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mma, 

This work is an investigation 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-O 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 loadcells 

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 block, 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. 
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NOTATION 

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 are of contact. 

Calculated length of are of contact(from geometrical 

considerations). 

Measured length of arc of contact corrected only for 

finite width of pin. 

Measured length of are of contact corrected for the 

finite width of the pin and also for torque sharing. 

Shear factor. 

Rotational speed of the rolis. 

The roll separating force (RSF). 

Roll pressure. 

Roll pressure due only to homogeneous deformation. 

Mean roll pressure. 

Reduction in area %. 

Effective roll radius.



Vid. 

Radius of the are of the free zone. 

Radius of groove. 

Mean radius of the roll, 

Radius of the roll 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 Py) - 

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. 

Greek symbols:— 

6 

6 

& 

Torque sharing factor, 

Mean draft. 

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

der Change in wall thickness of tube at root of groove, 

Een Logarithmic strain in the axial, radial, and tangential 

directions respectively. 

en Generalised strain. 

En Apparent strain. 

Ep Frictional strain. 

Groove angle, 

8 Groove angle of contact. 

oS Effective groove angle. 

eo, Maximum groove angle. 

Orang toove angles made by pins 1,2 ,3 or 4 of the 

pin loadcells. 

Pp Coefficient of friction. 

of Yield stress in uniaxial compression(mean value). 

oS Shear stress. 

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

$, Maximum angle of contact(i.e.,angle of contact at entry 

plane). 

uw Angular velocity of the roll. 

Subscripts 

Unless otherwise specified: 

° 

1 

Entry plane condition. 

Exit plane condition, 

At root of the groove, or relative. 

Frictional. 

Homogeneous. 

Mean, or Measured.



text, 

ix 

Internal, 

External or 

Effective 

At groove angle 9 

«». Pin loadcell number. 

Other symbols, mainly from outside sources, used in this 

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 loads 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 charact€ristic feature of 

many tube manufacturing process in that the tube goes through



several processing stages. 

In the Assel elongating precess a sinking mill is usually 

installed with the elongator. This process is apparently used 

for the production 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 90. to each other. 

This arrangement is important since the shapeof the groove in 

each stand produces an oval tube. Therefore 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 

velocity 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 

tan 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 crigin 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 feit 

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 tobe more aan licable to the actual process of hot 

roiling of steel tubes in which sticking can take place on 

the surface of contact, as well as to the simulation 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 between the rolls is an 

important factor affecting the produced tubes as well as 

the rolling loads and justified studying in some detail. 

The phenomenon of the pre-contact plastic deformation i.e, 

the free zone,and its effect on the calculated length of the 

arc of contact, observed 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 necessary 

te 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 regard the availabie 

test data were not sufficient and the need for a further 

study in this field was present from the start of this invest~ 

igation. Therefore, one of the objectives of this work was 

to improve the technique of measuring the pressure distrib- 

ution and the method of calibration in order to provide 

veliable 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 neubral 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 milis 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 coie(1) at the University of Aston 

in Birmingham, of which the present investigation is an 

extension, is a comprehensive study of the tube rolling 

process. Cole notes at the start of his review of pub- 

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-roll 

stand was constructed for tests on lead tubes of 44.5 mm 

(4.75 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 ta the reot of the groove. This method has the 

disadvantage of not taking into account the transverse 

variations in the dimensions of the tube after rolling. 

However, 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 (40) and Gulyaev,et ai (29) . 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 (34), The measured value of the 

pressure on the rolls was of the order of 17,00 N/mm 

while those predicted by the three formulag were in the 

region of 6.0 N/mm”... It is worth nhting 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 (34) » will be further examined in chapter (yr) of 

this work. 

Four pin loadcells were used for measuring the 

pressure distribution round the groove 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. Each loadcell was individually fitted in a hole 

drilled in the roii for that purpose. The angles of the 

pins being 0, 30, 60 and 80 degrees, The calibration of 

the pin loadceils 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 are 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 conce 

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 

piane for tube rolling and near the mid-position between 

entry and exit planes in flat rolling. Tests in the 

present investigation confirm the difference between fiat 

 



  

  

  

      

  

Fig. (1) 

Extent of deformation 

according to Fazan
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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 section. 

Of particular interest is a paper by Fazan et al (2) 9 

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 fig, Cay » represents 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 

author 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 question of the neutral 

point, The author suggests that as an approximation, line
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(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 variation 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 

stressin the tube to the yield strength of its material.) 

