
for the entry zone and

4, +dyy 1/2
11) 1_ 1)
%13 S (VL)

for the exit zone , he then gives the equation for the

p, = -k Q ( (Q:u)(

average roll pressure in the form:

e M;— “:(do +d,,) - (fl_+_d_.).1/Q ] }

av
(d +d i)Q
* 9 0 8 0 0 4 00 VI.
in which ( 4)

k*=1.150-'y.-—za§-
g

1/Q=)J—-li-.-—1 and . d,.=d_ -2t

b 2 et e

Vatkin then compares the predictions of the above
equayion with his experimental results (33) refq&ed to
earlier in this section. Foxr the cold rolling of steel
tubes Vatkin used a coefficient of friction p = 0.25 and
a yield stress value o= = 29k N/mm® (30 kgf/mm>), which
Cole (1) has shown to be a serious underestimate, The
predicted values of the roll pressure P, Were higher
than the experimental values, This Vatkin - attributed to
a large coefficent of friction P However Cole
disputed this reason in the light of the underestimated
value of the yield stress used in the calculations.,

Vatkin's records of the roll pressure showed a peak

at a point between the middle of the deformation zone and
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the exit plane, It was noted that the deviation of the
position of the peak(i.e. neutral plane) from the middle
was small,

Results of tests carried out in the present invest-
igation have shown that the position of the neutral plane
is a function of the groove angle © and that depending on
the value of 0O the position of the neutral plane moves
towards the exit or entry planes.

VI~ Kirichenk (34) 64):

Kirichenko's approach is similar to that of Vatkin
(33) in so far as it is an equilibrium approach, The main
assumptions being similar to those of Vatkin d.,e. the
shear stress due to friction = Jip, the arc of contact
is approximated to a chord, no change in wall thickness
during rolling, the principal stresses are Ot 0o and
o, as in Vatkin's theory and the yield criterion being
of the type:

gt e k oy although k was not defined,

However, Kirichenko considered the general case of
an oval tube being rolled in an oval groove as shown in
£ig.(42).

The relationship between “%

of Vatkin and was obtained by resolving the forces in the

and p differed from that

radial direction as in fig.(43 ) . This relationship took the

forme-

2 th

P =
(cos-:jb-l» P sincpcos 0) dx

as opposed to Vatkin's ,
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p =
d
g
in which the friction contribution was not considered.,
Kirichenko presents two equations for the calculation

of the arc of contact (L) and angle of contact (43) whem
rolling an oval tube in an oval groove, based on geome-
trical consideration of figs(42) and (43).
These eqguations are:

1/2
2 Ah,\ 2]
L .—..[Rz -(R, - -5 ]

Y
=KE R, + E, =~ r? i) Ry -/,ri- (B, + 2)2)2]

.'.i...ll.ll(vx.ﬁ)

and

Vrz- (E+ z)2 - frP- 2*® 4+ E
tanﬂ:: Ah £ [6) (]
2L

1 1

1/2
S _ 2 3 2
[{RI+E1-}‘r1-z )< - (RI-yro -(Do-t-z)]
lll..o-.colo(VIl7)
After solving the differential equations resulting

from consideration of the equilibrium of forces acting on
aﬁ'element in the inlet zopne, Kirichenko presents two
formulae for determining the pressure distribution in the
deformation zone,

These take the form for the sinking process,

p\= Eﬁt/(r1+x tan ¢ cos0 - t/2) (cos<p+ p sincpcos Oi}x

r.+L tandpcos 0- t/2 G

1
[" L ( ) .__1_*‘_]...(VI.8)
g + x tandpcos 0 -t/2 #4

"

for the inlet zone.

and
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P = [k-{-/( f -+ tan q;cmg_'t/z)(cc/.wqb-—/u Sin cp Coa@)] X

By
[- 5ty + (nezteten =212 7 ()]

et eaien s ¥ T50)

for the outlet =zone.

where
A u SOE O(p - cos 0 tanc)
sinc#(y tan 4rcos0 +1)
and
3 cos O (pn + tandrcose)

sindg (1 - ] tandcose)

Cole (1) commented that for A to take the necessary

positive value u must be greater than tan<r., He also

found that Kirichenko's equation for calculating the angle

of contact gave a considerable overestimate,
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Kirichenko presents no experimental results to support

his theory but presents graphs showing the variation of
roll pressure along the arc of contact fig.(44).

In another publication(35)Kirichenko developed an
equation for the calculation of the rolling torque for
the longitudinal rolling of bars and tubes. He considers
the friction forces as being the only forces responsible
for the rolling torque. By reference to figs. (45)and
(46) and due consideration for the direction éf the fric-
tional drag , the equation for the rolling terque T was

written in the form:

zZ, ol g
Tom [ [[ TR Redp [T ReRrdz) £2
i : bis e oiniaim L 2ia 10)
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Fig. (45)
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in which m is the number of rolls per stand and ¥ is the

neutral angle,

By assuming a Coulomb tybe of friction:
C= pp

and a uniformally distributed normal pressure p on the

contact surface he integrates the above equation to give:

T=mmPRay (A = 2Rad) +voeeees (VI11)

where

Rav is the mean roll radius in the deformation zone.

A is the total contact area,
tot

A is the area of the exit =zone.
out

For the determination of Rav y Kirichenko proposes

the use of the expression:

R
av

n

é%{ Roll dismeter - SES& OL Eroove Y eama AV I 2
width of groove

The final form of the expression for determining the
rolling torgue is given as a function of the horizontal

and vertical projections of the area of contact, ;.e,

AH,and AV respectively.

vV
T:m PVRELVT oo.-:.-.on-loac.n.a(VIols)
H
in whi&ﬁlﬂv is the roll separating force expressed as:
?V =p‘ A}I -oo-a-o-ccoloato-(V1¢14]

Once again no experimental evidence was presented

but Kirichenko states that the correlation betweon the

126
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calculated values of the rolling torque and those found
in tests for the rolling of tubes in grooves was good

giving an error of less than 10 per cent.

(VIi-1,4) Cole'g_ybrk(l) (1969);

Cole did not present any theoretical treatment of

the problem but examined the three theories mentioned
before and made comparison between their predictions and
his test measurements, He found that the three theories
gave very poor, if any, correlation with the test results
for the sinking process. The three theories underestimated
the value of the roll pressure,

Although Cole's results of the pressure distributions
were higher than they should be due to the use of PVC discs
to cover the tips of the pressure-transmitting pins, as was
found from ﬁhe present work, the difference between the
calculated values from the theories and the test results
was still large.

It has been found during the present investigation
that the use of PVC discs on the tips of the pin loadcells
of the size used by Cole, i.e, 6.4 mm in diameter, has caused
the recorded pressure to be some 22% higher than without
the discs as shown in fig.(52) on page(189).

The mean measured vaiue of roll pressure which Cole

used to compare with the theoretical predictions was:
2
P, = 16,82 N/mm

and if we apply a reduction factor of 0.78 to this value

to eliminate the effect of using the PVC discs we get:
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p, = 13.12 N/mm2

Against this value of pm,the following were the various

theoretical predictions:

Shveikin & Gun (formula (VI.1))

.pG = 5,19 N/mm2

Vatkin (formula (VI.4))

Py = 5.72 N/mm2

Kirichenko (formula (VI.8))

P = 505 N/mm2

The coefficient of friction used for Vatkin's and
Kirichenko's formulae was 0,25, Kirichenko's predictioy
is for a point mid-way through the arc of contact (¢ = 100)
at the root of the groove (@ = 0°).

Even with the reduced value of P the correlation is
still very poor, The three theories seem to give similar

results.
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(VI-1.5) The theory

It was clear from the start of the present investigation
that a new approach to the problem of predicting the rolling
loads was required since the equilibrium appréach used by
Shveikin and Gun(sz) 5 Vatkin,(33) and Kirichenko(34) has
proved unsatisfactory by comparison with the test results
of Cole (1) as shown earlier,

The shortcomings of the equilibruim approach as employ-

(32) (33) (34)
y ’ and

ed b have been discussed in reference
(1) and are discussed further below:

1) It is necessary in this approach to use a yield
criterion, The type used by the three workers was
Tresca's in the modified form 0 -~ 0% = Poy
where B takes values between 1,00 and 1,15, The
value of B was not defined by XKirichenko while it
was given the value of 1,00 by Shveikin and Gun,
and 1.15 by Vatkin, The latter case implies
deformation in plane strain which Cole (1) states
to be unacceptable for sinking., It is more accurate
to apply the vonMises yield criterion in the case of

1)) (52)*

tube sinking as shown in Sachs suggests
that the use of this criterion involves consider-
able calculations and for this reason it is suff-

iciently accurate to give B the value of 1,1 in the

modified Tresca cyiterion.

2) To apply a yield criterion, the directions of

rincipal stresses must be defined, In the case of
¥ 5

(32)

the three theories dealing with tube ro0llin
&



130

(33) (34)

and the directions of the principal stresses

are assumed to be:~ longitudinal, tangential(hoop),and
radial. While this system of principal stresses is accept-
able in cold forming where the friction forces are low and
hence the shear stress contribution is small, its applica-
tion to hot forming processes with high friction forces
must be questionable. With sticking friction, as is believed
to be the case with the hot rolling process, then the yield

criterion with this system of principal stresses cannot

be used (1).

The above two points are inherent features of any equiiib-
rium approach and represent fundamental assumptions which deter-
mine the accuracy of a particular theory. Together with other
assumptions, mainly concerning friction, they are believed to

be the reason for the lack of correlation found in Colets work.

A new approach for the theoretical treatment of the tube
rolling process was therefore sought and the strain eﬂergy
method was believed to represent a reaéonable alternative
approach.

The first drawback of this method is that it only gives
the average roll pressure and does not therefore provide inform-
ation on the distribution of the pressure round the groove or
along the arc of contact. However although knowledge of the
pressure distribution is useful in understanding the mechanics
of the process, as will be seen in the discussion of results,
it is sufficient for practical applications to determine the
average pressure,

. In this method the work done per unit volume of rolled

tube , in the case of sinking , is assumed to be made up of the



131

following components:-

1) Work of homogeneous deformation wh needed to change

the shaps of the tube,

2) Work done against friction wf .

3) Redundant work W_ .

The first component represents the minimum possible
work required to achieve the desired reduction, It would be
the wﬁrk required if the tube could be extended in tension
without necking., The second component represents the work
done against friction at the tube~-roll interface. The third
component is the redundant work needed to shear the tube
material as it passes into and out of the deformation zone
due to the change of direction which the tube material suffers,
This component increases as the draft, and hence the reduction
of area, incr?ases. But since,; for rolling,the ability of the
rolls to draw;;he material is limited to the maximum possible
angle of bite, the maximum angle of contact and reduction
per pass are also limited. In addition to that, the condie-
tions of overfilling of the groove and marking of the surface
of the tube are other limiting factors to the maximum poss-
ible angles of contact and reductions in tube rolling.
However in other forming processes e.g. extrusion and draw-
ing, the die anglie can be large and the contribution of the
redundant work to the total work done can be significant.

In the present case this component will be neglected due to
the small reductions associated with tube rolling in two
grooved rolls,

The total work of deformation per unit volume is equal to

the area under the true stress-strain curve, fig. (47) for the
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Strain

Fig.(47)

York of Deformation
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e

appropriate total strain GEA. This area is made up of
two parts(36)=—
1) the first part corresponds to the work of homo-
geneous deformation Wh for which the strain is
equal to 5“1, the generalised strain.
2) the second part corresponds to the work done against
friction for which the frictional strain is igp .
_Assuming that the contributions of the two components
are additive we have
W, = W+ ¥ seessesss s (V1Y)

This assumption is a basic assumption in the strain
energy approach and corresponds to that of the directions
of principal stresses and yield criterion in the equilibrium
approach, It implies that the friction contribution is
superimposed on the work of homogeneous deformation and that
the state of stresses is not affected by the presence of
friction, The validity of this assumption therefore increases
the lower the value of the friction contribution,

By employing the apparent strain concépt and the above

assumption we have :

€a = E.,“Jr(f_"p dioehie Sie e LV Ee 1G]

Hence the total work of deformation Wt is equal to

the integral of the true stress-strain curve between the
limits of zero strain and Gﬂ)which is the total area under
the curve as in fig. (47).

By calculating the two components of the total work of

deformation separately, it is possible to determine Wt -
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1) Work of hcmogeneous deformation Wy f-

The area under the true stress-strain curve fig,(47)
for the generalised strain Eﬁﬂis the internal work of homo-

geneous deformation W and is calculated as follows :-

hi

Vg = f oy dé€ e T

The integration could be simplified by taking an average

value of the yield stress before and after rolling.

whi = G’YJEW lioouooo.--(VI.lB)

To calculate the external work of homogeneous deformation,
Whe,which would be that required if the tube could be extended
in tension without necking, the process of rolling the tube
will be approximated to that of a tube under an external
uniform pressure sufficient to cause plastic deformation and
produce the same final tube dimensions,fig. (48).

In this case the increment of plastic work dwhe will

be equal to

L]

dwlle =phtsldr l.ool.locol-l(VIilg)

Where P is the uniform pressure for homogeneous
deformation,
S 4is the surface area of application of Py

L) RS 9'\
&

w

it

putting L R P in tube rolling

then S

i

b rRP r © ¢ o it e~ SN 200
e g e

>
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dr 4is the change in the tube radius as a result of the

increment of plastic deformation.

Therefore

dWhe = 4 Pn Rr‘i)m rg Bc' ae

‘fhe 2/’-!- ph Rr¢m rg ac .dI‘ -claootl(VIQZI)
L

but since Py is assumed constant then

Whe = 4 Py RI‘ ¢m I‘g ec/dr
ﬁhph qu)m I‘g ec (I‘ -I‘.I) ""n.loo(VI-ZZ)

but 6 =a, -a, =2(r -7x)
Vo =2P, RP T, 0,5 S DR 5 1

Hencé,ths work of homogeneous deformation per unit volume

will be :-
W

— he T 00 8 " 4 0 (VI. 24)
Whe/vol. = =
where
¥ m A U jiﬂ (VI.25)
o L o L w LI D I U N I T A L]
and putting U, mcuRr we have
v = AO qujm s 8 8 0 8 8 0 8 2 8 (VI. 26)

from equations (VI,24) and (VI.26):

W, /vol, = 2P R P T O 6
he e b Rt
0 s iy m
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Wpe/ VOl - N SRR ., i

Assuming no energy losses we can equate the work per

unit volume of internal forces to that of the external forces,

ioec' !
W = W S P I WO N e

L A ¢ s Wsiwmsinis sie AVEL2D)

D M e BEY TS Al )

This equation gives the part of the roll pressure
associated with homogeneous deformation, To obtain the
total mean roll pressure the contribution of friction must

be considered,
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2) Work done against friction W,

The mechanics of friction are complex and determination
of the exact functional relationship between the frictional
s (37)
shear stress and the other wvariables is difficult .
There are two main types of friction: for forming without
lubrication, The first and more commonly used type is the

Coulomb friction in which the tangential stress is propor-

. tional to the pressure p between the two bodies. in the form:

C=pp v e ATty

the coefficient of friction‘P is usually assumed to be
constant for a particular set of conditions.

The second type is the constant shear stress type in
which ?fis related to the shear yield stress of the material
being deformed and is assumed constant irrespective of the
pressure,

Thus i RPN oo o SRR 5 T 28

|
3
Rt

in the constant shear type of friction.

The friction factor m is taken as constant for a particular
set of conditions. In the absence of friction, m = 0 ,

The maximum value that m can take is 1,0.since the maximum

shear a material can stand according to von Mises yield

oy
criterion is s
Avitzur (37) showed that with the assumption of constant

friction factor, the colmputations of friction losses are
easier,
In the hot rolling of steel it is now accepted that

sticking friction prevails over the whole or part of the
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surface of contact between the rolls and the rolled material,

i.e, ??. oy for complete sticking.
N3
i
Cole ( ) states that under these conditions the assum=

ption of Coulomb friction is not wvalid,as suggested origin-
ally by Orowan in 1943, A combination of sliding friction
oy

and sticking, with ZT:-—E' , has been shown to exist in

the hot forming of metals.

The material rolled in the present work wés pure lead
in simulation of the hot rolling of steel, Although a
sticking friction may occur in the latter procgess.preliminary
tests have shown this not to be the case for the rolling of
lead,. Bland & Ford's approximate method (38) of determing
the friction stresses by applying an increasing back tension
to the tube until it stops and measurement of the resulting
forces and torque was used, These tests showed that the
friction stress was less than the shear yield stress of lead,
In this analysis the constant shear stress concept has

been adaepted in the form:
4

3 s sleanse AVES22)
C = 73

This concept permits the application of this theory
to the hot rolling of steel where sticking can be assumed
by giving the friction factor m the value of 1,0 .

As will be seen in the discussion of results the
surface of contact between the tube and groove can be divided

into three zones with respect to the groove angle © , see

fig. (63-a) on page (219);
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Zone I: between © = 0° and 0 = 930 in which the tube is
ailways faster than the roll and therefore corre-
sponds to the exit zone in flat rolling .

Zone IT: between 6 = eeo and @ = 691
This zone corresponds to the whole of the
deformation zone in flat rolling with two
equal entry and exit zones,

Zone IIT:between © = 991 and 0 = Qc s the maximum angle
of contact. In this zone the rolls are always
faster than the tube and it thefefore corres=-
ponds to the entry zone in flat rolling.

In the light of the test results,it is possible to

d vide the surface of contact into two equal zones with

respect to the groove angle © ., As shown in fig.(49) the

first zone corresponds to the exit side of the deformation
zone in flat rolling and has the limits
8 = 0 t06=6n

where ©_ = 9c/2 as a first approximation,

The second zone is bounded by en and ec and corresponds
to the entry zone in flat rolling,

As in the case of the work of homogeneous deformation,
the work per unit volume of the internal forces to overcome
friction W is equal to the part of the area under the true

i &

stress-strain curve associated with friction as shown in

fig.(47); 1.0,

€a
W, :-j q-?d€ shsm e ee i VB 33)
Em

Again taking a mean value of the yield stress Cf; we obtain
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Vey = 05 (€4 €Em) (VI. 35)

L4

but from equation (VI, 16):
E"ﬂ = €w+ €p
Vs = S EF (VI. 35)

The next step is to determine the work of external
friction forces,

If U is the tube velocity at any point on the surface
of contact,making the angIQCP with the line connecting the
centres of the two rolls,then it will be assumed constant

across the vertical plane passing through this point,
Furthermore the variation of U with the angle of contactCPis
assumed to be linear as shown in fig,(03-b)This makes it
possible to write U in terms ofqp and Uo s the tube wvelocity

at entry, as follows:

U = U, I:l-g—r(:—“——-)] (V1. 36)
The tangential roll velocity v 1is equal to Rg-uj
where 4\% = Ry + 3 (1—Cn8) (V1. 37)
from the geometry of fig.( 11) ,page (51).

LV o= w[R (- )] (V1. 38)

The relative velocity between the tube and the rolls p 25 is

therefore:

Vi = V=0

. [Rr'i‘ fi= Cm@j Ve [{-f- r{:——- )—} wa (NI, 30)

:r|

It is clear that Yo will be negative in the first zone(1)
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and positive in the second zone (2).

The rate of friction work in zone (1) is :

A q.f NS 0 e ) o .. (VI.40)

S

but ds = 'Qrdcb-rgcle

Wi;m:. H-j ] ZV}R,EC‘#’A@ .......f..(VI.dl)

4/ ] ””OJ” R r } [Rr'i‘ij(l—CafJé')J-*

Uo[l+r(l~$—~ )] Jderde
P cn el VE48)
where m, is the constant friction factor in =zone (1) .