He also conclides 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 

to calculate the deformation 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, 

4. radial stress varies linearly across the tube 

thickness, 

5- the thickness of the tube remains unchanged, 

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

7- for the hot rolling of steel at 900-950 ge, P 

takes a value between 0.35 and 0.40, 

It has also been assumed that the radial stress 

follows a linear distribution across the thickness of the 

tube with the external pressure equal to twice the mean 

radial stress across the section. After developing the 

basic 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 auther suggests 

that the mean pressure of the rolls on the tube is. only in the 

order of 4,9 N/a 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 on 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 Gy 

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 90° to 

each other. Ths 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 

said 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 
u 

ment of the continous 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 author to offer 

solutions 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 Kirichenke 62") 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 a 9) published in 1971, 

a study of the dimensions of oval passes was made with a 

view to determining their optimum degree of ovalization, 

The study was partly theoretical and partly empirical, 

By solving 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. Cafeufated 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 transeverse 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 much 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 are of contact and the geometrical 

are of contact was around 0.7. 

In a paper by Vatkin et al (6) published in 1971, 

the effect of 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 wail-thickness was assumed 

unchanged within a stand and the external contour of the
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deformation zone was assumed to hawe the shape of a right 

circle in any transverse section i.s. the stresses in the 

eross section of the tube were uniform, A Coulomb type 

of friction was assumed. A yield criterion of the type 

oft OZ= 1615 % » implying a plane strain condition, was 

used, An analysis was then 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. 

(7) Vashkin et al 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 
observed 

pressure between the two zones which was not/experimentally. 

When 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: 

l-by calculation,without allowing for 

the reciprocal influence of the zones; 

2~experimental; 

3-allowing for supporting force ox.p 

from reduction zone; 

4-allowing for supporting force ioe p/2 
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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 cf 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-roil 

pass showed that four-roll stands with two driven rolis 

have significant advantages over the two-and codeonols 

stands in use at the present time, Stability of the tubes 

in the four-roli 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 (presumadly 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, 

(9) 
Vater 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 ina flow hypothests of the 

kind T-o, = Ke where the value of c lies between 1.0 

and 1.15 , the value of c has a significant influence on 

the deformation ratios obtained from the flow diagrams. 

The correct value of c can be obtained from test results 

and practical observations. The effect of ec on the struc- 

ture of the deformation ratios as well as on the force 

and energy required was discussed, Flow diagrams for 

different c values are presented to demonstrate its effect. 

ho bolteni paper by delomek (1°) inviovig algo 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= 05 +b where Po and ty are 

the logarithmic strains. He then oeidote 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: 

oe 2 Bm   

where xy and y, are the inside and outside radii of the 

tube and r is the radius corresponding to x + The author 

then suggests an approximate theory using the mean deform- 

ation factor in which the stresses across the tube wali 

are assumed equal to those at 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, which
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is similar to tube rolling without a mandrel, can be 

calculated as follows: 

be 
1) T= eosSt a 

—— Yo 

a) of = fe (28 //y7078 ) Ke Ln ( ) 

where Kp is defined as the mean yield stress of the 

material, of; 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 

GEE Tok chaptex (VI) 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. In 

order to eliminate these inaccuracies rolls of 1500 mm 

diameter were used in conjunction with the loadcells shown in 

fiz. ( 3). <A ball was placed on top of the pressure trans= 

mitting pin and protruded above the roll surface by O.1 mm, 

Experiments showed that ball projections of between 50 pm 

200 Juin 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 pressure 

curves presented in the paper, and reproduced in fig( 4 iF 

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 conciude that when 

rolling thick stock (L/n<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 roils. 

Prector and Jubb (14) pub1ished 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 the 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: 

P| FE (2 Em) 4(1~ 26m) Mee = 
0 eee (E.- 
£ 

   

where: 

Xgtis the stretch factor 

oy tlongitudinal stress 

Kp tensile yield strength



26: 

YWSy, tradial and tangential strains 

E,,:is 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 length 

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 various process measurement techniques 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 experimental results and the 

predictions of the various forniulae. 

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 a1(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 

(xk) in the form : 

370 0.83 a-07 

kK = 1.86 exp. (74273) P Ap 

where: 

T tomperature co) 

Ep and ‘hp are the two dimensional strain and strain- 

rate (a) 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 vaiues in which the coefficient of friction was 

varied by applying various lubricants. 

Gulyaev et ai (18) studied the transverse variation 

in the wall thickness of the tube during reduction in 

two-and three-roll mills, in a paper published in 1974, 

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 

difficulties. In their 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 transverse section of the tube can be 

presented in the form of a complex cyclic function with 

periods equal to the tube perimeter. This function 

includes an harmonic component with a period equal to 

the tube perimeter and a set of higher frequency fluctua. 

tions. “© From test measurements and analysis it was found 

that the eccentric component, and also harmonic fluct- 

vations of the second and fourth orders, predominate on 

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

roll reducing mill. 

Lomachenko, et ai(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 120°. The authors found that the transverse wall thick- 

ness variation for the four-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 a,/t, equal 

to 18 ~- 16.6 in the two-roll stand and with a,/t, Jey to



7-2 in the four~roll stand, Amongst their conclusions 

is 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



  
 



30 

(£II-1) The Experimental Roli 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 vibrations. 

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 order 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 changing 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 

direction, permitted the measurment of the roll separating 

force by specially designed loadcells, 

4- 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 loadcelis, torquemeters 

and other measuring equipment were redesigned 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 Roll Stand 

with one of the Supports Removed.



 



between the motor and the machine to eliminate vibrations 

and their 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 loadcell traces.The fluctuations were some- 

times of the same order as the recorded loads and therefore 

were umacceptable, Even under no-load running condition 

the traces suffered from the fluctuations. Different 

lubricants were tried on the interface between the floating 

dise 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- the 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. 

ses 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, 

(III-2) Methods of Applying Tensions 
  

(III-~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 

friction 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 order 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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pending under 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 dise 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 

was engaged and moved along the bar at various speeds, 

Drops of oil 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 connected to a UV recorder 

and the tension in the bar was thus recorded, 

This investigation shewed that small variations 

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 ene 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 automobile brake cylinder with 

two pistons to which the friction pad holders 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 

through 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 tension were remotely controlled, 

Arrangements were made se 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. 

(ZII-2-2) The Front Tension Device (photo. 3 ) 
  

In a stretch-reducing mill, the interstand poe ou 

is produced by the difference in the speeds between the 

stands, ayicthi 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 drum 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 of the tube was 

adopted. 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 Tone 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 

side 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,
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G 3) Measuring Equipment: 

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

The movable (ie, unrestrained) 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 could slide vertically, guided 

by the slots in the supports, photo.(1) . The design of 

the loadcell itself can be seen in fig. (8) . Bight 

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). 

III-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 are of contact which was of 

great importance, could only be made from the pin load-~ 

cell traces and in order that the measured are 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 standard 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 

and the leads 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 4? electrical resis- 

tance torque gauges but mounted directly on the shaft 

itself in the position shown in fig. ( 5 ) « Both torqg- 

uemeters were protected against outside damage, 

(III-3-3) Tensions: 
  

Two tension loadcells used in the previous invest- 

igation (1) were checked and when foun? 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 Otc.) 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. ‘The cam was fixed to a smail pula 

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 

figs (10°). 

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 on the UV recorder traces 

with time signals also recorded for reference,



46 

q
u
S
T
o
M
 

w
e
s
 

4£4T90OTOA 
eqnZ 

Jo 
4YuowsunseopW 

   Yyo4Tas 

oxroTu       (OL) 
“Sta 

 
 

   
 

   
 

 
 

     
  

 
 

 
 

 
 

 
 

 
 

{ My j 

 
       

 
 
 
 

  
  

al 
#
u
U
T
{
T
o
r
 

zo 

u
o
t
Z
o
e
2
T
p



47 

TIT-4 Tube & Roll size 

ITT-4-1) Tube size 

The only comprehensive study of the tube rolling 

process readily available in English is that by co1e(?) 

aiso carried out at the University of Aston in Birmingham, 

In his investigation, Cole used lead tubes of nominal 

outside diameter of 1.75 inch (4.5mm) 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 Colets 

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 (d/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 

a/t ratios were 4.7 s 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 variables could be 

studied in this way: the first is the effect of a/t 

ratio on the process parameters(i.e. area of contact, 

rolling loads and torque, reduction per pass etc. ) 

and the second is the effect of varying, 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. 