After integrating and rearranging we get:

eri :'}7-—1::_—_-» mo- Ry }3 Cfbm@m]: (Rr-l*"’ (I—-

) )= ve )|

...... (VI.43

putting Gn = QC /2_

\;Vflei :% ", ;; Rrﬁﬁgﬂ[w (R\"Trj 25(4\50/7—-)).-. Uo (!'f 2_)]

. (VI.44)
Similarly for the second zone (2) with
o—
< = 7775'—¥
where m, is the constat friction factor in zone (2) s

2
N "l ¥ £ .
Wiea =75 71257 Re § 0 [wlRr 47 (1= g (k=
éc )ﬂ Vel

® 8 8 % 08 § 8 0 8 e VI.45)
The wvolume 1rolled per unit time is

Vope Az W R O SR ol o e

W
£

putting U

-

<
i
b
b
&
-
=
g
£
~3
R
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Nowsthe work per unit volume er can be calculated as follows:

. M) Ve
fe v Ao Rrgu

hence from equation (VI.44):

2 m,57 5 R, 6 25méefzy, Yo
Wee, =75 ;4,; C[('(?r'i'ﬁ(" 2 ))"m(“f—%)]

% s alsie e s KV ELAS)

and from equation (VI.45):

W, =2 22 Vﬂ'f‘“’“e‘ [R 15 (1=5- (%t~ Sin€e)) —

_E_L_;’_.(|+_z.)].....(VI.49)

Therefore the total work of the external friction forces wfe

per unit volume is

W .. (VI.50)

Ta LJ

+ W

fe‘] f32 LI T I I B R I B

and from equations (VI.48),(VI.49),and (VI.50) we get:-

— > & '\. gc' Uu -—t
vige = IR o [Re (- 7*) - )]+
0

e [6erg - B )= 25
...........(VI.SI)

After rearranging and putting Uo =UJRr equation 0¢50 reduces to:

0"" “hn e M ‘R' \ Lt
WFG ""/-:: 'S e [:( 'f”m'J( i %—%}-»)._é_:(gméc

Ho ma

Oe
<t (1 ??11 )] VL, 62)
Assuming no energy losses

Won' W Wop -t~ - L auinenls R e, bl (VI.53)

From equations (VI,35),and (VI.53),the frictional strain ({f is:
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= .?. I3 4’ 6. 1112 Y‘R\
éﬁ = 4 mE [(i H_;I‘l.;— 21' ) g'(&m@ 3%-!@‘-' I———-JJ

cilsemide voninv AN Es 34 )

H
in the above equation, dalcan be replaced by Lm/Rr .
Under normal rolling conditions, the frictional stress,
which is assumed here to be independent of the roll pressure

is likely to be the same. Therefore, the ratio m1/h2 will

be equal to 1,0, However, since it is known that a comb-
ination of sticking and sliding friction can exist in hot
rolling, it is possible to simulate this situation by giving
the ratio m.I/m2 a value other than 1.0, This would be
gufficient if the frictional stress in one zone is constant
but is different from that in the other =zone.

The value of the shear factor itself m, if set to zero,
would result in a lower bound solution where it represents
the frictionless condition. When m is set at 1,0,1i.,e.,
condition of complete sticking,the resulting solution is an
upper bound solution, The value of the actual roll pressure
should,idealy,lie between these two limits. Avitzur (37)
suggests that for actual manufacturing processes,the value of
the shear factor m is usually less than 1,0 . However,if
sticking does take place,as is believed to be the case in hot

rolling,then the value of m would be equal to or approach 1.0,

Total Mean Roll Pressure P8

From equation(VI.lﬂthe apparent strain €A is:

€. o +&

i ]
o

o X

P
my

';;.‘
\
My

=]
"

and P

(14€/& ) e L WS

il
=
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(VI-2) Wall Thickness Variation

Previous Work:

In this section some of the published formulae for
the prediction of wall-thickness variation during tube
rolling will be reviewed., In section (VIII-13) of chapter(VIII),
comparison will be made between test results and these

theoretical predictions, This review is based on a paper

by Gulyaev and Ivshin (15) in 1973.
(VI-2.1) Gun, et al_
(39)

In 1958 Shveikin and Gun susing the theory of

axially symmetric shells.worked out a formula which took

the form:
t d
e (VI. 56)
t1 o
(40)

And in 1968 Gun published a new formula which he

(39)

said was more accurate than the previous one

The new formula took the form:

it T - .;1:1 (VI.57)
EJd-i ( +a) i"'
where
gti = ty=ts 4 ig the change in wall thickness

Y= is the change in tube diameter,

I - z(f%ﬂﬂ Aﬂl\)
- A= A -8 A

50N
i
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c—-—'
? = crf coefficent of plastic tension
¥
= 0 for sinking
a = 93 )? in the case of sinking

(VI-2.2) Shevchenko & Yurgelenas:(dl)(IQEQJ

This equation applies to stretch-teducing as well as
to sinking., It includes a correction factor suggested by
Gulyaev. When rearranged and reduced to the sinking form,

the equation can be written in the form:

Gt Bty -2T0) [,+cj_f’,_-, sl A

(3 i Sihaa e (= 2) ST gl
b oK
- =t L e M
e gt ol B

AGI“.tFi

k 4s Gulyaev's correction factor
= 1,57 for two-roll mill

m, = per-centage reduction of diameter

.

(VI-2.3) Kolmogoroy (42)(1963J

This formula is recommended for thin-walled tubes:

6‘{“'. | ff‘ | ( ? ?t‘.
Rl AR L R B e (VI.59)

where ?{is the coefficient of plastic tension
f .

= 0 for sinking
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Therefore the formula takes the simple form:

St |
6di - i% (ti—1/di—1) for sinking (V1. 060)

(VI-2.4) Anisiforov, et al (43)(1970)

The formula of Anisiforov was published in the form:

Et; = t,_ 4 B in(d,-t, ,/d, .=t _,) (VI.61)
where:
1 = 22, - t
B = s i 4 ®=n n Aol
R=Zj+ ety ' d;_1

n, n are coefficients for the influence of friction and
the free zone deformation on the value of the specific
pressure(the authors recommended using n n = 1,3)

with z, = 0 for sinking

1 =t t
-1

i i~

B

o 24

(VI-2.€) Shveikin and Tvshin (44) (1065)

Their formula has the form:

bt bl i)
?ia '#JZI”‘}t:E £ 1di-t (V1. 02)

where for sinking

e 4,1
(S | e ; et i i . s
Namo S =R O R R

=

P is the coefficient of friction

=

g is the length of the arc of contact.
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(VI-2.6) Gulvaev and Ivshin t15)1'197'”

In their analysis, Gulyaev and Ivshin extend the Lyame -
Gadolin (45) formula for the compression of thick-walled
tubes to the conditions of tube rolling. Where a tube is
axially loaded, the Lyame-Gadolin formula for the radial
displacement of any point of a cross-section of the tube

being deformed has the formsg:

2

P {i=%) e =Y ¥
— - Y+ (I+Y) = - O

(Vi.o3)
where

Y is Poisson's ratio
= 0.5

E modulus of elasticity of the tube material,
Ty & Ty outside and inside radii of the tube respectively,
p specific pressure on the outer surface of the tube
which they determine from consideration of the
equilibrium conditions of a half-cylinder,
As the change in wall-thickness is equal to the
difference between the displacements of the outer surface
of the tube and its inner surface, substitution of r = rB

in Lyame-~Gadolin equation produces the following equation

for the change in wall-thickness:

6t t.
i i-1 (VI.64)

where

o +|—\
. alrsl)-2ntie SR T T H
(1-2 3l =2 T VT 2 e B
=2V +3(1~-2 I:)jf- Z (1 g—:‘i)
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substitution of Zy =0 for sinking gives:

t

i-1
2 {1 =3 e )
e < i-1
i t 2
1+3(1=2 “i-1)
i=1

Gulyaev and Ivshin present a chart for the calculation of
coofficient C for different values of z and t/d ratios,

They claim that their new formula(VI.04is simpler
and more accurate than other existing formulae. They also
claim that it covers a wider range of thickness to diameter
ratios ..

Comparison between Kélmogorov's expression (VI.59) and
equation(VI.64)shows that Kolmogorov has given the coefficient
C the value 0.5 for all values of t/d ratio, However ref-
erence to the expression for C suggested by Guylaev for the
case of sinking, or to the chart, shows that for t/d ratios
of between zero, and 0,15, the value of C varies between
0.5 and 0,445, As the ratio t/d increases, the deviation
of ¢ from the 0.5 figure increases according to Guylaev's
expression until C takes the value of -0.7 for t/d = 0,45
Tt could be said therefore that for t/d of up to 0,15, i.e,
for relatively thin tubes, the Kolmogorov approximation
holds good in accordance with Gulyaev's work, It remains
to be seen however whether they agree with the test results
of the present work.

A graphical comparison between the above formulae is

shown in fig. (50).
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(VI-2.1) Cole (1)(1%9]

Cole does not present a solution to the problem of
predicting wall-thickness variation himself but shows that
by comparison with test data Gun's first (39) and Yurgelenas's
formulae overestimate the value of 5t/€d. The final tube
dimensions were made at points corresponding to the root
of the gfoove. For the to/do ratio used throughout Cole's

tests, which was 0,1422, most of these formulae give values of

St/Sd of about 0,072 ( from St/Sd = to/do curves in

Gulyaev's paper(IS)). The ratio §t/5d calculated from
Cole's tables of results varies between 0,321 to 0.0199

for reductions of area of 3.9% and 11,0% respectively,
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(vi-2.8)

The method used for measuring the average change in wall

thickness which was outlined in chapter( IV)involved the measure-
ment of the areas made by the outer and inner contours of the
cross section of the tube. The diameters of the equivalent outer
and inner circles were then calculrted. The wall thickness was
calculated as onchalf the difference in diameters.

The method proposed here is based on the average change in
wall thickness and the condition of constancy of volume rate.

3
From volume rate contancy we have:

Ao Uo b=t AI Ul -..onoo--u(VI065)
putting Ao S -8 (do - to) Rt~ SRSy ¢ b
and AI: tl (dl_tl) 00000....-(VI.67)
we get

to( do -to) Uo = tl(dl e tl) Ul ---aaa.(VI.ﬁB)
The error resulting from replacing dl_tl by dl-to in the
value of d; is less than 1% for the small changes in the wall
thickness normally resulting in one stand.

Therefore from equation (VI, 68) above:

do/to =k )to o U
S 7
1T TR ) A

But UO/Ui = 1=

(a,/t, - 1) %,

- L] 1 - r)
tl =5 ldi/t % 1) o--c-c.c.(VI.Gg)
A d
o
And - 1)
&4 :tl..tozto[(i—-r) —df-’——-——l} o anes VT H0)
(-;-1- -1)
(o]

Therefore :
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do )
- — L
g AL
(—gl- 1)
o

This equation can only be used for relatively thin tubes
(do/to > 5.0 ) since it does not predict the drop in 5"5/6 for
do/to < 5.00 shown in fig. (50) (from reference (15) ),and also

observed experimentally.
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Fig. (50)
Variation in Wall Thickness for
Rolling without Tension with a
diameter Reduction of 5%(ref.15)

as calculated by:-

(1) Gun, 1969 (Vi-2.1)
(2) Shevchenko, (vi-2.2)
(3) Kolmogorov, (VI-2.3)
(4) Anisiforov, (Vvi-2.4)
(5) Shveikin, (Vi-2.5)
(6) Gulyaev, (Vi-2.6)

[7] &[8) Test results (ref. 15)
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Test Results

The test results are presented in tables (VII-1)-(VII.4)

which contain all the recorded data concerning each test.
The results are classified according to the test phase and type
of pass as follows:-
1) tests 1 to 60 are phase one i.e,unguided sinking,of
the Round-to-Oval pass type,
2) tests 61 to67 are phase one of the Oval-to-Oval pass
type.
3) tests 68 to74 are phase two, i.e, guided sinking, of
the R-0 pass type
4) tests 75 to 84 are phase two of the 0-0 pass type,
5) tests 85 to 109 are phase three, i.e, stretch reducing
of the R-0 pass type, and,

6) tests 110 to 123 are phase three of the 0-0 pass type.
The dimensions of the test pieces before and after rolling

together with the percentage reduction of area and the gap set-
ting are included in table (VII..1).This table includes the tube
dimensions measured directly from the test pieces at the root
of the groove besides the mean tube dimensions measured as
described in chapter IV.
Table (VII.2) "Deformation" contains the following quantities:
ém the generalised strain,
;i (N/mmz) the mean yield stress in uniaxial compression of
the tube material,
Sr (mm) the absolute draft at the root of the groove
& {(mm) mean draft
B&/S is the ratio between the change in wall thickness Stand

the change in diameter S .
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&trfsr as above but from direct measurements at the root of the

groove.
de/te tube diameter to thikness ratio before rolling
Lm (mm) measured mean length of the arc of contact corrected
only for the finite width of the pin but'not for torque
sharing.

er
U_,U, (mm/s) tube velocities upon entiring and leaving the de-

0’1
formation zone respectively.
Table(VII..3) "Loads" contains the recorded loads during
the rolling trials as listed below:=
1) RSF (XN) Roll geparating Force
F Front loadcell reading
B Back loadcell reading
2) Torque (Nm) the rolling torque
T top torquemeter reading

Tl bottom torquemeter reading

Tt total torque = Tu-+ Tl

3) Roll Pressure (N/mm2)=
Py recorded pressure from pin loadcell number 1
Pa recorded pressure from pin loadcell number

Py recorded pressure from pin loadcell number

L VS B

recorded pressure from pin loadcell number
P, [Mean pressure = (p1+.p2ﬁ.p34.p4)/ 4
Finally, table(VII.4)contains values of the applied front
and back tensions for phase three tests , i.e, stretch reducing,

both R-0 and 0-0 passes.
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A list of the relevant constants is included below:

Rr radnis of roll at the root of the groove
= 64.60 wmm
Rs radius of roll at the shroud
=113.45 mm
R effective roll radmas
—=90,02Z mm
::'g raduas of the groove
=23.39 mm
hg height of the groove ( see fig.(11)on page 51)
=18.9 mm
N roll speed in RPM
=1.590 RPM
w roll angular velocity
-1

= 0.16653 s
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Table (VII-1.1)

Test lesults

R~0 passes
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Unguided Sinking

Test|Gap X Dimensions (mm)
No, |settl % mean values at root of groove
ing
do to d1 t1 dor tor d1r tTr
1 | TIT0.56 | 43.9|2.87| 42.5| 2.96| 44.4|2.89 [40.3 |3.00
2 V131 | 2.35 | 43.9 | 2.87 | 42.31 2.92| 44.4|2.89 [40.3 |2.89
3| TIT| 0.61 | 43.9|2.87| 42.4| 2.98| 44.4[2.89 [40.0 |3.00
41 FIT L 2.8 43.9 1 6.09| 42.2| 6.21]| 44.5/6.20 [40.0:]6.12
IXIX | 3.13 [43.9 |6.00|42.3|6.17| 44.5(6.20 [40.6 |6.13
n® ITT [ 3.7 |43.9 [ 6.09 | 42.2 | 6.15| 44.51(6.20 |40.3 [6.16
7 |TXX | 3.14 | 43.8 {9.20 | 42.4 | 9.32| 44.0(9.19 [40.6 [9.15
8 ITTE 13.5 143:8 19.201#42.2} 9,371 44.019.19 140.3 19,22
& LFTET 1 %5 43.8 1 9.20 | 42.4 | 9.27| 44.0(9.19 [40.3 |9.15
108 IX | 3.2 143.9 |2.90|41.9}2.95} 43.5|2.86 [39.0 |2.90
i1 II | 3.6 43.9 |2.90 [ 41.8 |2.95 | 43.5 [2.86 [38.7 [2.86
12 IT |4.15 [43.9 [2.90 |41.8 [2.93| 43.5 [2.86 |38.7 [2.90
13 T (2.2 43.9 |2.90 |41.9 | 2.95 | 44.0 2.82 |38.8 |2.92
14 I 4.1 43.9 |2.87 |41.5 |2.93| 44.3 [2.79 [39.1 (2.88
15 IX {3.5 |43.9 |2.87 | 41.5 |2.94 | 44.3 2.79 |39.1 }3.00
16 3T 42 43.9 |2.87 |41.4 | 2.93| 44.3[2.79 [39.1 |[2.62
17 IX | 3.58 |43.9 [6.06 | 42.0 | 6.20 | 44.0/6.13 |39.5 |6.16
18 IY | 3.07 |43.9 16.06 | 41.9 | 6.25| 44.0[6.13 [39.4 |6.13
19 IT | 3.28 |43.9 |6.06 | 41.8 | 6.24 | 44.0(6.13 [39.4 [6.29
20 | 1T |4.95 |44.0 |6.14 |41.5 | 6.29| 44.3(6.31 |[38.8 [6.31
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Table (VII-1.1)

Test llesults

R-0 passes

(contd, )

159

Unguided Sinking

TostlGap o Dimensions (mm)
No.|sett} mean values at root of groove
ing :

do to d1 tl dor toﬂ dlr t1r
23 'hEXT 14.85 l44.0 | 6.14}43.4 16.30 |44.3 16.31 [39.1 .38
22 £ TT 16.3 (44,0 | 6,14|41.4 16.27 [44.3 }6.31 [30.1 |6.27
23 IX | 34 (43.8 6.38(41.5 |6.61 [43.6 |6.41 |39.4 |6.48
24 | XTI |4.1 |43.8 | 6.38(41.5 |6.55 [43.6 ]6.41 |39.4 |6.48
25 Y- 13.6 44.0 6.6041.7 |6.82 [44.2 |6.54 |38.8 .56
26 II 23.6 44.0 6.60|41.7 |6.82 |44.2 [6.54 |38.8 .56
27 | 1 |3.6 |44.0 | 6.60(41.7 |6.82 |44.2 |6.54 [38.8 .56
28 IX [3.58 [43.9 6.061[42.0 |6.20 |44.0 |6.04 [39.5..{6.06
29 | I |5.68 {43.9 | 9.21}41.7 |9.31 |43.5 [9.03 |39.1 [9.12
30 | IX 14.93 143.9 | 9.21]42.0 [9.30 }43.5 [9.03 139.7 |9.35
31 | 1T [5.96 [43.9 | 9.21{41.7 |9.28 |43.5 |9.03 |39.0 |9.03
32 11T |5.6 43.8 0.22 141.5 19.37 {44.0 |9.23 |38.8 .31
23 4 IT-16.5 143.8 [ 9.22141.2 19.35 }44.0 19.23 [38.5 .00
24 | IT 16.% 143.8 9.22 {41.2 |[9.33 |44.0 |9.23 [38.8 .85
35 : 4.8 43.9 2.902 40-9_ 3.02 |43.7 |(2.73 |[37.9 .08
36 | 1|7.03 |43.9 | 2.93[40.6 [2.95 [43.7 [2.73 |38.2 |2.96
a7 | £ 15.32 143.9 | 2.92141.1 [2.97 143.7 {2.73 [38.0 12.88
38 T 15.32 [3.9 [ 2.92041.1 "12.9%7 143.7 j2.73 "{a8.0 [2.88
39 T 6.06 |44.0 2.90 41,0 |2.95 [44.0 |2.82 |38.2 .85
400 2% 16,77 f3‘9 2.00 40,8 12.87 144.0 12.82 [37.5 12.85
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Table(VII-1.1)

Taest Results

R~-0 passes

(contd. )
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Unguided Sinking

vaatlcan r Dimensions (man)
No.|sett} < |mean values at root of groove
ing
85 o 84 B dopt  Pod Gipl < fie