Test Specimens: 

  

In order to produce reliable and reproducible results 

it was important that steady state conditions prevailed 

during the recording of the various parameters. To 

achieve this a sufficient length of tube was rolled before 

recordings were made. This eliminated the possible 

variation of roll speed from no-load to full-load condition 

and ensured that frictional conditions were those assumed 

to exist between the rolls and the tube. 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 reason 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, 

id.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 from the same tube and roiled 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 iittlie 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 Rtceconsredne tne trials a further 

increase in specimen length was required 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. 

(T1T-4-3) Roll size and material: 

The two rolls were manufactured in the University 

workshops. The material was steel type EN 24 Wien has 

the chemical and physical properties listed in Appendix 

(A). No heat treatment was necessary since the roll 

stresses were relatively lww and the number of trials 

was limited, 

The size of the rolls was made similar to that 

used in industry for similar sizes of relied 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 at 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 radius ( a) was 23.39 mm 

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

groove eccentricity ( eg) was 4,5 mm,



  

Ry Ry 

      

  

  
Fig.(11) 

Geometry of groove
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(11I-5) Instrumentation 

Transmitting the voltage supply 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 the 

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.(5) . 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 torquemeter had all to be accommodated, This meant 

that if each of the bridges was 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



oS 

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 and the 

instrument table,yphoto.(1). 

Voltage Supply 

The bridges were supplied by four stablised de 

suppliers. The values of the de voltages for the various 

bridges are listed in table (B1) Appendix(B ) « The 

stability of de voltages was checked during the tests 

with a digital voltmeter. The de power source supplying 

current to the top torquemeter was integral with the 

amplifier used with the bridge, 

Bridge Balancing 

This was achieved by the use of balancing resistors 

in the form of potentiometers connected as shown in fig, (12).
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Bridge balinciing Potentiomeler 

a 
  

Sa 

      

Fig. (12)
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Bridge balancing was kept under constant observation and 

any drift rectified. 

Signal Ampli ation 

The signals from the torquemeters were not large 

enough, even with the use of the most sensitiye galvano- 

meters available and the maximum permissible voltage, 

to providéan adequate deflection of the galvanometers, 

Therefore two de 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 instru} 

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 

during the passage of the pins on the tube. The speed 

of this paper was set high to give accurately ie ae ge an ie 

traces as the angle of contact was only small. The 

second recorder dealt with the two to~rquemeters and the 

two roll separating force loadcelis and operated at a 

relatively low speed since the recordings were made for 

the whole length of the testpiece,. 

Table( BE) Appendix(B ) shows the values of the 

natural frequencies for the various galvanometers 

used in conjunction with the various bridges, A view of 

most of the instruments mentioned above is shown in 

photograph (2 ye 

A cam on the top shaft actuated two microswitches
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during the passage of the pins over the tube. The first 

of these controlled the UV recorder which recorgded the 

pin loadcell signals while the second provided event 

marks on the recording paper of the second UV recorder. 

These marks were made during the passage of 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 loadcelis 

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 loadcelis 

was checked and adjustments were made when necessary. 

Calibration of the Torquemeters 

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 torque. ‘ 

Torquemeter Calibration Results 

Figs(13) and (14) show the calibration curves for 

the eo paann 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 

Le appears to exhibit some hysteresis. The predicted 

working torque for each roll was in the region of 70- 

140 Nem which is in the linear part of the curve and 

unlikely to be affected by any change of shape that 

might result from any corrections introduced, Never-~ 

theless, attempts were made to minimise these effects 

by eliminating the causes of the non-linearity. It was 

believed that a reason for this behaviour, besides 

the friction in the bearings, was the possible mis- 

alignment between the two parts of the top shaft. The 

influence 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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torquemeter 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 improvement 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 the 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 lowet end of the curve. 

Calibration of the Roll Separating Force(RSF) Loadcelis 

It is always preferable to calibrate the loadcells 

in situ thus taking into account all the factore 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 loadcelis, 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 leads 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
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actual conditions on a testing machine, the two RSF load- 

cells were calibrated on a tensile testing machine. 