41 I | 4.8 |43.9 [2. 92[40.9 [3.02 |44.0 |2.82 |39.5 |3.00
42 I | 4.8 |43.9 (2.92 | 40.9| 3.02{44.0 |2.82 [39.5 [3.00
43 T | 6.76| 44.0] 6.15| 40.9| 6.26| 44.3| 6.31 39.0}] 6.33
44 I 6.76 | 44.0| 6.15| 40.9| 6.26| 44.0} 6.15]| 38.3| 6.18
45 I | 5.6 |43.9|6.51| 40.9| 6.73| 44.0| 6.50| 37.5| 6.54
46 | T | 7.3 |43.916.51| 40.8| 6.60]| 44.0| 6.50| 37.7| 6.50
47 T 1'5.5 | 43.9]06.10§ 40,8 | 6.331] 44.21 6.15'| 37,51 6.15
48 T ! 5.5 143.9][6.,10} 40.8 1 6.331 44.21.6.15] 37.51.6,18
49 I |55 143.,9]6.10] 40,8 6,33 44.2]| 6.185] 37.7} 6:19
50 I |6.76|44.0|6.15| 40,9 | 6.26| 44.0| 6,04 | 37.5| 6.06
51 I | 6.57|44.0]6.15)]40.9]6.26| 44.0| 6.04| 38.2| 6.15
52 T 16:4 143,616,151 40,916,271 48,01 6.041 37.71 6,08
53 I 6.4 43.6 [ 6.15]40,9 | 6.27 | 44.0| 6.04 | 38.2 | 6.15
54 : § 6.76 | 44.0 | 6.15 | 40.9 | 6.26 | 44.0| 6.04 | 37.51 6.06

55 X 7:2 43.8 1 9.13]140.8 | 9.33|43.3|8.94| 37.8/| 8.85

56 = O 43.8 9:20 40.8 | 9.33 | 44.0 (9,08 | 38.2| 9,08
57 I [8.0 |43.8 |9.20|40.8 |[9.28 |44.0(9.08|37.8]8.92
58 I | 7.6 |43.8 |9.20|40.9 |9.33|44.0(9.08|37.8/|8.96
59 I 6.04 |43.5 |9.09 | 40.8 9-36ﬂ 44.0 | 9.08 | 37.8 | 8.96
60 | = |6.6 |43.7 |9.05 |40.8 |9.29 |43.3 |8.94 |37.8 |8.85
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Table(VII-1.2)

Taest Nlesults

0~0 passes
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Unguided Sinking

Test|Gap = Dimensions (mm)
No, |settl < mean values at root of groove
ing

do to di t‘l dor tor d?r tTr
61 3 XX-i1.9 41.5) 6.61) 40.3| 6.73| 43.6| 6.41| 38.2| 6.67
62 IX |0.63 41,7) 6.52| 40.5| 6.75| 38.8| 6.56| 38.0| 6.60
63 2.4 40.91 6.271 39.71 6.38| 372.7! 6.05] 37.2| 6.12
64 2 i [ o 40.91 6.26| 39.7| 6.38| 37.7| 6.05| 37.2| 6.12
65 | IX |1.98 | 41,8 6.24| 40.6| 6.34) 39.4| 6.29| 38.8| 6.46
66 I 3.9 40.8 |1 9.29| 39.2| 9.46| 37.8| 8.85| 37.5| 8.92
67 xX 3.5 41,21 9.33| 39.9| 9.42( 43.5| 9.03| 38.5| 9.55




Bimensions

Table (VII-1.3)

Test lResults

R-0 passes
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Guided Sinking

L e - Dimensions (mm) .
No, Isettl % mean values at root of groove
ing
do to dl t1 dor tor dlr t?r
68 | T |5.14 | 44.0[6.13 [41.38] 6.28{44.0 |6.15 |39.4 |616
69 IX |5.14 44.0| 6.13|41.38 | 6.29| 44.0 6.15 |39.4 |6.16
70 II |5.14 [44.0 6.13(41.38| 6.29| 44.0(6.15 [39.4 |[6.16
v I |4.48 43.65| 2.88(40.8 2.96| 44.0(2.82 |[39.5 |3.00
72 E - 13.75 ' 143.7 2.88| 40.8| 2.99| 44.6|2.90 37.8]| 2.95
73 I |3.78 |43.7 2.88| 40.8] 2.99| 44.6|2.90 |37.8 2.95
74 I |7.78 [43.8 | 9.25| 40.8| 9.36| 44.3| 9.23{37.9 | 9.25




Dimensions

Table(VII-1.4)

Test Hesults

0-0 passes
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Guided Sinking

e r Dimensions (mm)
No. |sett mean values at root of groove
ing

do 1:r.) d1 t] dor tor d‘lr t‘lr
75 1% .92 141.9 [6.36 |40.4 |6.46 |39.1 |6.15 [36.6 |6.46
76 I .92 141.9 [6.36 |49.4 [6.46 |39.1 |6.15 [36.9 |6.46
774 T -24 |41.7 [9.35 [40.5 [9.43 |40.5 |8.92 |37.2 |8.96
78 1T .24 [41.7 |9.35 [40.5 |9.43 |[40.5 |8.92 |37.2 |8.96
79 | X .79 [40.8219.36 |39.7 |9.49 [40.8 |9.08 [37.5 |9.09
80 | I .79 140.8219.36 [39.7 |9.49 |40.8 [9.08 [37.5 [9.00
81} 1 .51 139.7 19.49 |39.1 (9.56 [39.7 |9.09 [38.2 |9.11
82 I .51 139.7 [9.49 |39.1 [9.56 (39,7 |9.09 [38.2-]|9.11
83l T .22 [39.1 |9.56 |[38.8 |9.66 [39.1 |9.08 |38.2 |9.11
84 | X .22 (39.1 | 9.56(38.8 [9.66 |39.1 |9,08 |38.2 |9.11




Dimensions

Table(VII-1.5)

Test Hesults

R-0 passes

Stretch-Reducing
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o U o Dimensions (mm)
No, |sett} mean values at root of groove
ing

i s 9 Dowl = Yopl Sapl ey
85 IX| 4.71 |43.9 | 2.92 }44.4 2.97| 44.0|2.82 |38.8 |2.92
86 IT| 4.71 [43.9 | 2.92 | 44.4 | 2.97| 44.0] 2.82 |38.8 [2.92
87 | x| 5.3 l44.0 |6.13|41.9|6.16| 44.0| 6.15(39.1 {6.15
88 IT| 5.3 |44.0(6.13{41.9(6.16| 44.0| 6.15139.1 16,15
89 IX| 5.26 | 43.8 [ 9.20 | 41.6 | 9.35| 44.0| 9.13|39.1 [9.00
90 IX| 5.26 | 43.8 | 9.20 | 41,6 | 9.35] 44.0| 9.13 |39.1 [9.00
91 IT| 5.26 | 43.8 { 9.20 | 41.7 | 9.31| 44.0] 9.13 |39.4 [9.23
92 IT| 5.0 |43.8 9.20|41.7|9.35| 44.0}.9.13 [39.0-.| 8.92
93 IX | 5.0 |43.8 [9.20}41.7|9.35| 44.0| 9.13 |39.0 | 8.92
94 IT| 5.0 |43.8 |9.20 |41.7|9.35| 44.0|9.13 {39.0 | 8.092
95 I |6.94|43.9 |2.92|40.9|2.94| 44.0| 2.82 [38.14| 2.92
96 2 7.0 143.9 |2.98 [40.9 [2.99| 43.4 | 2.88 [38.14 { 2.92
97 I |7.0 [43.9 |2.98 |40.9|2.99| 43.4 | 2.88 |38.14 | 2.92
98 T | 6.46 |43.9 |2.98 |40.8 |3.02 | 44.0 | 2.82 | 37.8| 3.08
99 I |6.46 |43.9 [2.98 |40.8 |3.02 | 44.0| 2.82 | 37.8| 3.08
100 { x* |7.97 |43.9 {2.92 |40.8 |2.91|44.0 | 2.82 | 37.5]| 2.88
101} T |7.97 |43.9 |2.92 |40.8 |2.91 |44.0 | 2.82 | 37.5]| 2.88
102 | T |7.97 |43.9 |2.92 |40.8 |2.91|44.0 | 2,82 |37.5|2.88
103 | T |7.97 |43.9 |2.92 [40.8 |2.91 | 44.0 |2.82 |37.5 ) 2.88
104 | T |7.5 |44.0 6:;5“ 40,9 |6.19 | 44.0 | 6.15 [ 38.1 | 6.16




Table (VIX-1.5)

Test Results

R-0 passes

Dimensions

(contd.) 165

Stretch-Reducing

PO e 2 Dimensions (mam )
No, |setty mean values at root of groove
ing

dn 1:c:; d1 tI dor ton dir t1r
105 I 7.5 |44.0 [6.13 [40.9 [6.19 [44.0 |6.15 |38.14| 6.16
106 X 6.23143.8 16.13 140.9 (6,26 |44.0 |3.00 |38.2 6.23
107 T | 6.,23143.8 [0.13 140.9 16.20 |44.0 {3.00 [38.2 | 6.23
108 I |10.29(43.8 [9.20 ]40.2 [9.20 |44.0 |9.30 |38.2 9.15
109 | I [10.29 [43.8 [9.20 [40.2 [9.20 |44.0 [9.39 [38.2 [9.15




Dimensions

Table (VII-1,6)

Test Ilesults

- 0-0 passes

166

Stretch-Reducing

b ans 3 Dimensions (mm)
No.|settl < |mean values at root of groove
ing
B s 84 Yy Aol tord Y12]| t1p

110 Irl|2.33 |41.9 | 6.16| 40.5| 6.27{41.8916.15 |[38.5 |6.18
111} II|2.33 [|41.9 [6.16 | 40.5]| 6.27(41.89| 6.15|38.5 |6.18
112| I1Il|2.33 [|41.9 [6.16 | 40.5| 6.27|41.89| 6.15|38.5 |6.18
113| I1Ix{2.33 l41.9 [6.16 [|40.5 | 6.27|41.890| 6.15|38.5 |6.18
114 I1[2.96 |41.9 [9.39 [41i.1 9.331(41.88| 9.0 |38.8 |9.13
115| ITl2.96 |41.9 p.39 |41.1 | 9.33]|41.88]| 9.0 |38.8 |9.13
116 | 1T |2.24 [40.8 PR.90 [40.33| 2.87(40.79| 3.08 [36.6 }3.00
117 I |2.24 W40.8 R.90 [|40.3 | 2.87|40.79| 3.08 |36.6_ (3.00
118 | I [1.85 U40.4 |6.46 |40.4 | 6.32(40.446.46 |39.1 [6.48
119 1 [1.85 }40.4 |6.46 40.4 | 6.32 |40.44 |6.46 [39.1 [6.48
120 I [0.99 WKo.9 |6.26 [40.3 | 6.33[40.89[6.23 |38.2 |6.69
121 I [0.99 |40.9 |6.26|40.3|6.33[40.89(6.23 [38.2 [6.69
122 I 3.32 | 40.5 | 9.43 | 39.4 | 9.44 |40.45 8.96 [37.2 [9.15
123 ; 3.32 | 40.5 | 9.43 | 39.4 | 9.44 [40.45 8.96 37.2 (9.15
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Test lesults

R-0 passes
Deformation Unguided Sinking

Velocitics
Tesat E

" or 6, 5 b 5, d L (mm/s)

t
UI/:.:::L’) (wm )  Cram) b 6)" U u

o] { mm ) O 1

Loy

1 0.040 | 11.72| 4.10|1,40|0.065/ 0,027 15.4] 11,0/ 16.4 | 16.8

2 0.041 | 11,76 4.10/1,60/0,030/0.00| 15.4] 14.2]|16.1 | 16.8

3 0.045 | 11.89| 4.10[1,56|/0,067|0.02% 15.4| 14.6|16.5 16.8

4 6.048 | 11.98 | 4.50[1.63[0.070|0.018 7.2{10.2[16.3 |17.0

5 0.046 | 11.92 | 3.90(1.55/0.049/0.021 7.2/9.8 |16.2 |[17.0

6 0.047 | 11.95| 4.25[1.68(0,.036/0.009 7.2|11.,0[16.2 |17.0

7 0.046 | 11.92| 3.40]1,40(0.085/0.012 4.8} 11.9|16.2 |16.7

8 0.054 | 12,15} 3.70/1.62]0,100{0,008 4.8!12.9/16,.2 [16.7

9 0.046 | 11.92| 3.70|1.40|0.049 0.011 4.8/11.8 16.2 136.%

10 0,052 | 12,10} 4.50}2,03/0,025/0,00¢ 15.2}14.6/16.5 |17.0

11 f0,056 |12.21| 4.80/2,13|0,025{0,00] 15,2]16,0]/16.5 {17.0

12 }0.057 | 12.23( 4.80]/2.11]/0,016{0.008 15.2]|15.5/16.5 |17.0

13 |0.052 [ 12,10 5.20(2,00|0,025/0.019 15.1|14.8(16.5 i

14 }0.063 [12.38 | 5.20|2.41{0.025/0.017 15.3]|18.1|16.3 |17.3

15 10,062 |12.36| 5.20|2.39|0.029]/0.040 15.3|18.3/16.3 |17.2

16 10,066 2.45] 5.20{2.51[0,024|{0.033 15.3(17.8[16.3 |17.2

17 {0.058 |[12.26| 4.50(1.96(0.073/0.007 7.3|15.9{16.4 |17.0

18 }0.061 |12.33| 4.60(|2.06({0.091{0.00 |7.3 13.7116:4 117.0

19 0,063 [12.38 | 4.60(2,13]|0.086{0.035 7.3 |13.4/16.4 |17.0

— el

20 [0.076 |12.66 | 5.50|2.5710.057[0.00} 7.2 |17.2]16.2 |i7.1
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Table(VII-2.1) (contd.)

Test ltesults

R-0 passes

peformation Unguided Sinking
Velocities
Teat e = 6 5 Ei_ Bt, c}o Lm (mm/s)
N m i Y =
0. t

(o) (Y Uo UT

(3i/em) | (wm)  (iam) b Sr

21 }0.077 [12.68 |5.20 | 2.60| 0,063 0.01J 7.2 15,5 1 16.2 | 17.1

22 0.078 (12.70 |5.20 | 2.63|0.051 0,008 7.2 | 16.2][16.2 | 17.1

23 0,072 |12.57 |4.20 | 2,30/ 0,100[ 0,017 6.9 | 14.3]| 16.4 =

24 0.07 [12.54 |4.20 | 2.32|/0.074]{ 0.017 6.9 | 13.7| 16.2 =

25 0.08 [12.73 [5.40 | 2.33| 0.006{ 0.004 6.7 | 14.0| 16.5 -

26 0.07 12.54 |5.40 | 2.31| 0,096/ 0.004 6.7 | 12.5| 16.3 =

27 10.07 |12.54 |5.40 |2.31|0.09600.004| 6.7 | 11.8{15.8 | -

28 0.061 {12.33 |4.50 | 2.03/0.0740.004| 7.2 | 15.9| 16.4 | 17.0

29 0.074 (12.62 |4.4 2.22/ 0,046/ 0,02 | 4.8 | 12,1/ 16,0 | 17.0

20 0.065 [12.43 |3.8 1.904] 0,048} 0,084 4.8 | 12.1] 16.0 {17.0

31 0,076 {12.66 |4.50 | 2.24{0.031 0.0 4.8 11,3 16.0 17.0

32 0.078 [12.70 |5.20 | 2,30/ 0.07 | 0,015 4.8 | 14.3 10.1 1 17.3

33 0,087 (12.87 |5.50 | 2.56/ 0,05 | 0.04% 4.8 | 14.4| 16.1 | 17.3

34 [0.085(12.83 |5.20 | 2.51/0.043 0.074 4.8 | 13.6] 16.1 | 17.3

35 0,081 (12.76 |5.80 | 3.07/0.033 0.043 15.0 19.3| 16.0 =

36 0.092 |12.96 |5.50 | 3.33| 0.009 0.044 15.0 18.5} 16.3 e

19 0.076 {12.66 |5.70 | 2.82| 0.018 0.026¢ 15.0 18.1 16.3 —

38 0.076 |12.66 |5.70 | 2.82]| 0.018 0.02&6 15.0 19.4| 16.5 —

39 b.082 [12.78 |5.80 | 3.00/ 0,017 0.00§ 15.2/ 18.5 16.2 o

40 |0.084 [12.81 [6.50 | 2-95| 0.01 o.cos|a5.1 | 183 — | -
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Table(VII-2.1) (contd.)

Test Results

R~-0 passes

Deformation Unguided Sinking
2 Velocities
Test e | o gil g éi. 5., | 95 | Ly |(mm/s)
No. . .
(I-/.-'r.:n(’} (wm) , Ciar) b 6;— 1:0 (i) Uo []1

41 p.081 (12.76 |4.50 |3.00 0,033 (0.040(15,0 (18.8 [15.8 l

42 10.081 [12.76 |4.50 |3.00 10.033 [0.040|15.0 (18.8 [15.8 —

43 P.093 |12.97 |5.30 |3.10 [0.035 [0.004|7.2 |[18.1 |16.0 —

44 P.094 |(12.99 |5.70 (3.11 0,035 [0.005]|7.2 [16.8 |15.9 -

45 10,092 [12.96 |6,.50 |3.03 [0.073(0.006|6.7 [16.3 |16.15 s

46 .096 (13.02 |6.30 [3.10 [0.029 0,00 |6.7 [16.1 [16,2 oy

47 ©.080 |12.74 |6.70(3.12 0,074 ]0.00 (7.2 [16.0 |16.1 -

48 [.080 |12.74 |6.70 (3.12 [0.07410.004|7.2 |15.6 |16.0 | ~—

49 [0.080 [12.74 |6.50 [3.12 [0.074[0.006]|7.2 [16.7 [16.1

§0 [0.093 |12.97 |5.80 (3.03 |0.030 [0.0190}7.1 |18.1 j16.2 [17.2

51 (0.091 |i2,94 |5.80(3.03 [0.039(0.019|7.1 [18.1 (16,2 |[17.2

52 {0.090 |12,92 [6,30(2.99 [0.047 |0.002{7.1 |16.8 {16.2 |17.2

53 Lo.ogo 12.92 |6.30(2.99 [0.047(0.002|7.1 |[16.8 {16.2 |17.2

54 }0.093 |12.97 |6.50|3.10 [0.035]0.003|7.2 [19.6 [15.6 e

55 }0.101 [13.10 [5.50 /3700 |0.067 {0.016[4.8 [16.4 |15.9 |16.8

56 J0.102 [i3.12 |5.802.98 [0.043(0.0 4.8 [16.3] 15.9 e

57 (0.102 |13.12 |6.20(2.97 [0.021(0.026/4.8 [16.3] 15.9

58 10,100 |13.09 |6.20(2,93(0.043(0.019/4.8 |17.8]| 16.0 =3

59 §0.091 [12.94 16,20 2,69 0.078 0.01} 4.8|17.8116,0 —

60 {0.098 {13.05 |5.50| 2.9/0.083/0.016/4.8 [16.5]| 15.9 —
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Table(VII-2.2)

Test Results

0-0 passes
Deformation Unguided Sinking

Velocities

Test Ei o 5, 5 St Str d L (mm/s)

m S i = =

(i -.'.".-.'."id); (wm) _(mm) b _ 6;- it o Uo U1

61 §0,037 |11.61 |5.40(1.13/0.100[0.048| 6.316.9

62 §0.044 [11.86 |0.801.18 |0.192[0.050{6.4 [17.2[16.2

63 §0.041 |11.76 [0.50/1,28 |0.087(1.740|6.5 |13.1|15.4 -

64 j0.041 |11.76 |5.80/(1.20(0.100(0.016{6.5 |11.2|15.5 -

65 }0.060 |11.58 }0.60(1.17[0.085(0.283]|6.7 |10.4|15.8 -

66 }0.060 |12.31 [0.30(1.61/0,106]0.233|/4.4 |14.9{15.7 -

67 10.048 |11.98 | 5.0 |1.34(0.070{0.102|4.4 [15.2[15.5 -
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Table(VII-2. 3)

Test Results

R-0 passes

Deformation Guided Sinking
=) Velocities
Test ém 07 6' 5 _S_L _5_{'_1: dO Lﬂ'l (mm/ﬂ)
N ) & "
o (/mm ) ) (um) .(“”") 2 Sr to (1) Uo U1

68 Pp.078 12.7014.60 | 2.62| 0.057 0.0094 7.2 [13.36] 16.09| 17.06

69 0.078 | 12.70]4.60 | 2.62| 0.057 0.002 7.2 [13.84] 16.09| 17.06

70 0.078 | 12.70(4.60 | 2.62| 0.057 0.004 7.2 (14.16| 16.09 17.06

71 10.075| 12.64(4.50 | 2.83} 0.028] 0.040Q 15.2| 20.8] 14.3 -

72 0.073 | 12.60|6.80 | 2.85/ 0.038 0.00%7 15.2 18.9 16.08| 16,83

73 0.073 | 12.60(6.80 | 2.85 0.038| 0.00% 15.2| 20,1 16.08[ 16.83

74 0.101 | 13.10(6.40 | 2,96/ 0.037] 0.003 4.7 | 16.8 _ 17. 36




Veformation

Table(VII-2.4)

Test

Results

0-0 passes

172

Guided Sinking

elocities
Test g; o7 6, 3 EE, EE; d_ L (mm/s)
R (Hﬁmﬁ);(mm) ﬁpm)_ b 5r to () Uo U1
75 0.045 |11.89 [2.18 [1.45]|0.060{0.142[ 6.6 |9.49[16.06|16. 3y
76 10.045 |11.89 [ 2,18 |1.45(0.069 (0.142[6.6 |10.5416.06 |16.37
77 10.044 |11,89 | 3.30(1,23/0.065(0.012{4.5 ]13.94 16.17 16. 64
78 10.044 |11.89 |3.30(1,23(0.065(0.012(|4.5 |11.64 16.17 16.6¢
79 [0.043 |11.83 |3.30(1.16(0.112/0.003(4.4 |13.03 16.8 |17.15
80 10.043 [11.83 [3.30(1,16 |0.112[0,003(4.4 |14.84 16.8 [17. 15
81 }0.023 (10.97 |1.50(0.60| 0.11% 0.01} 4.2 {12.3q 15.9 [16.29
82 (0.023 |10,97 [1.50 (0,60 |0.117(0.013(4.2 !11.92 15.9 [16.29
83 (0.014 |10.34 [0.90[0.27 |0.370]0.033|4.10[9.10 {16.1 [16, 36
84 0.014 [10.34 [0.90/0.27 {0.3700.033(4.10{9.55 {16.1 |16, 36




- 173
Table(VII-2.5)

Test Results

R-0 passes

Deformation Stretch-Reducing
/1 S Velocities
Test Em O'; 6, g St Bér dO Lm (mm/s)
No . z 5
.- el .\ f o
(1/mm™) } (um) _gmm) Sr to b U0 U1

85 pP.067 |12.47 |5.20| 2.5 ]| 0.02 [0.019|15.0 |16, 11] 15.5 [16.57

86 p.o67 [12.47 [5.20 [2.51 ]| 0.02 [0.019|15.0 [13.45 15.5 [16.57

87 p.065 [12.43 [4.90 |2.11 | 0.014 0.0 [7.2 [13.68 15.52 16.64

88 [P.065 [12.43 [4.90|2.11 | 0,014 0,.0|7.2 |13.24] 15,52 16. 64

89 P.073 [12.60 |4.90 [2.18 | 0.064 0.03(4.8 [14.39 15.63 -

90 [.073 [12.60 [4.90 [2,.18 | 0.069 0.03(4.8 [13.58 15.63 -

91 ©0.070 [12.54 [4.60[2.08 | 0.053 0.02(4.8 |14.64 16.52 -

92 [0.070 [12.54 |5.00 |2.10 | 0.071 0.042 4.8 [13.64 15.40Q 17.18

93 ©.070 |i2.54 |5.00(2.10 [0.071]0.042/4.8 12.8ﬂ 15.40 17. 14

94 %.070 12.54 | 5.00 {2.10 /0,071 {0.042]4.8 {13.2qQ 15.40Q 17.1%

05 10.086 12.85 | 6.50(3.03 [0.007 [0.005]15.0{18.3 - 18.1

96 (0.086 {12.85 |5.30(3.01|.003 |0.008|14.7(18.3| 17.1] 17.9

97 {0.086 |12.85 |5.30]/3.01{0.003/0,008}14.7(19.1] 17.1]| 17.9

08 }0.085 |12.83 |6.20/3.00(0.013{0.042|14.7(17.8 - 17.8

99 {0.085 [12.83 {6.20[3.09(0.013/0,042] 14.7/15.8 - 17.8

100 }0.094 |12.99 | 6.50]/3.15 [{0.003{0.009|15,0(19.6 - -

101 {0.094 |12.99 | 6.50(3.15(0.003(0.009|15,0({16.4 - -

102 {0.094 |12,99 | 6.50(3.15/|0.003{0.009{15.0(15.2 = o

103 j0.094 |12.99 [ 6.50/3.16(0.003}0,000({ 15,0}16.8 - -

e

104 (0.096 13.Q£ 5.9013.12 (0.0190,002 7. 16,2 -

]
[y
-~
.

(%]
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Table (VII-2.5) (contd, )

Test Results

R-0 passes

Deformation Stretch-Reducing
Velocities
Test é o— 8 5 ¥ _Si_ E)h’ dO LITI (mm/s)
No s L ! % e
; (1i/za) | (um) , (iana) Sr to (mm ) U0 UT

105 [0.096 [13.02 | 5.903.12 [0.019 (0,002 7:2 116,40 16,2 -

106 }0.089 |12.90 [ 5,80 (2.95 [0.044 [0.014 14.8(13.24 17.04 -~

107 }0.089 112.90 | 5.80|2.95 {0.044 [0.014|14.8|17.51 17.04 -

108 [0.125 |13.44 |5.80(3.55[0.00 |0.041/4.8 |16.48 17.01 18.3

1109 (0.125 |13.44 |5.80|3.550.00 [0.041{4.8 |18.3§4 17.01 18.3
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Table (VII-2.6)

Test llesnults

0-0 passes

Deformation : Stretch-Reducing
" ~ [velocities |
Test ém 0',; 6, 5 Et_ _E)_*t clo Lm (mm/s )
e (II/.':.-me} (wm) _(‘mm) j b 6;- 1:0 o Uo . U1

110 [0.042 (11.79 |3.39 (1.345 0.08 |0,009|6.8 [17.29 - -

111 [0.042 |11.79 | 3.39|1.345 0.08 [0.009({6.8 |15.37 - -

112 {0.042 |11.79 }3.39(1.345 0.08 [0.009|6.8 |16.40 - -

113 [0.042 [11.79 |3.39 |1.345 0.08 [0.009|6.8 [14.84 - a

114 [0.032 |11.41 |3.08 [0.83] 0.0720.042|4.5 [13.5(14.93 [16.83

115 0.032 [11.41 |3.08 (0,83 ]| 0,072 0.04|4.5 |13.1314.93 [16.83

116 0.023 (10.95 | 4.19|0.446 0.067% 0.02|14.1]11,6416.54 |17.02

117 (0.023 |10.95 |4.19 |0.446 0,07 0.02|14.19.68 |16. 54 17.02

118 §0.024 (11,03 [1.34]0.018 9,3310.015{6.3 |[11.47% 16.1 |{16.26

119 '0.024 11,03 [1.34|0.015 9.33]0.015/6.3 [11.47 16.1 {16,26

120 0.020 |10.79 [2.69(0,.63(0,011(0,171|6.5 |11.84 - -

121 lo.020 |10.79 |2.69[0.63 |0.011|0.171|6.5 |12.68 -~ -

122 {0.039 (11,69 [ 3.25(1.05(0.010/0.058|4.3 |13.6415.46 -

123 0.039 (11.69 3.25/1.05 [0.010|0.058/4.3 |13.5815.46| -




Table (VII-

3.1)

Test Results

R~0 passes

Unguided Sinking

fpst RGF  (kN) Torque (Nm) Holl Precaure ( N/ mm')}
Noe
F H Tots, lu Tl 'It P, Ps Py Dy, .
1 .15]1.1112,25(26.0 {40.7 (66,7 | 4.33|3.8714.65 |5.54 | 4.60
2 }1.1911,03/2.22119.2 (43,5 162.7 4.62 |3.10(5.81 /5,87 |4.85
3 .19/1.03/2,22131.6(37.3(68.9 | 3.88/3.94 ({5.87 [5.32 498
4 §2.61(2.72]/5.33/66.7(80.2 [146.9] 5.31|5.05/8.96 [4.99 6.07
5 .76]2.7215.48165.5183.6 {149.1] 4.57|5.60(7.46 4.37 | 5.50
6 .0512.65/5.30({74.667.8 [142.4] 5.21]{4.29(7.42 |8. 18 6.27
7 {5.0714.8619.93{132.2121,5253.7 6.80{9.1212.412.72 | 9.44
8 -9114.71/9.62]100 [155.4255.4] 7.38/9.53{12.53 NC |9.81
9 14.76]4.57/9.33/85.9/157.1 24.3 8.32] 10.3]13.64 nc | 10.76
10{1.38(1.25/2.63!32.8148.0/80.8 | 3.84/3.96|5.54( 5.7 | 4.76
11 .50(1.36/2.86(38.9149.7(88.7 | 3.79(4.43{5.29| 5.19 4.67
12 -46(1.44/2.90{40.7{49.2(89.9 4.99 | 4.27|5.21| 4.03 4.62
13 .32(11.21/2.52139.0({35.6(74.6 4.90 | 3.97|5.2816.72 I5.22
i4 +77|1.6213.39145.2/59.9105. 1 5.27|4.55(5.43(4.67 | 4.98
15 .8111.69({3.50[/51,4/58.8{110,2] 5.01|4.29(4.79(3.52 | 4.40
16 .8111,69] 3.50)51.4|57.1(108. § 5.05/4.5214.87(3.77 | 4.55
17 .53/3.46]6.99/98,3|101.% 200 |6, 35| nc 7.59 8.1517.36
18 .61/3.50(7.11/90.4|110,% 201 5.95( 7.12 7.99! 9,02|7.52
19 13.53{3.39/6.92{92.1|101.7 194 15.45| 7.08 7.90| 8.6417.27
20 .03/3.87{8.90/103 i13o 2343 6.38{6.0719.0016,21 16.94 J
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Tent

Recults

R-0 passes

{contd. )
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Loads Unguided Sinking
ji >
Test§ RSF  (kN) Torque (Nm) Foll Pressure ( N/ mm®)
No.
F H Tot. Tu Tl Tt P, P5 Py Y P
21 14.0%3.7517.82 [77.9 153.7|231.7] 6.20|7.92 {8.60 8.87 |7.89
22 | 4.03| 3.87|7.90{90.4143.4233.4| 5.30|56.52 |3.68 B.40 17.22
23 1 2.46]3.23|5.69]77.4[105.3182.7} 5.01/4.94 [8.18 [7.72 [6.46
24 §{2.48)2.7615.25/71.8|93.2[165.0{ 4.71|4.4216.19 [9.10 |6.11
251 2.55/2.82|5,37|58.8/98.3157.1] 5,32|5.01(7.91 8.98 |6.81
26 | 2.49|2.76{5.25/68.9|87.6 [{156.5! 5.232|5.75|7.74 8.21 |6.76
271 2.88|2.65/5.53/61.6{88.1149.7 5.95[{6.40|9.72 [5.60 |6.92
28 | 3.11|3.42!6.53(92.1{118.7210.8} 4.83|4.24{5.72 |6.797|5.40
29 { 5.60] 4.78] 10.4185.9[{210.4296.1} 7.13 6.24|12.5|6.92 | 8,95
30| 5.531 4.93] 10,5106 }177.4284 7.61 8.24(11.22.83 | 9,02
31} 5.53| 5.01} 10,5106 (191.9298.1] 6,95 8.81|12.24.14 | 9.32
32 ] 6.03] 5.52] 11,6{106 |228.4338.7 6.63]9.23|11.75 12.7| 10,0
331 5.915.71) 11.6/137.3191.9 329 6.58 9.17|11.7}12.6 | 10,01
34 1 5.60] 5,97 11.6}143.5191.9335.416.4319.29 | 11.2[/8.40 | 8.89
3511.7711.7313.50163.3141.8 105.1}15.03[4.00 | 5.53(6.37| 5.23
3611.8811.84(3.7263.9(66.7 [130.64.08 [3.93 | 5.40/6.59| 5.00
3712.0311.9914.02|58.5 (81,6 [140.1[4.1913.17 | 5.34|4.81| 4.38
3811.94(1.82[3.76150.5|80.5 131.0/4,764.34 | 4.60{4.01: 4.45
39{2.17|1.84]4.01150.9 |73.5 [124.4{5.07 14.23 | 5.27{5.58 | 5.04
40{2,181.85(4.03 {55.4 {66.1 121.5}5.30{4.13 | 5.29{5.79 | 5.14




Table (VII-3.1) {contd. ) 108

Teat Results

R-0 passes

Loads Unguided Sinking
Fad
Test] RSF (ki) Torque (lm) #0ll Pressure ( N/ mm )
Noe
F B Toet. Tu Y Tt P, P> Py Py p

41 11.85 1.79 3.64 3.1 |59.3 112.4 4.9113.9615.50[8.52 |5.72

42 11.75 .73 13.48 §0.9 |56.8107.7 5.04|4.10(5.38 |6.64 |5.29

4312.94 13.56 H.50 |84.8 [130.0[214.8 4.86] 5.58/5.31|7.17 | 5.73

4413.0513.4016.45 98.0 [117.8|215.4 5.20 4.53|6.63(11.14] 6.70
4513.403,6317.03185.9 [135.6{221.4 4.63 5.15/8.43|9.41| 6.91

tn

4613.4013.70(7.10 |84.8 [152.0{236.8 5.72 4.89{8.01|10.78] 7.35

4713,8713.58 17.45 184.8 |137.6|222.4 6.33 6.20|8.05|8.89 {7.39

4813.64 13.34 16.98 [78.8 [124.9{203.% 6.09 6.34]/8.22(|8.07| 7.18
49%13.90(3.67 |7.57 187.2 [135.6]222.8 6.00 6.30(8.54(7.41 | 7.06

5014.73 |4.38 9. 10 124.913940#263.9 6.65 6.38{8.9219.76 | 7.93

5114.51 |4.23 (8.74 [106.2/151.4§257.4 6.65 6.23|16.96(11.49| 7.83

5214.70 |4.38 [9.08 |104.5[159.9|264.4 6.42| 7.26]/8.0819.48 | 7.81

5314.72 |4.36 {9.08 [104 p60.0(270 6.40; 7.28|8.05(9.51 | 7.81

5414.64 |4.38 9.03 [129.4/160.5]/289.9 6,93 6.11|8.16}5.03 | 6.56

5516.00 |6.67 {13.6 [182.5p31.2 413.# 7.4318.96(13.0112.17] 10. 39

5616.32 16.77 {13.09{176.3190.9(367.4 6.74| 8.31|14.0811.63| 10. 18

5717.03 .67 [13.700169.7p23.8({393.4 6.70| 10.8|13.4¢ 1i91| 10.69

5816.,95 (6.83 [13.78!186.1211.9|398.Q 6.88] 9.34{12.49 13.5} 10. 56

5917.06 16.81 {13.87[199. 1204.6{403.7 6.97| 9.42|13.84 10.1} 10.09

60 17.11 17.03 114.14[180.4R19.2}399.4 7.50 10.2]| 12,

r2

14.4 + 11.0%




Table(VII-3.2)

Test Results

0-0 passes

Londs Unguided Sinking
‘,_)
Test R3F (kW) Torgue (Ra) Roll Precsure ( N/ mm )
No.
P 5 Tot. TU ll Tt 5)1 pz p_:s P p

61 }1.52(2.33/3.8573.5164.4 [137.9}9.46 |nC Ne NC 9.46

62 §11.4111.7913.20157.6 |64.4 122.0]9.69 | NC NC NC 9 46

63 12.6313.02(5.65159.3 [112.4| 1717}6.76 |10. 93| NC NC 8 85

64 }3.1312.85]5.98 |102.8] 84 8| 187.4}9.17 | NC NC NC 9 17

65 §j2.30(2.2814.58 [48.59 78 5/127.117.28 | 9.44|NC |NC [8.36

66 }6.32|5.30(11.6 |184.21187.4| 272 {12.1§ 11. @[ 13.3|Ne 12. 18

67 §6.5314.93]11.5172.9/195.6| 368.5§13.71] 10.9] 11.0] 8 40l11.06
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Teast Results

R-0 passes
Guided Sinking

e
RSF  (kN) Torgue (lm) Roll Pressure ( N/ mm")

-1
-3
-3

F (5. Tot. u 1 i P1

.82 [2.60|5.42 [70.6 B3 6 |154.2]5.57|7.36[8 690 B.34 |7 49

.2.98|2.89{5.87{81.4|84.8 |166.2}6.10|7.35(8.10 B.89 |7 61

.78!5.83/70.6]90.4 |161.0} 6.10|7.04 [9.06 |8 61|7.60

[

3.05

1.94]1.68|3.62|52.0]62.2 |114.2} 4.613.82|5.31 | 3.60{4.33

1.79|1.68]3.47]/61.0152.5(113.7|4.78|4.231|5.08 | 6 52|5.15

2.06/1.86{3.91165.0166.7 |131.71 4 8714 36 (5 30 }4.00 |4 63

6.54|6. 14| 12.68191. §103.2384.7| 6.40{10.9 |13. 56 10.9210 47
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Test Results

0~-0 passes

Loads Guided Sinking
Test§ RSF . (kN) Torque (lim) Poll Pressure { N/ mmP)
!"'0 -

F H Tot. T, Y Tt Py P, Ps Dy p

76 12.3612.49(4.85174.6 [64.4 139.0}4.41[6.16 {9.32| NC [6.63

76 |2.49(2.63]5.12(73.5 |76 8 [150.3]6.43 6.04 | 9.83] NC |7 43

77 14.5413.95/8.49(98.3 |135.6{233.9{8.71]12.02 12. 5] NC (11 06

78 {4.3113.87|8.18}104.5115.8[220.3]7.51(11.12| 7 58| NC |8. 74

79 1 4.40|4.00{8.40|131.1130.00261.1|10.9¢9 96 | 6 54| NC {9.16

80 {4.40{4.00/8.4 |131.%130.0261.1}10.1¢11.33 NC NC (10.71

81 | 3.5113.14/6.65|79.71(88.1 [167.8{9.65]13.65 NC NC |11.65

82 [3.51]3.14]/6.65]|79.7(88.1 [167.8| 10.4312.1§ NC NC ~|11.29

83 1 2.8612.39/5.25|54.2{48.0 {102.2}10.1112.27 NC NC |11 20

84 | 2.86{2.39|5.25|54.2|48.0 {102.2]9.80(14.23 NC NC |12 01
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Test Results

R~0 passes

Londs Stretch-Reducing
2
Test] RSF  (kN) Torque (Km) Rol)l Pressure ( N/ mm' )

F B {Tote} T R 8 P, P> P3|l ey | p

85( 1.29 1.10 2.39/39.6/40.7|80.34.90 [4.44]5.7216.99 |5.51

8610.84|0.7311.57136 2|31.6 [67.8 }14.7914.54 |5.82 |5.56|5 10

87/3.05/2.78(5.8385.9|85.3 [171.2}5.65|6.05 8.85 |7.2416.95

88}2.59|2.05{4.64|88.7198.3 [187.0]/6.076.95 B.12 |NC 7.05

89} 6.02|4.75[10.77128.3157.1285.4|7.66 |10. 46| 13.81| 3. 44 {10. 65

90{4.23{3.66]7.93(102.8153.7256.5{8.08 [8.07 [11.44]|NC 9.20

9115.4114.76({10.140.0 [0.0 0.0 [4.45|8.40 [10.27]9.96 (8.27

9215.3414.79(10.13120.9120.9241.8|7.77 |10.65013.6214.67'(9. 18

9313.96|4.06|8.02(74.6 174.6 149.216.74 |8.09 11.69|NC [8.84

9414.124.06(8.18 {74.6 {74.6 [149.2|7.15 [8.65 [L1.81|NC" |9.20

95}1.60(1.32(2.92|0.00 22.6 [22.6|4.86 |4.13 [2.99|5.63 4.41

96§2.52|1.50(4.02 |59.3 | 54.8{114.14.81 | 3.86|4.91(4.00 l4.42

97}1.9111.76 |13.67 |0.00 | 28.3|28.3|3 95|4.08{4.36|3.64 §4 01

08 |1.98 [1.90 [3.88 |70.1 [57.1 [127.2}4.42 [4.28 | 4.25{4.28 |4.31

99}0.95|1.32(3.74174.8 |60.5 [135.3}4.86 |4.15 | 4.69/5.12 }4.70

100|1.91|1.83|3.74151.4 [48.0 | 99.415.64 | 4.8114.94 |4. 45 1. 06

101 4.87 | 4.24]5.5815.18 | 4.97

102 | l i , i . 1.8:4311.8715.8615.32 |4.12

103 10.99(1.02 (2,01 163.9i83.1| 347 | 3.16/2.43|4.88 |5.90 |4.09

104 14.46 | 4.02| 8.48 148.0114.%262.1 5.8216.56(8.58 [8.60 |7.30




Table(VII-3.5)

Teat Results

R-0 passes

183

Loadsa Stretch-Reducing
Tast] RaF  (k¥) Torgue (!m) Roll Pressure { N/ ——
KNo.