A 2000 1bf (8.9kH) Denison testing machine was 

used, The two loadcells were both attached to the arms 

of the machine in series, ‘Thus the same load was applied 

to both loadceils simultaneously. A maximum lead of 2000 

lbf (8.9KN) was belived to cover all the working loads 

expected for various rolling conditions. A step of 200 

lbf (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 loadceils 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 loadceil 76.25 N/mm 

Back loadcell Vaete N/mm 

Calibration of the Front and Back Tension Loadcells 

The calibration method employed was 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 solved by the 

fact that loading under actual conditions was identical 

with that in the testing machino, 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 (445N) 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 of the load, 

Results of Tension Loadcell Calibration 

Figs.('71) and (12) show the calibration curves 

obtained for the front and back tension loadcelis 

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 cut 

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 

constevantiy 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 pressure distribution in 

particular, the testing procedure was designed to cope 

with this sitvation, Attempts were made to eliminate 

the non-homogeneity 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 of 

measured parameters taken to represent this set up. In 

the second series of tests however where 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 

sets to be 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 soime 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 should 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 diffie 

culties encountered in measuring tube velocities for the 

sinking phase, as mentioned in section (TII-3-4), and the 

need to obtain accurate velocity 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- Oval-to-Oval pass (0-0): 

where the oval tubes produced by the R-O 

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 process. 

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. 

Difficulty was encountered in trying to stop the rotation 

of the tube without guiding it. 

Phase If: 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 lang allowing the pin
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loadcelis to contact the tube surface three times giving 

three sets of recordings for assumed iy 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 limits, the results of the corresponding 

tests from phases I and II were identical. This was a 

further pEber that steady state conditions had prevailed 

in the free sinking trials. It also showed that guiding 

the ends of the tube did not affect the measured quanti- 

ties whilo 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 degeasing 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 because the tube ends were 

guided. Hence the results of the O-O passes were more 

reliable. 

  Phase III: Stretch Reducing: 

This phase is similar to phase II except that front
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and back tensions were applied to the tube in varying 

combinations. 

Measurement of cross-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 by 

(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 invoived 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, 

be projecting the image on a screen where it could 

be traced and measuged, 

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 material due to the heat 

produced during the projection period. Tests were carrhed 

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 occured, 

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 

ovels 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:+4¢ (, ) 

If complete filling of the groove takes place,as was 

the case in the majority of Round-to-Oval passes, then the 

maximum groove angle of contact (@,) is equal to the 

maximum groove angle ( ol). 

i.e. 8. = On 

However, for large gap settings and also for all 

Qval-to-Oval passes complete filling did not occur and 

8, was less than er as can be seen from fig{19): 

The spread of metal in the groove was discussed by 

Gulyaev et ae? in a paper published in 1971. The 

expression they present for calculating the spread index 

gb/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 rolis, groove and tube. However they 

present the solution for the hot rolling of tubes graph- 

ically as a function of the tension (%) and wall thick-~ 

ness to diameter ratio (which is shown on the fig.20with 

the coefficient of friction in the brackets ). The three 

greups of curves are for two-roll grooves ( A), three 

roll grooves (5) and four-roll grooves ( B). This graph
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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 = O (i.e., sinking) and t(/4, ratios 

between 0,03 and 0,1 the value of 4Ab/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 oy 

was 6.70 mm as can be seen from table (VII.2) of the test 

results. Hence 0,2 oy 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 b for the Round-Oval pass, fig. 

(9 -a) and about 6% for the Oval-Oval pass, fig.(19b). 

Thus for determining the maximum groove angle of contact 

8. fig.(19) point c has been assumed to represent the 

extent of the surface of contact around the groove, 

For Round-Oval passes with initial tube outside 

diameter dy and from geometrical consideration of fig. 

(19-a) we obtain: 

1 ae 
2 2 2 

cos 0p = —— (re yeas ) Se0e0(IV¥. 1) 
2r,e 

& 

where:- e, 

es e ae 
& 2 

es is the eccentricity of the groove which is equal to the 

difference between the groove radius cs and the groove 

depth he ° 

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 :-
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to u( (=) een 

2rg/o 

  

cos 6, = Seow aeen selves) 

The following values of ®, were calculated for a, = Ah mm 

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

Gap setting : Round-Oval Oval-Omal 

D ®, = 78° a 

Ir 75° 25° 

TIT (a 2o5 

The above values of 8, have been used for calculating 

the area of contact. However since these values are for 

nominal diameter,other values for different values of 

a, will be calculated seperately. 

Yield Stress of Lead 

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 are 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 ( &, ) im 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 fig.(21)) 

= N/mm” Meee eee EUTA) al
 w 2 he a ™,

 

The mean value of the stress was obtained from the 

true stress-strain curve for different values of €. 