F o Tote Tu Tl Tt P, Py Py L p_
10504.04|3.51|7.551107.4112.4219.8{7.7718.11 8.01 |9.93|8.46
106} 4.39(3.95(8.341126.6120,90247.515.9116.23 (7.46 |6.88(6.62
107} 3.89013.36|7.25]0.00|0.00 [0.00 {5.52]|4.91 16.96 .84 |6.30
1081 4.7314.61(9.34(0.5. [0.S. [0.S. 16.52|8.78 19.46 |2.03(8.15
100} 4.7314.61]9.34]0.S. |0.S. |0.S. |7.16!8.63 8.41 | NC |[8.07
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Test Results

0-0 passes

Loads Stretch-Reducing
Test R3F  (kN) Torque (lim) Roll Pressure ( N/ mm?)
?“Ot

F o] Tote | T, S P, B b Beobiwn o

110§1.7911.7613.55 {57.1 65.0 {122.1}9.57| NC | NC |NC |9.57

111} 1.45|1.53/2.98]065.5(83.1 |148.6] 6.41| NC NC NC 6.41

112§ 1.53{1.53(3.07|59.977.4 |137.3] 10.5% NC NC NC 10 59

113} 1.2011.32|2.61|54.883.6 |138.4} 9.19| XNC NC NC 9.19

114} 3,59|3.29]/6.88|0.00(0.00 [0.00 [8.32|11.69 NC NC 10.00

115/ 3.59{3.07{6.66{27.1(20.916.2 <1 9,40|10. 34 NC KNC 9.87

116} ©.68|0.59/1.27122.6|21.5 |44.1 | 7.85| NC | 6.05| 5.64]6.52

117{0.08/0.29]/0.37/11.3]18.1 2;.4 6.45| NC ‘| 4.65| NC "'|5.54

1181 2.2112.05/4.26]70.1(63.3 [133.4]{5.95(9.18 | NC NC 7.56

119} 2.3612.01/4.37|58.21(75.7 |133.9]6.13(9.36 | NC NC 7..20

120} 1.68|1.39|3 07]|11.3(21.5[32.8 | 7.00{6.40 | NC NC 6 70

1211 1.91(1.68|3.59{19.2 {22.6 {41.8 |7.7416.84 | NC NC 7.29

1221 3.89|3 87|7.761112.4105.1217.5|9.38|13.69 NC NC 11 54

1231 3.51{3.00{6.51}101.7128.3230.0}8.17 |11 71| NC NC 9.94




R-0 basses

Table (VII-4)

Stretch~-Reducing
Applied Tensions

0-0 passes

Test BT rT
No | (kN) (kN)
85 [0.00 0. 00
86 {3.31 2.30
87 10.00 0.00
88 3.84 2.98
89 [0.00 0.00
90 | 3.72 |3.50
91 | 0.00 |2.98
92 | 0.00 |0.00
03 14.77 14.99
94 14.20 14.43
95 0:00 1V1.37
96 |[0.00 |0.00
97 Fo.00 |1.37
98 10.00 [0.00
99 §3.31 2.34
106 §0.00 {0.00
107 §0.00 |[2.16
108 j2.75 [8.78
109 {2.75 [8.78

Test BT FT
No (kN) (kN)
110{ 0.00 |0.00
111 0.48 |o0.00
112§ 0.67 |0.00
113} 0.67 |0.00
114 { 0.00 |[2.56
115} 0.00 |2.56
116 { 0.00 |0.00
1171 2.67 3.07
118 § 0.00 |0.00
119 { 0.00 |0.00
120 | 0.00 |1.79
121 12.10" 12,84
122 {0.00 [0.00
123 13.72 2.82

185
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(VIII-1) Pin Protrusions

Examination of the surface of the rolled tubes
often showed that when the pin length was adjusted to
be flush with_ihe surface of the roll, a small rod of
metal was pushed into the orifice thus compressing the
pin.. The length of the extruded rod was measured under
a travelling microscope, It was found to be of the
order of 25 e Therefore, the pin was made to prot-
rude above the surface of the roll by this amount, so
that at full load it was flush with the surface and
gave a more representative indication of pressure. This
feature is believed to be reliable provided that the small
pin protrusions before and after the full load was reached
did not affect the performance of the loadcell,

Smith et al (25)

have shown that small pin prot-
rusions of up to 25{pm had little effect on the results
of .the pin loadcells, This was verified by tests of the
same nature carried out in this investigation,

Fig. (51) shows the results of these tests for the
pin at the root of the groove. Together with the results
for the other three positions, pin protrusions of between
15 ym and 25 i had little effect on the recorded pre-
ssure distribution., At first the bottom roll was
selecteod to accommodate the pin loadcells but it was
found that even the weight of the tube under static
conditions, caused the pins to respond, In particular
the static pressure measured by No. 1 pin was significant

but, when rolling tube, this effect was less noticeable,
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since the weight of the tube was applied to the whole

area of contact as well as to the pins. Nevertheless,
to eliminate this effect, the design of the experimen-
tal mill was changed to enable the pin loadcells to be

embecdded in the top roll,

VIIT-~-2) Back Extrusion

The presence of particles of rolled metal in the
annular clearance between the pin and its orifice usually
" results in increased frictional force between the pin and
the corresponding surface causing zero drift, hysteresis
and a reduction in the rate of response. Consequently,

a change in the shape of the recorded pressuré distrib-
ution curves takes place which varies with the amount of
metal extruded between the pin and the orifice.

To investigate the extent of this problem,the pins
were removed from the orifices and checked for extruded
lead after one pass, 10 passes, 30 passes, and finally
after more than 100 passes. Also, the pressure distrib-
ution curves for these tests of identical rolling
conditions after different numbers of passes and before
and after re-assembly were checked for zero drift, shape
of curve and area under the curve, In so doing, allowance
was made for non-~uniformity of the tube wall thickness
and surface conditions.

Results of this investigation showed that although
lead particles were found to exist on the surfaces of the

pins and in the pin orifices they did not affect the
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performance of loadcells significantly, After more than

100 passes, the pin loadcells showed no zero drift and
little change occurred in the area under the curve,The design
of the pin(fig. (25)p.90) might have contributed to this,.

(VIII-3) The effect of using PVC disecs

To prevent the rolled metal from being extruded in
to the clearance between the pin and the hole Palme and
MacGregor(27} used metal washers to cover the pin tip.
Also, Cole(I) suggested the use of, and employed; smadl
PVC discs on top of the pins, i.e. as caps, In the case
of Cole's tests, the pin loadcells were calibrated in
situ with and without the discs and little difference
was found to exist between the calibration curves for
each case, However, now it is believed that, hecause
of the use of a pin-to-pin method of calibration, the
effect which the size and thickness of the discs had
on’ the recorded pressure distribution curves, could noct
be irrevocably established, (see fig.(32)p.103). It was
decided therefore to investigate such an effect.

A number of test-pieces was cut from the same tube
and rolled through the same gap, i.e. under the same
conditions, with PVC discs, of 3.2 , 6.4 and 9.5 mm
diameter, cut from the same PVC tape, on top of the
pins as caps. The pins were flush with the surface of
the roll., The results of some of these tests are shown
in fig.(52). A change in the shape of the curves and
in the magnitudes of the pressures is noticed, It is
also noticed that the smaller the disc the biggexr the

change. An explanation of this phenomenon may be that
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when the diameter of the disc is large in comparison
with the size of the pin, it becomes part of the surface
of the roll and the increase in the reccrded pressure is
caused by the pressure needed to indent the !'lump' into
the tube wall, But, when the disc is small in comparison
with the size of the pin, it represents an extension of
the pin and the increase in the recorded pressure is
caused by pin protrusion as shown in fig. (51) . In both
cases, the increase in recorded pressure will depend on
the thickness of the disc, fig. (53) shows the effect

of thickness of the disc on the recorded pressure, i.e.

the effect 1s similar to an increase in pin protrusion.

(VITI-4) The Arc of Contact and the Free Zone:

In strip rolling, and in the absence of roll
flattening, the horizontal projection of the arc of
contact can be calculated simply from geometrical
considerations, If R fig. (54), is the radius of the
roll, and b is the difference between the initial and
final strip thicknesses, then Lg is 3

e 8?
Ié =,f§§ neglecting -

4

In the strip rolling process if the value of %; is
compared with the measured value %} s the differenceis
small and is due mainly to roll flattening and the elastic
recovery of the strip. The effect of these two factors
is to increase the measured length %y yl.e. the ratio
(46)

.

Lo Lﬁrwill be greater than unity
m &
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Fig. (54)
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195

However, in tube rolling and sometimes in billet
rolling,the measured length %} is usuvally smaller than
the calculated length I‘é; and the ratio Ifu / If—’; is less
than unity. The reason for this is that deformation is
not restricted to the gecmetrically reconstructed de-~
formgtion zone but also occurs elsewvhere, e.,g. deformation
starts at point A, fig. (55), instead of at point B. Due
to this deformation the firat point of contact between
the surface of the tube and the roll is delayed to point
C instead of B .

The zone of deformation between points A and C will
be referred to as the "free zone", while that betﬁeen
points C and the exit plane D will be referred to as
the "contact zone",

The measured length %1°f the arc of contact was
calculated from the base length of the pressure dist-
ribution curves, allowance being made for the finite
width of the pin. Fig. (56) represents the relation-
ship between the ratio I / Lg and the d/ t ratio for
different drafs §. It can be seen that %1 is always

smaller than I'é’

A ita

Shveikin and Ivshin mpted to find a
theoretical solution for the problem of pre~contact
plastic deformation. It was stated that this deformation
unquesticnably influences the process parameters, in
decrensiné the area of contact between the metal and

the roll. It should be noted however, that the analysis

was for upsetting tubes between dies the shape of which

was not given,
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The authors assume that the generatrix of a tube

varies along a parabolic curve of the form fig. (57)

L]

AT = a X
X

Accordingly the radial velocity of a poeint on the surface
of the tube in the pre~contact zone is derived. .
The total work of plastic deformation is assumed
to be made up of three components:
- the work of the internal forces in the pre-
contact zone,
- the work of the internal forces in the
centact zone,
- the work of frictional forces at the contact
zZone ,
The authors then state that tests on lead tube, have
shown that the length of the pre-contact zone is in-
dependent of the length of the die, hence the differen-
tials of the increments of plastic work at the seat of
deformation with respect to the length of the pre-
contact zone vanishes, Solving the given equations
by computer gave the ratio of the length of the pre-
contact zone (L) to the tuﬁe diameter (d) as a complex
Tunction of the tube dimensions. degree of deformation,
rate of deformation and the mechanical properties of
the metal, Compariso; was made between calculated wvalues
of L / d and test data obtained in upsetting lead tubes,
The calculated ratios L / d were lower than the values
obtained in the tests and the reason given was that they
only included the plastic region and did net include the

elastic deformation.
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No reasons were given for the choice of the shape
of the generatrix of the ocuter surface of the tube as
a parabola,

Furthermore, the applicability of this solution to
to tube rolling was not discussed although it was implied
that the method of analysis applies to the actual process
of tube rolling.

In another paper (48) Ivshin and Shveikin were
concerned with obtaining formulae for the variation in
the wall thickness of the tube and the rolling torque.

In so far as the free zone is concerned, the authors
apply the solution obtained for upsetting tubes in their
previous paper‘(47) to determine the shape and ‘extent
of the pre-contact deformation in the case of tube
rolling. They divide the whole of the deformation zone
into two zones fig. (58) : a pre-contact zonme T and a
contact zone JI, As in (47) the genen%rix of the outer

surface of the tube in zone I is assumed to be:

By

I
D
A
M

and the generatrix of the roll ( zone II) is given as:

%= L 2R

The wvertical velocity of the tube outside surface ¥, is

written as

v = =har xj
T 1 -T?J v
N - =
— Lol v
L % 4 R

where v is the horizontal wvelocity of the tube in ths

neutral section. At point A ;, the boundary of the zones,
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Fig. (58)
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2
LE
v = v and the radial deflection A1 = ar -
4 I‘j_{ 1 -2_-]3

from these equations a relationship between H & L

is found :

Later in the analysis R is called the rolling radius of
the roll and is taken as the arithmetic mean of the two
rad4i  at the root of the groove and at the shroud i.e.,

8 ‘A

R o= 2

2

Gulyaev et al (5) in a paper mainly concerned with
the design of oval grooves base their analysis on
Shveikin & ZIvshin's (47) method of accounting for the
pre~contact deformation, They also state that in reduc-
ing and sizing tubes the actual seat of deformation is
"much" larger than the geometrical zone, consisting of

(47) .

the pre-contact zone and the contact mone as in

In a paper by Fogg (49)

on redrawing of cylindrical
cups through conical dies, he takes account of the pre-
contact plastic deformation which takes place in the
absence of pressure sleeves,

The phenomenon is similar to that occcuring in tube
rolling. Fogg assumes that the path of all particles
passing through the free zone is a true radius which
makes the plastic work dene in this zone a mininmum,
Elements passing through the zone undergo bending,
radial drawing,; and them unbending before they come in

contact with the die. Thus according tc the mindimum
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specific plastic work hypothesis, R_the radius of the
free zone, will assume a value which satisfied the condi-~-
tion:
G TSR e T
KE“ r b u
where y. , wb & w are the components of specific plastic
n u

work due to radial drawing, bending and unbending respec-

tivily, He arrives at an expression for Rf.in the form:

i

v
K J3 (1 ~ cos )

R (VIIX.1)

£

where ; see fig;(sg)
H and T, are the wall thickness and outer radius of the
cup prior to bending, X is the die angle.

Fogg shows that the calculated value of R, is in good

¢
agreement with the test results.

To investigate this phenomenon in the present work
tubes were rolled for half of their length and, when the
rolls were statioﬁary, the gap between them was increased
te allow the withdrawal of the tube, The profiles of
the outer surfaces of the tubes, at the position
corresponding to the root of the‘groove, were projected
and traced., Data on the points from the projected
profiles were read into a computer to establish the
equation to the best fitting curve, An equation to a
circle of a radius approximately equal toRT s See Fig.
(55) , was found to fit the points with adequate accuracy,
To confirm this, ares of different radii were superimposed

on the projected profiles. Again it was found that the
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a Redrawing gecmetry.,
b Element ia tree zone.
¢ Minimum condition. .

Fig- (59) Redrawing through a conical die
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arc of radius equal to Ri.fitted most satisfactorily.
Therefore, (putting P = R, in fig.(SS} )

m g

¥ 2

Reference to fig. (56) shows that a Qalue of L Vi %;
of 0;71 (i.e. = ) agrees satisfactorily with that
-
from the experimental curves. Consequently, the shape
of the tube at the root of the groove is confirmed as
ogee in form of which both parts are arcs of circles,

If the arc of contact is replaced by a chord, then
the equivalent die angle is equal to half the angle of
contact ., The angle of contact for the tests mentioned
above was approximately 16’. Applying Fogé's eqn. (VIII, 1),
for R, in the case of tube rolling with d/t = 7.0 and
t = 6.htmn,Rf.= 147.5 mm which is an overestimate of
the value of Rp found in the tests, However the calcu-
la£ed value of Rf.from Fogg's expression compares
favourably with the test result for contact angles above
1hoand also for thin tubes as shown in fig.(60). Also

the shape of the free zone was similar to that suggested

by Fogg.