This mean value was therconverted to the uniaxial condition 

by multiplying it by (3/2 Cy) ee 

The exp¢ression for the generalised strain, € 9 185 (1) 4. 
m 

Ene i= A ae 
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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 study 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 exerted 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 yield
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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 () . 

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 

roliing. 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 roll. The use of a 2 x 2 mm square section pin 

presented them with the main difficulty since the correc~ 

tion needed was large because the are 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.g. straingauges . The load-deflection curves for the 

piezo-electric transducer exhibited an unacceptable 

degree of nonlinearity in the range of loads expected in 

the roiling tests of the present work. 

The next major work was that of Orowan 24 in 1950 

and 1952 where a photoelastic dynamometer was used. 

Orowan retained the idea of a pressure~-transmitting pin 

but with modifications 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 mn 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 Lueg, 

(25) i 
An interesting part of the work of Smith tal,
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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 contact with 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 of 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 25 pa the error in the maximum stress 

recorded was less than 3% ywhile the increase in the area 

under the curve was less than 6%, It was also found that 

the pin protrusion had some effect on the shape of the 

pressure distribution curves but again for protrusions of 

up to 25 pm the shape of the curves were not appreciably 

different from those which would be obtained with a 

perfectly flush pin. They concluded, therefore, that 

small amounts of pin protrusions did not invalidate their 

results. 

The work of Parish ie which was published in 1955 

(25) 
is of a similar nature 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 ete 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 wete 

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 yas 

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 an.) 

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 

on 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, a minimum 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 are of contact, roiled 

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 are 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 aj’? on the 

effect of pin protrusions on the pressure distribution 

curves were used to show 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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i (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 ym ( 0.0016 in.) between 

the pin and the hole was believed to be adequate to aliow 

a detectable lateral deflection. To overcome the problem 

of back extrusion, compressed air was fed into 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 roliing since this is one aspect of the present 

work, He measured the distribution of pressure not only 

along the are 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 

30", 60 and 80 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 the 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 pressfitted into the cavities and the pins 

protruded through them fo the surface of the roll groove, 

The problem of back extrusion was overcome by simpkhy
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covering the pin and its bush with a dise 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 

covld be used, It was stated that because of the random 

nature of the results, it was difficult to assess the way 

in which 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). 

( 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, 

hb) the need to eisploy 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 loadceli. 

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 resuhts 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(5 ) and outlined in fig. (25) . 

The technique employed utilised four pressure-~ 

transmitting pins located radially in the roll at planes 

making Ong 22057, 45° and 67.9 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. (25) « Calculations have 

shown that a cantilever of dimensions (2.5 x 12x 15) mn 

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 of (12 x 15) om 

on each face of the cantilever was available for mounting 

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

loads were sufficient for accurate measurements to be 

made from the curves. 

In previous investigations cS) ? (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 Paime and Vacceeeeeae 

due 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( 5 ) were 

fixed to it as shown, the angles they made with the 

vertical were Om paaG 4S? and 6715 anion corresponded 

to the angles made by the four pins (6), The main 

difficulty expected from this type of system was that 

adjustment 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 

adjustment of the heights of the pins with respect to the
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surface of the roll was made by the action of the two 

tapered bolts (C2, ) 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 

were 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 yum 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 

adjusted 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 

accommodated 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 

pins were drilled and bored. After machining,the pins 

were heat treated and ground and were fitted inte the 

corresponding orifices individually to give free axial 

movement with the hinimum 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 thecantilevers. 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 loadcelis. 

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 ovt by 

unscrewing bolt (2R) and loosening boit ( 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 fiush 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 result- 
’ 

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 couid 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 

pin 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 calibration 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 lever 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 to the 

measuring pin, will be called the pin-to-pin method. 

A review of most of the published work on contact stress 

measurement @) showed that a pin-to~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
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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 ke) 

press before and after operation and a calibrational 

accuracy of 5 per cent was reported. This is significant 

since calibration was carried out before 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 calibration problem in the 

work of Frisch (30) 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 calibration 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 eontaies 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 obtained 

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 

eritical 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 net 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 effct 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) in their 

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 

Cole @) « The method used by Cole (1) during 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 froix 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 on the disc, A 

reference response curve was produced by loading the pin 

directly, i.e. using a pin-to-pin method. This is curve 

(a) fie.(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 respect 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 calibration, the 

effect of using PVC discs cannot be established. 

With the pin recessed below the surface of contact, a 

small rod of lead was formed on the surface of the dise and 

the seanbnge fraese zero until the length of this rod was equal 

to the amount of recession,i.e.,when it touched the pin, 

The response was improved when 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 (0) 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 @) « The two calibration 

methods gave almost identical results, 

The gradients for the four pin loadcells are:- 

Pin 1 0.181 N/m” mm 

0.173 N/mm?/mm 

0,200 N/mm? /mri *g
 

5 

BP 
&
 N
 

0.212 W/m? /mm
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Fig. (36) 

Calibration of Pin loadcell number 1 (0°) 

109



110 

  

1G 

The 

12- 
Pressure 

(/mm? ) 

    ! n \ 1 1 
4o 60 80 100 

  

Cy
 

° 

Galvanometer deflection 
( mm ) 

Fig.(37) 

Calibration of Pin loadcell number 2 (22.5°)



Pressure 

(x/nm? ) 

16 

1h 

12 

10 

  

      20 

Calibration 

1 n 1 
60 Go 100 ES

 
° 

Galvanometer deflection 
mm 

Pig. (38) 

of Pin loadceli number 3 (45°)



Pressure 

(N/mm) 

  

  

      

20 ho 60 80 100 

Galvanometer deflection 
( mm ) 

Fig. (39) 

Calibration of Pin loadcell unmber 4 (67.5°) 

122



  
   



113 

(Vi-1) Determination of Rol] Pressure: 

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 (@) 

(VI-1.1) Shveikin and Gun (32) (31958): 

Basing their analysis on the theory of axially 

symmetric 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). 

For tube sinking, the final equation takes the form: 

ty t, ; 
p = oy ( — Pe “a. (E41) 

The authors compare the predictions of equation (VI. 1) 

with the test results of Vatkin (33) on steel tubes, 

Generally, this equation overestimates the roll pressure 

but the agreement presented was acceptable, However in his 

commentary on this comparison Cole @) makes the point 

that the values of the yield stress of steel used in 

equation (VI.1),(294 N/mm” for cold roiling and 58.8 N/mm” 

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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(viz1.2) vatkin'33) (1954) see fig. (41)3 

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 = ty 

2) The principal stresses are:- 

1) the compressive longitudinal stress = 

ii) the radial compressive stress on the outer 

surface of the tube on 

iii) the circumferential stress a: 

3) the yield criterion was : 

Cee ge a he tS: oy 

4) the relationship between Se and ge was obtained 

by considering the equilibrium of a semi-circular 

section of the tube thus giving: 

a 
we “ey ee at any section. 

5) the are 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= pe 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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d +d,.1/Q * i p= rk a, ( (fb - 1) ( 2 —Y 1) 
a, +day 

ole viegie astern (Vibe 2) 

for the entry zone and 

d_ +d 1/Q 
* 1 x Vi 1 

eee oe OG) (ion eee et) x 1 Q ditdy, 

eects (Vitus) 

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

average roll pressure in the form: 

s = {[ca, pera gett }- sf 
Pav at 

(a,+4,,)@ 

owen movrs 
in which ¢ 4) 

ke 1.150%, BE 
7 6 

a= pee and. d..=d/-2t 
6 i eck d Shela 

Vatkin then compares the predictions of the above 

equavion with his experimental results (33) retored to 

earlier in this section. For the cold rolling of steel 

tubes Vatkin used a coefficient of friction P= 0.25 and 

a yield stress value gz = 294 N/mm" (30 kgf/mm) , which 

Cole @) has shown to be a serious underestimate. The 

predicted values of the roll pressure Pay were higher 

than the experimental values, This Vatkin attributed to 

a large coefficent of friction pe 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 piane 

is a function of the groove angle © and that depending on 

the value of 0 the position of the neutral plane moves 

towards the exit or entry planes. 

VI- Kirichenk, (34) 64)3_ 

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 i.e. the 

shear stress due to friction @= PP» the are of contact 

is approximated to a chord, no change in wall thickness 

during rolling, the principal stresses are or o9 and 

oy, as in Vatkin's theory and the yield criterion being 

of the type: 

at ao = koy although k was not defined, 

However, Kirichenko considered the general case of 

an oval tube being rolled in an oval groove as shown in 

fie. (42): 

The relationship between ; and p differed from that 4 

of Vatkin and was obtained by resolving the forces in the 

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

form:— 

2 Tot 
  Dio es 

(ose P sinchcos ©) dq, 

as opposed to Vatkin's ,
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in which the friction contribution was not considered, 

Kirichenko presents two equations for the calculation 

of the are of contact (L) and angle of contact (+d) when 

rolling an oval tube in an oval groove, based on geome- 

trical consideration of figs(42) and (43). 