(VIITI-5)Torque sharine and the arc of contact:-

Ideally the total rolling torque sheuld be equally
shared between the two rolls but as tab}e(VIII.l) shows
this had not been the case, In general it seems that
more than half the total rolling torque was transmitted
by the bottom roll., This may be due to the tendency

of the tube to bend downwards thus increasing the area
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Torgue Sharing and the Arc of Contact
Porque
¥ mim mr mm
1 1.28 20.24 11.94 [15.31 |0.59 0.76 0 78
2 1.61 20 24 14.20 {22.90 10.70 1.13 0.62
3 1.09 20.97 14.62 | 15.89 |[0.70 0.76 0.92
4 Tl 21.20 10.24 {11.38 |0.48 0.54 0.90
5 1.14 19.74 a7 110 | 0.49 0.56 0.88
6 0.96 20.49 10.96 [10.54 |0.53 0.51 1.04
7 0.96 18.43 11.92 |11.46 |0.65 0.62 1.04
8 1.28 19.23 12.88 1 16.851 10,69 0.86 0.78
9 1.43 19.23 11.79 |16.84 |0.61 0.88 0.70
10 1. 22 21,20 14.58 |17.78 [0.69 0.84 0.82
11 | 1.14 |21.90 | 16.00 [18.18 [0.73 |0.83 0.88
12 1. 11 21.90 15.53 {17.26 10.71 0.79 0.90
13 0.96 22.8 14.8 |14.15 |0.65% 0.62 i.05
14 1.16 22.79 18.08 [21.02 [0.79 0.92 0.86
15 1.06 22.39 18.26 [1i9.43 |0.80 0.85 0.94
16 1.006 22.79 17.84 |18.098 0.78 0.823 0.904
17 1.02 21.20 15.88 |16.20 [0.75 0.76 0.98
18 111 21.44 13.74 [15.27 |0.64 0.71 0.90
19 1.04 21.44."._:;;37 13.93 -‘0.62 0.65 0.96
5 20 b 1.14 “23.44 _ ¥7+ 21 ;9.56 0.73 0.83 0.388




Table(VIII.1) (contd,) ,

Torque Sharing and the Arc of Contact

Torque
¥ e mm ma ¥
21 1.47 22.79 | 15.52 | 22.82 | 0.68 1.00 0.68
22 1.28 22.79 | 16.12 | 20.67 | 0.71 0.91 0.78
23 1.19 20.49 | 14.26 | 16.98 | 0.70 0.83 0.84
24 1.16 20.5 13.65 | 15.87 | 0.67 0.77 0.86
25 1. 35 23.293 13.96 18.86 | 0.60 0.81 0.74
26 1.14 232.2% | 42.52 |} 14,23 |0.54 0.61 0.88
27 1.22 23.2 1. 76 14.34 11081 0.62 0.82
28 1.14 21.2 15.9 18.20 | 0.75 0.86 0.87
29 123 20.97 112.00 {20.84 | ©.58 0.99 0.58
30 1.35 19.49 | 12.08 | 16.32 | 0.62 0.84 0.74
31 1.39 21.20 | 11.32 Li1§.72 10.%64 0.74 0.72
32 1. 56 22.79 L. 14.25 | 2%2.27 410,68 0.98 0.64
33 1.10 23.44 14.39 17.383 10.6% 0.73 0.84
34 ;A L 22.79 4 13.60 }15.81 |0.60 0.69 0.86
a5 0.83 24.07 |19.25 |16.04 |0.80 0.67 1.20
36 1.02 23.44 | 18.46 |18.84 |0.79 0.80 0.98
37 1.19 | 23.86 18.05 |21.49 '|0.76 0.960 0.84
38 1.28 WEET; 19. 44 24.92-_ 0.81 1.05 0.78
29 1,22 24.1 18.52 |22.59 -6.77 0.94 0.82
40 1.09 25.5 18.2 19.06 ~;i?1 0.78 A Dogre,
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Torgue Sharing znd the Arc of Contact
Torque
i s ;igﬁiig L La i% %% %@ =
41 1.06 21.2 i8.8 | 19.90 0.89- 0.94 .94
42 1.06 21.2 18.8 19.89 | 0.89 0.94 .08
43 1.28 23.0 18.1:1°22.92 | .0.79 1.00 .79
44 1.1 23.9 16.8 | 18.50 | 0.70 0.77 .91
45 1.28 25.48| 16.25| 20.83 | 0.64 0.82 .78
46 1.39 25.09| 16.14| 22.42 | 0.64 0.89 $72
47 1.32 25.87| 15.95( 20.99 | 0.62 0.81 .76
48 1.28 25.9 15.64| 20.05 | 0.60 0.78 .78
49 1.28 25.5 16.68| 21.38 | 0.65 0.84 .78
50 1.06 25.48| 17.56| 18.68 | 0.69 0.93 .94
51 1.22 24.07}| . 18.09| 22.06 1 0.75 0.92 .82
52 1.25 25.09| 16.76| 20.95 | 0.67 0.83 . 80
53 1.25 25.09| 16.76| 20.95 | 0.67 0.83 . 80
54 3o 11 25.5 10.6 21.95 | 0.77 0.86 .89
55 1.14 234 16.4 18.59 | 0.70 0.79 . 88
56 1.04 24.07] 10,261 16.94 | 0.68 0.70 .96
57 1.16 24.89' 18.421 17:93 | 0.62 0.72 .86
58 1.06 24.89 17.77 | 18.90 0.71 0.76 .94
Mﬂg;-rm'1.02 24.2é £;;85 16.17 { 0.65 0.67 . 98
6O “m1.11 _-ggtﬁd 16.47 ] 18.30 | 0.70 0.78 . 90




Table (VIII,1)(contd.)

Torgue Sharing and the Arc of Contact
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?orqge
Woo | Faowor | 16 | w4 | | In
¥ min mm mm
61 | 0.94 23.23 116,890 }15.93 073 0.69 1.06
62 | 1.06 8.9 172 18. 30 1.93 2.05 0.94
63 | 1.43 7.4 ¥3.11. 118,73 1.85 2.67 0.70
64 | 0.91 10.9 11.2 10.2 1.03 0.93 1.10
65 | 1.32 74 10.40 |[13.68 1.35 127 0.76
66 1.00 24:07 114.91  [14.91 0.62 0.62 1.00
67 1.06 22.4 15.16 16.13 0.68 Q.72 0.99
68 | 1.09 21.4 13.36 | 14.59 0.62 0.68 0.92
69 | 1.02  |21.4 |13.84 |14.13 | 0.65 | 0.66 | 0.908
70 | 1.14 214 14.16 - ]116.1% 0.66 0.75 0.88
71 | 1.09 212 20.8 22.84 0.98 1.-08 0.91
72 | 0.93 26.1 18.86 |17.55 0.72 0.67 1.07
73 | 1.02 26. 1 20.07 [20.33 0.77 0.78 0.99
74 | 0.75 25.3 16.81 12. 50 0.66 0.49 1. 35
75 0.03 14.8 0.49 8.84 0.64 0.60 1.07
76 1.02 i4.8 10.55 10.79 .24 0.73 0.98
77 - 1.19 18.2 13.96 16.61 0.7? 0.91 0.84
78 | 1.06 18.2 11.66 [12.29 0.64 0. 68 0.95
79 1.00 18.2 13.03 12.98 0.2 _0.71 1.00
80 1.00 18.2 14.86 14.80 0.82 | 0.81 1.00




Table (VITT.1)(contd.)

£

Torgue Sharinp and the Arc of Contact
Torque

Test Sharing gt ¥
Noe Factor lg Lm Lm £_m;_ -;-:'--Il ;Ijﬂ‘
oS mm i i & 6 @
81 1.06 12.2 12.30 | 12.95 1.01 |, 1.06 .95
82 1.06 12.2 31.92 1 12:55 0.98 1.03 .95
83 0.94 9.5 9.10 g.58 0.96 0.90 .06
84 0.94 9.5 9.55 9.00 1.01 0.95 .06
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of contact between the bottom roll and the tube and
reducing the area of contact between the top roll, which
carries the pin loadcells, and the tube. The torque is
directly proportional to the area of contact as can be

seen from the relationship:

=R . A 2T (VIII.2)

T/per roll

Therefore if the area of contact between the tube
and both rolls were not equal, then the torque transmitted
by both rolls cannot be equal,

Equation(VIII,2) above also shows that if the frictional
stress C was not the same in each roll, then the torque
sharing will be affected. As explained in the experimental
procedure , great care was taken in cleaning and degreasing
the tubes and rolls to ensure identical conditions on
both rolls as far as possible., It is therefore more
likely that the difference in torque sharing between the
two rolls has resulted largely due to the change in the
areas of contact. And since the area of contact is
proportional to the length of the arc of contact, the
difference in torque sharing indicates a difference in
the length of the arc of contact between the two rolls
and the rolled tube,

HHence the arc of contact measured from the pressure
éistribution curves represents the length of the arc of
contact on the top roll only (Lu) i.e. L =1L
To determine the average arc of contact for the two
rolls a correction factor, which is a function of the
torque sharing factor, should be applied, Therefore the

length of the arc of contact corrected for torque sharing-
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*

£ dis egqual to :=-
m

#* e
I = L. b (VIII, 3)

where

Total torgue

ﬁ' is the torque sharing factor =
2 x torque of top roll

Values of %1 are listed in table (VIIXI,1) and
comparisons between %} and %: and %] are also listed
in the table,

It can be seen from this table that %} is greater

than %1but they are both still smaller than L, The

g

s 2 & <l i *
average values of the ratios Ifn/l’g and T, / L, from

table are as follows:

L/l = 0.66 “ (VIII.4)
*
Iﬁi/Lg = 0,78 (VIII.3)

The foregoing discussion shows that when using the
pin loadcells traces to determine the arc of contact
then a correction factor,due to the variation in torque
sharing between the two rolls, should be applied,

To demonstrate the relationship between terque
shariné and the measured length of the arc of contact two
tests were carried out, The first was a normal test
with the tube free from external influence while in
the second test the end of the tube was lifted up to
increase the area of contact on the top roll which
carried the pin loadcells,., The resulits of these two tests
are summarised in table (VIII.2).

It can be séen from this table that as a result of

~

inereasing the area of contact (i.e.the length of arc of
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contact(%}) on the top roll, torque sharing was signifi-
cantly influenced. The corrected length of the arc of

¥*
contact %1 =X %h for the two tests is practically the

same ,
Table(VIII.2)
Measured Normal test |Influenced
quantity test
RSF (kN) 5.0 6.1
T (Nm) 162.7 182.,5

¥
'1:]/ T 0.48 0.85

¥ 1,04 0.59
Lo (mm) 13.16 21,45
%1 (mm) 18,711 12.66

(VITI-6) The Pressure Peak and the Neutral Zone

Fig. {(61) shows typical pressure distribution curves
for the threed /t ratios used throughout the investigation,
Other curves Are shown in appendix(C ), It can be seen
that the points of maximum pressure fTor the first three
pins 1,2 , and 3, lie near the entry plane while for
pin no. 4 the point of maximum pressure lies near the
exit plane, This is partly due to the presence of the
free zone. To bend the tube wall along the arc AC,
fig.(55) , a moment is required., This moﬁent is supplied
by forces acting radially at point C. It is averred
that the effect of such forces, in addition to the
rolling pressure, increases the pressure on the roll,

that 1s on the pin loadcsllis, at this plane,
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Due to the ovality of the groove, the radial draft 6}at
the root of the groove varies with the groove angle ©,
see fig.(ﬁz) and (63) « The magnitudes of the forces
causing the bending of the tube wall depend on érand on
the d/t ratio, The draft 6rhas a maximum value at

@ = 0, i.0., where pin 1 is situvated and a minimum

value near the edges, i.e. where pin 4 is situated.

It would follow,therefore, that the free zone would

have a maximum effect on pin 1, resulting in a high
pressure peak at entry, and minimum effect on pin 4 ,while
pins 2 and 3 are affected by differing amounts depending
on the draft 6rat the corresponding groove angles. For
a high d/t ratio, i.e. a thin-walled tube, the tube is
most readily deformed and pin 4 is likely to be affected
to' some extent by the frese zone, fig.(61~-a).

Pin 1 however, does not produce such pronounced
peaks, and the following explanation is offered for this
phenomenon., As the tube enters the gap, it first contacts
the groove at a point between the root and the shroud .,
In which case, the angle 6 of the point of first contact
will depend on the ovality of the groove and the dimensions
of the tube and the groove. This results in a relative
movement betweon the groove surface and the tube which
can be resolved into two components, namely a horizontal
component in the axial direction, and a tangential
component, The effect of the first component will be
discussed later. he tangential component results in a
surface stress in the tangential(tube hoop) direction
produced by the roll on the workpiece acting in the

direction of increasing 6. The effect of these stresses
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at the root of the groove is to decrease the normal
pressure i.e. radial pressure of the tube on the roll
especially at entry., Therefore the increase of pressure
at entry for pin 1 due to the free zone is counteracted
by a decrease due to the surface hoop tensions, The
complete shape of the curves connecting the undeférmed
to the deformed tubes corresponds to that necessary for
least total work.

To corroborate this gqualitative analysis experiment-
ally, foils of steel and copper, 25 pm thick and( 50 x 10Q mm,
fig.(64) , were held on the surface of the tube during its
passage through the groove, The frictional cenditions
between the rolls and the sheets were of course different
from those between the rolls and the lead tubes, but
the foils were so weak by comparison with the lead that
they were found to demonstrate the effects discussed.

The rolled sheets were examined and the results
proved to be very informative. As can be seen from fig.
(64) the ends of the sheets corresponding to the root‘
of the groove in the entry =zone failed under hocp tension
whereas the sides failed under axial tension.

In addition to the effects of the free zone and
the surface tractions on the behaviocur of the pin load-
cells, it is necessary to consider the effect of the
variation of the relative wvelocity between the rolls
and the tube with variations in the angle 08, Analysis
of this effect is based on the assumption that the mean
tube velocity in the direction of rolling is constant

in any plane normal to the tube axis,
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The relative wvelocity Vr is the difference between
the horizontal projection of the peripheral velocity of
the toli vhat any point on the groove surface, and the
mean tube velocity at the corresponding plane. The
velocity of the entering tube g)is constant across the
entry plane., The horizontal projection of the peripheral
velocity of the rollv}lhowever, varies with the roll
radius R which in turn varies with © , fig.(63-ﬁlTha
minimum value of“vhwill occur at the root of the groove
where R = Rris a minimum. As I%}s assumed constant,
only at a single value for the roll radius R at the
plane of entry will v

h
radius will be termed"the effective roll radius" at the

equal the tube velocity Uo This

entry plane R,

eQ
= .6
W coscign =4 (VIII.6)
U
Thus, R = O (VIIX.7)
* 20
aJcosq%\

From fig.(63~a}),the corresponding groove angle @ is:

R - R
= 008 (1 - S8 Xy (VIII,8)

5

Similarly, at the exit plane, where¢p:= 0

(C)
eo

WR =U, (VIIL. 9)
el
where: Qﬂ_ = the effective roll radius at the exit plane,
U1 = the outgoing tube wvelocity
Yy
R . S (VIIX, 10)

el uJ
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But from the continuity condition,

UOA = q a = constant (VIII.11)

A and a are the cross-sectional areas of the tube

at entry and exit respectively.

A
g Uo i (VIII.12)

If r is the reduction in area per pass, then:

A=—-a
e ' (VIII.13)
A
Uo
and U1 R (VIII. 14)
hence : Uo
PR e (VIII.15)
and the corresponding groove angle q51 43 3
Bv ~ Xk
= ™
Be 1 = cos (1=- ) (viiz, 16)
T
&

Accordingly, the deformation zone could be divaded

into three zones with respect to the goove angle €, fig.@3)

Zone L G = 0 to & =8
eo

There the relative velocity vr is negative at every
point along the arc of contact within this zone, that is,
the velocity of the tube exceeds the velocity of the roll,
Consequently, the frictional forces are unidirectional
and correspond to the exit side of the deformation =zone
in f£iat Tolling.

Zone IX © =0 to @
where Vr equals =zerxro at some point along the are of

contact, depending on the value of &, This point moves



222
from the entry plane for 6 = Oeoto the exit plane for
8 = qﬂ. This zone, therefore, corresponds to the whole
of the deformation zone in flat rolling for every angle
0 within 1it.

Zone ITIT © = 6 to ©
eo m

where Yr is always positive and the frictional forces
are unidirectional. This zone corresponds to the entry
side in flat rolling.

For most round-towcval passes, the value of eeo
was about 36) whereas 931 was about 50D + Bearing in
mind that the groove angles for the four pin loadcells,
fig«J25a), were : 91 = ﬁ, 92= 22.5;, 63= h; and eh=;67.53
pins 1 and 2 will almost certainly fall inside zone T
giving an exit side type of pressure distribution with
neutral points outside the deformation zone, i.e, imaginoary,

Generally, pin 4 falls inside zgpe III giving an
'entry side' type of pressure distribution while pin
3 falls inside zonell giving a neutral zone inside the
contact zone, Fig. (63) represents the relationship
between the tube mean velocity and the horizontal
componenf of the roll speed at different positions round
the groove, The continuous lines postulate Vh at
different groove angles, The intersections of the dotted
line, with the four lines representing vy at groove angles
corresponding to the positions of the four pin loadcells,
give the position of the neutral point(N.P.), for each
pin loadcell with respect to the entry and exit planes.,

Comparison between the predicted position of the
neutral points, fig. (63), and the measured values,

fig.(ﬁl). show that the trend is the same in both cases,
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It appears that the effect of the free zone, which
is to increase the pressure on pin 3 at entry, is higher
than the pressure peak due to friction.

So far, only the direct effect of the variation of
the tangential velocity of the roll with the groove angle
© has been discussed, The contribution of this effect
to the understanding of the behaviour of the pin load-
cells has also been explained,

Let ﬁs now consider the indirect effect of this
variation on the behaviour of the pin loadcells, If
the tube is considered to be assembled from radial elements
of hoop thickness, rd® then because\qlincreases with ©

unfil at 6 = © it exceeds the mean tube velocity at

el?
all points along the arc of contact, the radial elements
inside zone III tend, under the effect of unidirectional
friction forces, to move faster than those elements in
zones I and II. This tendency increases as O increases,
Fo? elements within zone I the reverse situation applies
and the mean velocity of the tube is higher than V. Thus
the opposing unidirectional frictional forces will tend
to slow down the elements within this zone, This
tendency increases as @ decreases., The overall result
is the creation of longitudinal stresses between the
elements, Thus elements of the tube in zone I will be
subjected to an equivalent front tendion which increases
as © decreases, and elements of zone III will be subjected
to an equivalent back tension which increases with the
angle 0,

It is known that the effect of the front tension on

the contact pressure in flat rolling is to decrease the
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area under the pressure distribution curve and to shift
the neutral point towards the entry plane. The back
tension also decreases the area under the curve and
moves the neuvtral point towards the exit plane.
Reference to the pressure distribution curves of
fig. (61) and appendix ( € ) show that thié argument is
in accord with the observations. Also, examination of
the ends of the rolled tubes showed that the metal in
the vicinity of the shrouds of the rolls led that rolled
by the root of the groove, Consequently, these observations

support the above qualitative analysis,

Cole (1) also observed the occurrence of the pressure
peak near the entry plane,as can be seen from fig. (65),re-
produced from his work. However the pronounced peaks in fig.
(65) were observed more in the present work for thin tubes,
as can be seen from the pressure distribution curves in

Appendix (C).
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(VITI-7) Roll Pressure

A selection of tracings of actual pressure distribution
curves for various rolling conditions is shown in Appendix
(C). The shape of these curves has been discussed in section
(6) of this chapter. Figs(66) and (67) show the distrib-
ution of roll pressure around the groove for different gap
settings, do/to ratios, and pass type. These figures show
the tendency of the pressure to increase with the groove
angle @ from a low value at the root of the grocove to a max-
imum value somewhere around 4§Jto 65°for gap setting I i.e,
condition of complete filling of the groove. When complete
filling of the groove does not take place, viz., gap sett-
ings ITI and III, then the maximum occurs at 450and the pre-~
ssure decreases for values of 6 greater than 4§i For gap
setting TIT pin no.4 did not make contact with the thick
tube. as can be seen from tables (VIII.3)and(VII.3)for tests?,8
and 90.0n the other hand for the thin and medium thickness .
tubes contact was maintained for all the pins because for
relatively thin tubes, the tube is most readily deformed.

One observes from table (VIII.3)that for the R-0 passes,
mean value of the pressure lies between the readings of pin
2 and 3 being closer to pin 2 in most cases. In cther words
the mean roll pressure occurs at a groove angle of between
25 and 40 degrees.

For 0-0 passes, fig(66) show that the distribution of
the pressure around the groove is different as might be
expected. For unguided sinking, fig. (677=a) orly pin 1 made

contact with the tube. As reported in chapter(IV) difficulty
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Gap setting I

Fig.{gg -a)
Distribution of the roll pressure round

the groove

phase I; R-0 pass



n
(5]

Gap setting IIX

Fig. (66=b)

Distribution of the roll pressure round

the groove

phase I, R-0 pass



Gap setting II1X

Fig. (56 -c)

PBistribution of the roll pressure round

the groove

rhase I; R-0 pass



Gap setting IX

Fig. (67-2a)
Digstribution of the roll pressure
round the groove 4

(Oval-to-0Oval pass)



// Gap setting I

Fig. (67-b)

Distribution of the roll pressure

round the groove

(Oval«to-Oval pass) |

-
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was encountered in preventing the tube from rotating round

its axis in this type of pass. By comparison with the guided
sinking 0-0 case, fig.(67—b),where contact with other pins
took place, the use of the pin loadcell results for the un-
guided sinking(0-0 passes only) is restricted. It is believed
that the guided sinking case is a more representative ogne of
the true state of stress between the tube and the rolls. For
this reason the ungmided sinking 0-0 tests are not included

in the comparison between test results and theoretical pre-
dictions shown in table (VIII.3). When using the Russian theo-
ries, the following points were borne in mind:

a) the coefficient of friction for Vatkin's and
Kirichenko's theory was taken to be 0.25 as recommended
by Vatkin (33).

b) L in equationsvyy,4 and VI, 68 was replaced in the cal~
culations by L: *the measured length of the arc of
contact corrected for torque sharing and the finite
width of the pin.

¢) mean tube dimensions were used in all the theories.

d) t, the wall thickness of the tube, in Vatkin's and
Kirichenko's expressions, which was assumed by the
authors to remain constant, was replaced by to .

e) in the case of Kirichenko's expression, a point at
the root of the groove {(i.e, € =0) in the middle of
the contact zone (i.e, x;:L/Z) was considered.
Therefore Kirichenko's predictions of the roll
pressure should be compared with the reading of pin 1.

£) C@ the angle of contact has been calculated from

the expression:

> = LY IR



233

In the case of the proposed theory (Energy method) the

following points were considered in the calculations:-

a) Gc , the maximum groove angle of centact for the R-0
passes was calculated according to equation (IV.2),
chapter {IV). As for 0-0 passes of phase II, the
number of pins in contact with the tube was taken to
determine Gc. A value of 66,was used in the calculation.
It should be noted that small variations in Bc have
littlie effect on the calculated roll pressure.

b) ¢, the maximum angle of contact was calculated from

o= TR,
c¢) the frictional stresses in zones 1 and 2 were ass-
umed the same, hence the shear factorswl and n, were
assumed equal, i.e, mg o= m, = ;
The shear factor m when set to zero, i.e, frictionless
condition, should result in a lower bound solution. This
is the upper value for each test in the last column of table
VIIT, 3.0n the other hand, setting m to 1.0 gives the condition
of complete sticking between tube and rolls which should
represent an upﬁer bound solution. This is the lower value
in the last column (Energy method) of table(VIII. 3).

The actual pressure should idedly lie between these two
limits.

Table (VIII.3) and fig. (68~a~b-c) show the comparison made
between test results and the theoretical predictions, All
the theoretical predictions should be compared with the mean
roll pressure B with the exception of Kirichenko's which

.

has been calculated for the position corresponding to pin 1
P p & p
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and should therefore be compared with Py

Tt can be seen from fig. (68) that p  falls inside the
two limits of the Energy method with the exception of a few
cases, particularly for thick tubes(dO/to:=4.8). This in
fact means that if the shear factor m is set at the right
value between zero and unity, the proposed theory would predict
the actual mean pressure satisfactorily. It has been observed
that setting m=0.5~0.75 gives good correlation with the
majority of the test results. Althcugh it may be possible
to measure the frictional stress with some degree of accuracy
it may be suffiﬁient for practical applications to calculate
the lower and upper limits of the mean pressure. If this is
so ,then the Energy method can prove useful for estimating the
pressure,since by comparison with the other three theories
its predictions are more accurate. The table shows that the
predictions of the three Russian theories are close to the
predicted lower bound of the proposed theory.

Fer thin tubes, the three theories seriously under-
estimate the roll pressure while the correlation improves
for the medium thickness and thick tubes but remains an under-
estimate for 211 cases, Cole(l) noted that these three
theories gave poor correlation with his test results ( see
chapter(VI). section 4), the theoretical predictions being
lower than the test results.

When tested against Cole's results, the Energy method
gives a lower bound similar to the predictions of the other
three theories and an upper bound which varies between about

1.5~3 times the lower bound,depending on the reduction in
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area. For the high reduction tests the upper bound is some
1.5 times the lower bound, while for the low reduction tests
the upper bound increases in relation to the lower bound.
Cole's results indicate that the recorded pressures for the
low reduction tests were higher than these for the high
reduction tests. The Energy method indicates that friction
contribution to the total roll pressure is greater for low
reductions and also for thin tubes than it is for high
reductions and relatively thick tubes. The test results of
the present investigation show that there is little change
in the recorded pressure for the three gap settings and fig.
(74) shows that for the thin tube there is hardly any change
in pressure with r% . An explanation for this phenomenon is
readily supplied by the Energy method,viz., friction cont~
ribution is high for small reduction of area. This result
is npt surprising since for very light reductions, as in
the final few stands of a tube rolling mill, most of the
pressure exerted by the tube on the rolls would be due to
friction

In brief, the comparison between the test results and
the predictions of the available theories shows that the
Energy approach proposed here represents a suitable alter-
native to the eqilibrium approach in the case of a complex

problem like tube rolling.
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12 L Energy Method:
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Fig. (68-a)
Comparison between Measured and Calculated
Roll Pressure

{gap setting III, R-0 pass)
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Roll Pressure

239

Comparison between Test Results and Theorelical Predictions
Measured Pressure (N/mma) Theoretical Predictions (N/mma)
Test
No. Shveik. " Kinuch- | Energy
Pq P, p3 P, pm & Vatkin enko Method
(un. - PRV E
1 4.33 | 3.87 |4.65 | 5.54 [4.00 |1.70 1.79 1.60 8. §2
2 [4.62 [3.10 {5.81 |5.87 |4.85 |1.09 |[-1.88 | 1.45 é:gg
2.19
3 |3.88 [3.94 |5.87 [5.32 |4.75 |1.73 |-1.82 | 1.62 | g o9
4.40
4 5.31 | 5.05 |8.96 |4.99 |6.07 {4.00 -3.79 3.95 9.23
.41
5 |4.57 |5.60 |7.46 |4.37 |5.50 [3.90 |-3.77 | 3.03| &:%6
4.17
6 |5.21[4.29 [7.42 [8.18 |6.27 |3.96 |-3.76 | 3.97 | g 44
6.706
7 |o.80 |90.12 [12.41/2.72 |9.44 [0.53 |-5.70 | 6.40 | 17
699
8 |7.38|9.53 112.53] NC |9.81 }6.70 |=-6.00 | 6.26 11.51
6.76
9 |8.32]10.3 |13.65 NC |10.76}6.51 |[-6.00 | 6.07 11_;3
: 1.89
10! {3.84 |13.96 { 5.54| 5.7 | 4.7601.77 |-1.89 | 1.65 | o.67
1.96
11 3.79 | 4.43 §.29[ 5.19( 4.6741.79 ~-1.01 1.66 6.47
12 |4.99 [4.27 | 5.21] 4.03| 4.62{1.79 |-1.90 | 1.68 | &'o%
15 |4.90 1397 | 5.28] 6,720 5.2201.97 |~2.84 | 1.72 | & 22
1.96
14 |5.27 14.55 | 5.43 4.07) 4.98/1.81 |-1.94 | 1.61 | 6.03
15 |5.01 [4.29 | 4.79] 3.52| 4.40j1.81 |-1.92 | 1.04 é:%é
1.0%
16 |5.05 |4.52 | 4.87] 3.77| 4.55{1.82 |-1.92 | 1.67 | 5 os
[ ] 4.27
17 6,35 | NC 7.59 8.1§ 7.364.09 |-3.98 | 3.85 | 9,00
4 .30}
18 | 5,051 72.12| %.99 9,020 7.524.14 |-3.98 | 3.93 9. 20
19 | 5.45|7.09| 7.99 8.64 7.2714.15 |-3.95 | 4.01 g:gi
3 b 1
20 [6.38 [06.07 [9.090 [0.21 |6.94 {4.32 |-4.24 | 3.90 §j§§
L =B 3 et
. ! 4.48
21 {6.20 | 7.92 [8.60 |8.87 |7.89 §14.33 {-4.34 | 3.70 | B.16
i % Lower beound solutiocn

it

Upper bound solution



Table (VIII, 3)

Roll Pressure
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Comparison betwecen Test Results and Theoretical Predictions
1 2
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ik Measured Pressure (N/mm>) Theoretical Predictions (N/mn>)
22 [5.20 [6.52 [ 8.08| 8.40] 7.22| 4.33 |-4.28 | 2.85 | 7.05
23 [5.01 [4.94 | 8.18] 7.72| 6.46) 4.53 |-4.31 | 4.21 | 482
24 |4.71 l4.42 ©,19| 9.10] 6.11} 4.49 |-4.206 4.25 g;i
25 |5.32 [5.01 | 7.91| 8.98| 6.1 4.74 |-4.58 | 4.29 | 354
20 [5.32 |5.75 | 7.74| 8.21| 6.76| 4.060 |-4.306 | 4.49 3;23
27 |5.95 |0.40 | 9.72| 5.60| 6.92| 4.066 [-4.306 | 4.48 3:33
28 [4.83 [4.24 | 5.72| 6.79| 5.40| 4.11 |~4.07 | 3.77 3:3:
29 17.13 |9.24 (12.51f 6.92| 8.95}f 0.98 |[~6.50 | 0.16 13:2;
30 |7.61 [8.24 [11.19| 2.83| 9.01} 6.83 |-0.20 | 0.40 18:3%
31 [6.95 [8.81 |12.19| 4.14| 9.32] 6.99 |-6.20 | 0.70 |,7-%4
32 16.63 19.23 [11.75]12.7 (10.07) 7.09 |-6.62 | 6.07 13:23
33 16.58 19.17 111.72112.5810.01] 7.21 |-6.41 0,78 1g:i§
34 16.43 [9.29 [11.2 [8.40 | 8.89] 7.18 [-6.32 | 6.89 13:1;
35 15.03 {4.00 }'.5.53(0.37 | 5.23}f 1.93 |-1.90 | 1.83 ;:gg
36 |4.08 |3.93 | 5.400.59 | 5.00{ 1.94 |-2.02 | 1.81 | %52
37 |4.19 [3.17 | 5.34|4.81 | 4.38] 1.89 |-2.02 | 1.68 | %:0Z
38 [4.70 |4.34 | 4.70|4.01 | 4.45} 1.89 |-2.07 | 1.58 ;:32
36 |5.07 [4.23 | 5.27|5.68 | 5.04] 1.89 |-2.03 | 1.065 5. a8
40 |5.30 4.13 5.29(5.79 | 5.13} 1.8 |-2.00 | 1.74 gj;g
41 |4.91 |3.90 | 5.5008.52 | 5.720 1.03 |-2.01 | 1.74 g?gf_-

4z [5.04 410 | 5.38[0.0a | 5,20} 1.93 |-2.01 | 1.7 | 2:93
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Roll Pressure

Comparison betuween Test Results and Theoretical Predictions

Measured Pressure (N/mme) Theoretical Predicticns (N/mma)
Test
No. Shveik. Vatkin Kinch~ | Energy
p’] pa p3 Pll- }’Jm (':efn enko Method
43 |'4.80| 5.58 | 5.31|7.17 | 5.73] 4.45 |-4.43 | 3.83 g-gg
44 | 5.20] 4.53|0.03[11.14 | 6.70] 4.40 |-4.29 | 4.14 g:gg
45 | 4.63] 5.15| 8.43]| 9.41| 6.91| 4.81 |-4.02 | 4.25 | 4.73
8.30
46 | 5.72| 4.89 | 8.01 [10.78 | 7.35 ) 4.78 |-4.09 | 4.106 3.22
47 | 6.33| 0.29 | 5.05| 8.89 | 7.39 | 4.40 |-4.25 | 3.87 g:;z
48 | 6.09| 6.34 | 8.22|8.07|7.18| 4.40 |-4.23 | 3.93 3;32
49 | 6.00 | 6.30 | 8.54 ] 7.41| 7.06| 4.40 |-4.27 | 3.85 g-gg
50 | 6.65| 6,38 |8.92)9.76 | 7.93| 4.45 |-4.29 | 4.12 ;-gé
51 | 6.65]6.23|6.96 [11.49 | 7.83 | 4.43 |-4.38 | 3.88 ;:gg
: 4.46
52 | 6.42 | 7.26 | 8.08|0.48 | 7.81}4.46 |-4.37 | 3.96 Sk
4.46

53 | 6.40 | 7.28 | 8.05|9.51 | 7.81|4.46 |-4.37 [3.96 |, s

54 |6.93|6.11|8.16]5.0316.56|4.45 |4.40 | 3.90 4:46

55 7.43 | 8.96 [13.01 [12.17 [10.39 | 7.33 |-6.50 6.74

56 | 6.74 | 8.31 14.05 [11.63 [10.18 | 7.38 [-6.47 |6.99 |7-93

9.77

, 7.07

57 |©6.70 10.80 113,40 [11.91 [10.69 | 7.35 |-6.52 |6.89 |g 67

58 |6.88 | 9.34 12.49 [13.50 }0.56 § 7.35 }6.57 |6.74 3233

59 6.97 | 9.42 13,84 {10.10 10.09 | 7.24 [-6.30 | 6.87 g‘gz

60 7.50 [10.20 |12,.20 [14.40 n1,07 §7.26 [-6.41 6.67 18:3?

‘‘‘‘‘ i 4.50

68 5.57 {7.36 {8.69 18.34 |7.49 14.33 [4.09 4.19 8.04

G . ! & :

69 |6.10 |7.35 |8.10 |8.89 |7.61 [4.33 [4.08 |4.21 |30
I i e e R e S

70 [6.10 | 7.04 |9.06 |8.61 |7.60 {4.33 |4.14 |4.11 |5 04
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Measured Pressure (Hﬁnma) Theoretical Predictions (N/mmz)

Test
Noe« Shveik.| y . . | Kiuch- | Energy
o b, b, | v g Yatran ek | Method

_Oun :

21 | 4:61 13,821 85.3113.60] 4.33] 1.88 [-2.0¢ | 1,62 g-g%
72 4.78 | 4.23 |1 5.08| 6.52| 5.15}1 1.80 |-1.93 1.76 é:gz
73 | 4.87| 4.36 | 5.30| 4.00 | 4.63] 1.89 |-1.96 | 1.69 %:21
74 | 6.40[10.90 |13.56 |10.98 |10.47 | 7.41 |-6.27 | 7.44 g:gi
75 | 4.41]6.16 { 9.32| NC | 6.63]|4.39 |-3.88 | 4.43 32?2
76 | 6.43 | 6.04 1 9.83( NC | 7.43| 4.39 |-3.94 | 4.37 giﬁg
77 | 8.71 [12.02 [12.50 | NC [11.06| 7.03 |-6.12 | 6.54 1§.§%
78 7.5¥ 111,12 | 7.5841 NC | B.74.} 7.03 1=5.91 | 6.91 1§‘§2
79 [10.96 | 9.96 | 6.54| wc | 9.16]7.23 |-5.95 | 7.02 | 3:28
80 $10,10 311,33 | NC NC [10.71} 7.23 |-6.04 6.87 1?:33
81 | 9.6% |13.65 | wnc NC [11.65} 7.00 |-5.66 | 6.77 13:23
82 110.43 [12.16 | NC NC [11.29} 7.00 [~5.66 | 6.77 15:13
83 f1o.11 fr2.27| xc | mc frz0] 6,77 |-s.21 [6.96 | 073
84 0.80 (14.22 NC NC [12.01 ] 6.77 |-5.22 6.74 13;3;

Tests 75-84 are phase II, 0-0 pass

HC = Ne Contact
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(VIIT--8) Effect of do/t-> _and r% on the loads

- s

Figs. (69) , (70) and (71) show the variation of torque, RSF
and pressure with the d_ /t, ratio for the three gap settings usal
in the tests. Figs. (69) and (70) show thet as the ratio do/to
decreases the torque and RSF increase rapidly which is to be
expected as the conditions apprecach those of the rolling of a
solid bar. However the variation of the mean pressure with do/%
is less steep for small values of d,/t,. Ideally the variation
cf the mean pressure should be similar to that of the RSF
particularly since the area of contact varies little with do/to'
This difference in behaviour between the RSF and mean pressure
curves could be ¢itributed partly to some lack of response on the
part of the pin loadeells for high values of preﬁaure. This
phenomenon has alsc been observed when comparing the measured
RSF with that calculated from the mean pressure and the area of
contact as will be discussed later. It could also be responsible
for the low values of torgue calculated using the lever arm
concept for the thick tubes also discussed later,

Figs, (72) , (73) and (74) show the variation of torque,

RSF and mean pressure with the percentage reduction of area for
the various d /¢  ratios.

The variation of loads for the thin tube with r% is small
compared with that for the thick tube.

It can be seen from these graphs and figs. (69), (70) and
(71) that do/to is a more significant parameter and its in -

fluence on the rolling loads is more pronounced than that of

r% .
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VIIT~ The Rolline Torque
A simple methed of estimating the rolling torque is that
based on the concept of the lever arm as used in flat rolling.
In this method the roll separating force P is assumed to be
acting at a distance(a) from the roll centre as in f£ig. (75).
The torque per roll therefore is:

T/roll = P,a Seeusone e AVIXEAT)
and for a twe roll stand, the total torque becomes:

T, = 2P.a cesscerses (VIII, 18)
the distance(a)is known as the lever arm and is usually expressel
&8 a ratio of the arc of contact.

- Thus
a=(a/L).L
= A L  eeseeesess (VIII, 19)

substituting for(a)from (VIII, 19) into (VIII.18) we get:-
: T,= 2PAL sroavassine hVIEL 20)
N is ﬁormally assumed to be equal to 0.5 in hot flat reolling.

This method only gives an approximate value ¢f the torque
and its accuracy depends on A which will obviocusly depend on
the rolling conditions,

Due to the simplicity and common use of this method, )
has been calculated for the present tests from equation.(VIII.Zo)
from measurements of torque, arc of contact and the roll
separating force as shown in table (VIII.4).

The table gives three values of )\ for each test i.e,

?lemand }ﬁi.
These three values correspond to the three lengthsof arc

» .n- L3
of contact Lg g Lm and Lm in the expression :-
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Fig. (75)



252

A = Tt/ZPL
i.e,
’Aﬂ = Tt/zPLg ; PV P Lt N 2 & go el i
R Tt/szm ; 5 suh e wn ke s AVETT 90
and
Na =t fam PR SO ) T

The reason for including the three values of A is to
stress the importance of considering the arc of contact care-
fully before chasing a value of A . It can also be seen from
the table that \,,is nearly equal to one which indicates that
the pressure peak at entry observed in the tests and discussed
earlier is characteristic of tube rolling.

Now to calculate the torque from knowledge of the mean

roll pressure we must first calculate the roll separating force

and its vertical component from the pressure.

dp =Pm .cos 0 erqarg doe. cos aooocu.aoouo.(VIII¢24)

where R do. rgde is the elemental surface area.

da O

“m

IR :ﬁ-ﬁm Ry rp cosdpcose do dop cescossos (VITL, 25)
< o

— ...‘.....(VIII.Zé)
P =2 P, R, o~ sin<p  sin 0,

Hence the total rolling torque is
. = : ) ee e 0o me s VIII.Z
T, =4 P, R, Ty s.infbm sin Elc./\ L ( 7)

Since in practice it is easier to calculate the length
of the arc of contact from geometrical considerations i.e.,
Lg ; this value will be used in equation (VIXI,27) above,together

with the mean value of A g from table (VIIX 4).
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Tt = 4pm Rr rg Sinqjm sin ec Z_g B Lg ececssce (VIII.ZB)

Fig. (76) shows the results of this equation against measured
values of Tt'
For the round to oval passes from phases Y and IT the
mean value of :\g is 0.66 with a standard deviation of 0.06 .
The approximate nature of this method of calculating the
rolling forque is clearly shown in fig. (76) which compares
the measured and calculated rolling torque. The correlaﬁion
seems to vary between good and poor. The agreement is reasonable
for the thin tubes (dy/t, = 14 ) and also for the medium thick- -
ness tubes (do/to-: 7 ) but is poor for the thick tubes
(do/to - 5).
On the basis of these calculations and comparisons it
can be concluded that the lever arm concept gives only an
approximate estimate of the torque and should only be used

for light reductions and relatively thin tubes (do/t0:> 5.0).

The lever arm for 0-0 tests (75-84) is higher than for

R-0 passes as can be seen from the table.



Table (VIII.4)

The Lever Arm

Test | Torgue RSF q*
No. (N:) (kN) kg M| T
1 66.7 2:28 10,78 | 1524 10,97
2 62.7 2.22 |0.70 |0.99 |0.62
3 68.9 LT 0.74 |1.06 |0.98
4. | 146.9 5.33  |0.65 |1.35 |1.21
5 149.1 5.48 |0.69 |1.39 |1.23
6 142. 4 5.30 |0.66 [1.23 {1.27
74 1°283.7 9.93 |0.69 |1.07 |1.11
8 | 255.4 9.62 |0.69 [1.13 [0.79
o "1 23408 9.33 [0.63 [1.02 [0.71
10 80.8 2.63 |0.72 [1.05 [0.86
11 88.7 2.86  |0.71 |0.97 [0.85
12 89.9 2.90 |0.71 [1.00 [0.90
13 74.6 2.52 0.65 [1.00 [1,05
14 105. 1 3.39 [0.68 [0.86 o0.74
15 110.2 3.50 [0.70 [0.86 [0.81
16 108. 5 3.50 [0.68 [0.87 [0.82
17 | 200.0 6.99 [0.67 l0.90 [0.88
18 |201.0 7.11  [0.66 1.03 0.93
19 194.0 | 6.92  [0.65 l1.05 ST
20 |233.0 8.90 5?;3"'STEE_"5fE§~m
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Table (VIII,4) (contd. )
The Lever Arm
Test| Torque RSF l 1 ';L*
No. (Nm) (kN) € " x
2% 1 231.7 2.82 |0.65 lo.95 lo.68
22 233.4 7.90 |0.65 |0.92 |0.71
23 1827 5.69 078 1313 10.98
24 | 165.0 5.25 |0.77 |1.15 |0.99
25 | 157.1 5.37 |0.63 |1.08 |o0.78
26 1156.8 5.25 [0.64 |1.19 !1i,05
27 | 149.7 5.53 |0.58 |1.15 |0.94
28 | 210.8 6.53 |0.76 |1.02 |0.8¢9
29 | 296.1 10.40 |0.68 {1.18 |0.68
30 | 284.0 10.50 |0.69 |1.12 |0.83
71t 208.4 10.50 [0.67 [1.25 |0.90
32 | 338.7 11.60 |0.64 |1.02 |0.66
33 | 329.2 11.60 |0.61 [0.99 |0.83
34 | 335.4 11,60 [0.63 [1.06 [0.901
35 105.1 3.50 |0.62 |0.78 [0.94
36 | 130.6 3.72 lo.75 lo.95 |o0.93
37 | 140.1 4.02 |0.73 lo.97 l0.81
38 | 131.0 2.76 10.73 l0.90 |0.70
39 | 12444 4Jdi"‘“6;64 0. 84 ofﬂ&
20 | 121.5 4.03 |0.59 [0.83 [0.76
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Table (VIII.4) (contd. )
The Lever Arm
Test| Torque RSF 5 2 g
No., (Nm) (kN) € " =
41 112.4 3.64 °[0.73 |0.82 |0.78
42 107.7 3.48 |0.73 |0.82 |0.78
43 214.8 6.50 |[0.72 |0.91 [0.72
44 215.8 6.45 |0.70 1.60 0.90
45 221.5 7.03 |0.62 |0.97 [0.76
46 | 236.8 7.10 |0.66 [1.03 |0.74
47 222, 4 7.45 0.58 10.94 (0.71
48 203.7 6.98 0.56 10.93 '10.73
49 222.8 7.57 10.58 [0.88 |0.69
50 263.9 9.10 |0.57 l0.83 }0.78
51 257.6 8.74 |0.61 |0.81 |0.67
52 264.4 9;08 0.58 |0.87 |0.69
53 270.0 9.08 |0.59 [0.89 |0.71
54 289.9- 9.03 |0.63 |0.82 }10.73
55 413.7 13.60 |0.65 |0.93 |0.82
56 367.3 13.90 |0.55 |0.81 [0.78
57 393.5 13.70 0.58 |0.93 | 0.80
58 398.0 13.78 |0.58 | 0.8% [0.76
59 403.7 | 13.87 10.60 |0.92 6290
60 599.6 14. 14 0;;6 ﬂ;:;g-“;j;;ﬁ
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Table (VIII.4) (contd. )
The Lever Arm
Test | Torgue RSF l )\ 1*
No., (Nm) (kN) € - o
68 154.2 5.42 |0.66 |1.06 |0.97
69 166.2 5.87 0.66 |1.02 | 1.00
70 161.0 5.83 0.65 [0.98 | 0.85
71 354.2 3.62 0.494 0Q76 0.69
72 $33.7 3.47 0.63 [0.87 | 0.93
73 121.7 3.91 0.65 10.84 |0.83
74 384.7 12.68 0.60 1.21

The following are 0-0 pass type

e

75 139.0 4.85 0.97 | 1.51 | 1.62
76 150. 3 5.12 0.99 | 1.39 | 1. 36
77 233.9 8.49 0.76 | 0.99 0783
78 220. 3 8.18 0.74 | 1.15 | 1.10
79 261.1 8.40 0.85 | 1.19 | 1.20
80 261. 1. 8.40 0.85 | 1.05 | 1.05
81 167.8 6.65 1.03 [ 1.03 | 0.97
82 167.8 6.65 1.03 | 1.06 1;01
83 102.2 5.25 1,02 1 1,07} 3.13
84 102. 2 5.25 1.02 | 1,02 1.08 |
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(VITI-10) Comparison betwecen Measured and Calculated RSF:-

Fig.(??)shows the comparison between measured and calc=-

uwlated RSF on the basis of equation (VIIX,.26):
i "y gl e
P2 lmnr rgamcpm sin O, weseas s \VEE2.20)
The comparison is made for two cases with respect to the

value of the angle of contact-#% e La

a) using Lﬁ to calculatep from the relationship‘ﬂ;f =
b) using L, to calculatech“ ,i.ec#hiswgg 5
The reason for introducing the second cese into the
comparison wrs to establish whether it would be possible to
use Lg to calculate C?m , hence the roll separating force P
because it is an easier parameter to determine than tm from

a practical point of view.
In making the comparisons, the appropriate value of
Gc , the maximum groove angle of contact, was used.

Fig. (77)shows that:-

1) using tm to calculate ﬂ7m gives better agreement
with measured RSF than using Lg which seems to over
estimate the value of RSF .

2) there seems to be a tendency to underestimate the
value of RSF in the case of tubes with d/t of 4.8
and gap setting XI. This may be Gttributed to some
lack of response on the part of the pin loadcells
when rolling relatively thick tubes with ﬁigh red-

uctions. This observation was made in section (8)

of this chapter,
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LVITI, 11) FEffect of the Groove Shape on_the Arc

of Contact

The variation of the length of the arc of contact,with
the groove angle O, for the three d/t ratios used in the
presenﬁ investigation is shown in figs. (78;a-b—c) for gap
settings I, II, & III,

Metal flow in the deformation zone is related, amongst
other factors, to the d/t ratio of the tube. For thick
tubes, the degree of flow seems to be primarily radial.
Hence the tendency of thick tubes to have polygonized bores,
Where the deformation is primarily radial, the differences
in the length of the arc of contact across the groove become
important in the formation of the polygonized bore, Therefore,
to inhibit the formation of polygoniztion, particularly for
thick tubes, it is necessary to minimize the differences in
the length of the arec of contact (14). This can be achieved
by choosing a suitable groove shape,

A cross section of some of the rolled tubes is shown
in photo.( 6 ) for R-0 and 0-0 passes and gap settings I

and II,
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(VITI,12) Effect of Annlied Tensionss-

The expected effects of the applied tensions on the
rolling torque, RSF, and roll pressure have been observed.
These effects can be seen by reference to table (VII-3.5)of the
test results. The applied tensions seem to have a greater
effect on the rolling torque than on other parameters. The
RSF also is proportionally affected by stretching the tube
while the effect on the roll pressure seem to be less
noticeable. As an example, tests 100 to 103 were carried
cut on one length of tube under an increasing back tension.
The torque, RSF, and pressure were recorded at different
stages during the test. By reference to the table it can
be seen that the effect of the increasing back tension is
greatest for the torque and smallest for the pressure. Also
tests 92 to 94 had front and back tensions applied to the
tube and the effect on the loads, as discussed above, can
be seen.

The apparent small effect on the mean pressure seems
to be due to redistribution of the load around the groove,
rather than a lack of effect. For although the mean pressure
for tests 100 to 103 seems to be little affected by the
increasing back tension, the pressure on pins 1 and 2 has
steadily decreased while the pressure on pin 4 has increased.

Thus it is possible to explain the apparent lack of
effect of the applied tensions on the roll pressure by the

phenomenon of redistribution of load across the groove,



Variation in Wall Thickness

The test results (table(VII-1)show that in general the

change in wall thickness measured at the root of the groove
is lower than the mean values. It can also be seen from
table VII-2 thatsﬂr/jgrat the root of the groove is lower than

rbt/% i.e.. mean value. This difference between %tr/ Or
and St /6 is not surprising since %,. is a maximum at the
root of the groove as shown in fig.(62) . There is however
a certain degree of uncertainty in the measurements off&rdue
mainly to non-uniformity of the wall thickness of the tube
round its circumference. Therefore the above comparisons
between mean values and measurements at the root of the groove
must be viewed in the light of this uncertainty . However the
general conclusion that measurements at the root of the groove
are lower than the mean values is acceptsble. Wall thickness

variation at the root of the groove should only be used as a

measure of the variation at that plane. Methods of calcula-
tions employing an energy approach are best used in conjun-
ction with the mean variation in wall thickness and mean tube
dimensions in general.

The comparison which Cole (l)made between his test
results and two of the equations in chapter (VI) showed
that the predicted wall thickness variation was greater than
the measured one. If the groove was oval in shape,then this
would be expected since the equations give the mean value of
the variation while the measurements were made at the root,

but for circular grooves and tubes the difference should be smail.

The test results of the present work seem to show that
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the change in wall thickness is a function of the reduction

in diameter and the ratio tO/do . The shape of the curve in
fig.(79) shows the tendency of %*/6 to decrease for values of
tO/d0:> 0.20 in conformity with the curves in fig. (50). Table
( VIII~-5) shows the comparison made between the test results
and theoretical predictions of'St/S for the formulae reviewed
in chapter (VI) . By considering fig (50) with the table one
can see that the predictions of all the formulae are very
similar with the exception of the proposed formula (VI,061)which
seems to correlate well with the test results. Also Gun's
first formula ( Gun-1 in the table) gives lower predictions
than the rest of the formulae for the thin tubes i.e, with
do/'b0 of 15, and, Kolmogorov's and Shveikin's predictions

are high for relatively thick tubes (do/to=4,8 ).

The negative values of Gun's second and Anisiforov's eqs.
indicate thickening of the wall and are function of the way
the formulae are written.

Gun's second formula and Gulyaev'is give identical pre-
dictions as can be seen from table (VIII.5) and fig. (50).

Gun's formula is distinguished by a great degree of simplicity
of structure. When it comes to simplicity of structure how-
ever, Kolmogorov'!s formula must be one of the simplest for
tube sinking.

The correlation between the test results and the various
theoretical predictions seem to vary between good and poor..
This may be a reflection on the accuracy of the formulae which
prompted Gulysev (Islafter reviewing them,to develop a new
formula which he claimed was more accurate. It can also be
the result of some inaccuracy in the measurements of the

tube dimensions.
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It is difficult to pinpoint the exact source of the random-
ness of the correlation in view of the difficulty encount-
ered in measuring the tube dimensions. On the other hand the
predictions of the proposed formula, which is based on the
method of measurement j;and the care taken in making these
measurements, seem to indicate that the lack of correlation
in most cases is caused by the inaccuracy of the fermulae

rather than by inaccuracies in the measurements.
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Conclusions

From this investigation of the longitudinal rolling of
tubes through two grooved rolls the following conclusions

can be drawn:

A) Repardins Deformaticns:

1) It has been shown that the deformation zone can be
divided into three zones with respect to the groove angle €
and that there are regions in contact with the roll surface
where the neutral point lies outside the deformation zone.

2) The deformation zone has been shown experimentally
to consist of two axial zones: a free zone where plastic
deformation takes place prior to the tube contagting the
rolls, and a contact zone.

3) The presence of the free zone, which is inevitable
in the absence of a mandrel, decreases the length of the arc
of contact. The actual arc of contact was found to be about
l/ff of the calculated value in the absence of the free zone.
However, this ratio increases slightly when the measured arc
of contact is corrected for the difference in torque sharing
between the two rolls. The effects of the free zone on other

process parameters have been discussed.

B) Roll Pressure Measurement:

1) A new design of the pin loadcell assembly was developed
enabling the easy removal of the whole assembly for periodic
inspection of the pins and orifices for back-extruded metal
fragments, The design also enabled the adjustment of the

heights of the pins with respect to the surface of the groove.
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2) The presence of small lead fragments between the
pin and its orifice did not disturb the performance of the
loadcells due mainly to the modified design of the pin.

3) Pin protrusions of up to 25 Jm enable reliable data
to be obtained, whereas pin recession below the surface yields
an incorrect representation of the pressure distribution.

The modified design of the pin loadcells made it possible to
study the effects of the various factors on the behaviour of
the loadcells.

4) The occurrénce of a pressure peak at or near the entry
plane and the shape of the pressure distribution curves in

general have been discussed.

C) Theoretical Solution:

1)A new theoretical azpproach based on the strain energy
of deformation and the concept of apparent strain has been
developed which compares favourably with the test results.,

It has been shown that this approach is an improvement on the
equilibrium approach used by the Russian workers.

2) The solution contains a shear factor which when set
to zero,representing the frictionless condition,yields a lower
bound estimate of the pressure and when set to unity, represe-
nting the condition of complete sticking, yields an upper
bound estimate. Thus it is possible with this concept of
a shear factor to apply the theory tc tube rolling under
varying friction conditions by chqging the appropriate value
of the shear factor.

D) Wall Thickness Variation:
1) Seven existing theories for the prediction of the

change in wall thickness have been presented and compared
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with the test results. It has been shown that the predictions
of all the theories do not differ greatly up to to/do ratio
of 0.20 .

2) A simple method of calculating the change in wall
thickness based on the methed of measurement of the tube
dimensions and the condition of volume constancy has been
presented and compared with the test results. The predictions
of this method are in good agreement with the test results
but need further checking against other test results based on
measurement of the mean tube dimensions.

3) For oval grooves the change in wall thickness in
particular,and tube diameter should be based on the measured
mean values and not on measurements made at a particular
point on the surface of the tube. However, for truly circular

grooves and tubes this requirement is not eritical.

E) General

1) Calculation of the rolling torque using the lever
arm concept has been shown to be of an approximate nature and
should not be relied upon to provide accurate estimates of
the actual torque.

2) The effect of the difference in the torque sharing
between the two rolls on the length of the arc of contact and
other parameters has been studied and proved experimentally.

3) Test results are now available for the rolling of
oval tubes through oval grooves,a condition which is relevant
to the tube rolling practice. These results have been used
in the analysis in this work and should prove useful for

future investigations.
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Thus, the findings of this investigation provide a
contribution to the understanding of the mechanics of
longitudinal rolling of tubes for both industrial and

research engineers.
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Suggestions for Further Work:

1) The mandrel rolling process has not been studied in this
investigation and it appears from the available literature
that further work in this field,particularly regarding defor-

mation,is still required,

2) Knowledge of the frictional stresses in the direction of
the tube hoop may prove useful in the full understanding of the
mechanics of the tube rolling process and may assist in the
design of the groove shape. This type of friction represents
a basic difference between tube rolling and flat rolling and
should therefore be considered in the study of the former.

In this connection the design of the pin loadcell assembly
employed in the present investigation can be used after some

modifications.

3) The design of the groove and the size of the rolls which
ensure maximum efficiency of the process should be investigated
in some detail, This is an important aspect of the tube roll-
ing practice which has not received enough attention in research

work,

4) If lead is used again in rolling tests which involve

measuring the roll pressure and wall thickness variation,then
the test pieces should be adequately prepared before testing
so that the surface is free from dirregularities and the wall

thickness is uniform to eliminate the need for repeated testing.

5) The method of measuring the tube dimensions in general
and the wall thickness in particular,should be improved,

perhaps by using electronic scanning techniques,
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Appendix(B)

dable Bl

Values of voltage supply and natural frequencies

of galvanometers used with loadcells.

dc voltage| Galvo.
Loadcell supply- Natural
volts Frequency-
Hz
Front 12.00 20
RSF
Back 12,00 20
Top 12,00 40
Torque
Bottom 7.56 40
Front -7.50 60
Tension
Back 7.50 60
Pin 1 7.48 60
Roll
b s Pin 2 7.48 60
Pin 3 7.48 60
Pin 4 7.48 60
Velocity o i 106
Out — 150
Marker - 60




Appendi

Pressure Distribution Curves

The curves on pages (a) to (j) of this appendix are
traces of actual pressure distribution curves for a number of
tests. Each page contains a number of sets of curves which
show a certain effect, viz, effect of do/to, gap setting, and

the variation in the pressure for tests of identical conditions,

Key to the curves:

The horizontal axis represents the arc of contact and is
divided into units of length each representing 2 mm of the
arc of contact. The vertical axis represents the galvanometer
deflection for the pin loadcells and is divided in units of
length of 20 mm each,

The pin loadcell records are identified as follows:-

pin No, 1 — e e e | P RO 2

————— pil’l No- 3 T e ST pin No‘ 4

Test did ification:-

Example:
d’/t gap setting pass type test No.
o’ Jo
-5 % o S P
” .*\’4r’ = -
Galvo. \Z’QE-EEEF
deflection

Arc of contact \

Exit wt— direction of Entry
rolling



Effect of

d /¢
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(a)



(b)

Effect of do/toz-

4.8,II,R-0 Lo 29




(¢)

Effect of gap setting (i.e., x7):-

15,II,R~0




~Effect of eap setting (i e, r%):-

-

7,I1Y,R-0 4

7,I,R~0 - 51

(d)



Effect of

L e

-~

£

ap settins (i.e, .,

%) 2=

7,III,R-0

(e)



(£)

Effect of gap setting (i.e,, r%):=

4.8,I1,R-0 o 31




(g)

Variation in shape of curves for same do/t0 and gap.

15,III,R-0 1

15,III,R-0 -2
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15,III,R-0 3




Variation in shape of curves for same do/to and gap.

15,I,R-0

S €

38

(h)



(1)
Variation in shape of curves for same do/to.and gap.
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