These equations are: 

Amami 
=a) 

2 L = [®e -(R- 

: 112 

-J,re- (B, + a)? | 

ase civewee o (VE. 0) 

2 2,2 -|C x, +2, - ry - 2) - (R, 

and Mas; © ae Genet ege 
2 2 a 2 

ay [22 (Bs z) - Jrar Z + E, 
tan¢= or   

aia 
Sees. a ((m,+8,- rj-z)” = (R,- Le ~ (Bj +2) 

eiotsie sisvoueio seis Vcbai 7) 

After solving the differential equations resulting 

from consideration of the equilibrium of forces acting on 

an ‘element in the inlet zone, Kirichenko presents two 

formulae for determining the pressure distribution in the 

deformation zone. 

These take the form for the sinking process, 

Se [et /(e yee tan <— cos0 - t/2) (cos+ p sincpcos o)\x 

[sx « ( 

for the inlet zone, 

= T4A 

A ) aed Ramee Oiaest)) 

yt tanchcos 0- t/2 

  

r,+ x tanpcos © -t/2 
1 

and
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. 
Pes ya +2 tan  Co3 9 — +/2 ) (comp—A sem cp coo 6) | x 

_ 8-! 

[- str + (teeter 22) (f) 
Seiwa aes so hV CSO) 

for the outlet zone. 

where 

A = S98 Q(1 - cos 0 tang) 

sind(p tan ¢4cos0 +1) 

and 

cos 9 + tanpPcocosd 

sine (1 - p tan4¢cose) 

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

positive value u must be greater than tan¢?. He also 

found that Kirichenko's equation for calculating the angle 

of contact gave a considerable overestimate. 

Kirichenko presents no experimental results to support 

his theory but presents graphs showing the variation of 

roll pressure along the are 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 of the fric- 

tional drag , the equation for the rolling torque T was 

written in the form: 

Zo of u 

Tam f [fe Re Rede ft Re hele) Z, 
Zz; & ° 

: bs coltfetee(VieLO)
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in which m is the number of rolis per stand and X¥ 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= m AP Ray (Arg, — 2 Aout) -+e+e+e+ (VE.12) 

where 

Rav is the mean roll radius in the deformation zone. 

Avot is the total contact area. 

Aout is the area of the exit zone, 

For the determination of Ray » Kirichenko proposes 

the use of the expression: 

Ray = +X Roll diameter - SESe ot Ge Oven) eave) 
width of groove 

The final form of the expression for determining the 

rolling torque is given as a function of the horizontal 

and vertical projections of the area of contact, 266, 

Ay, and Ay respectively. 

T= mi ee crisiesie evn esse voct Vinita) 

H 

in which PY is the roll separating force expressed as: 

Py = Pe Ay WP rieis inte s ©. ajaleisleWereca Vike 240 

Once again no experimental evidence was presented 

but Kirichenko states that the correlation between the
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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, 

(VI=1,4) Cole's work) (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 the 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 value of roll pressure which Cole 

used to compare with the theoretical predictions was: 

2 Py = 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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pes 13, 12 N/mm” 
m 

Against this value of P,, sthe following were the various 

theoretical predictions: 

Shveikin & Gun (formula (VI.1)) 

Pe = 5.19 N/mm 

Vatkin (formula (VI. 4)) 

Py = 5672 N/mm* 
Kirichenko (formula (VI.8)) 

Pe = 5.05 N/mm” 

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 are of contact (p= 10°) 

at the root of the groove (@= 0°). 

Even with the reduced value of Pn 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 approach used by 

Shveikin and Gun (32) » 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- 

rane (32), (33) =e (34) 
have been discussed in reference 

(4) 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 Oo; ~ On = Boy 

where B takes values between 1,00 and 1.15. The 

value of B was not defined by Kirichenko 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 G1) states 

to be unacceptable for sinking. It is more accurate 

to apply the vonMises yield criterion in the case of 

(4), (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 fresca cyiterion. 

2) To apply a yield criterion, the directions of 

principal stresses must be defined. In the case of 

(32), 
the three theories dealing with tube rolling
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(33) and (34) 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 (2), 

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 Cole's work, 

A new approach for the theoretical treatment of the tube 

rolling process was therefore sought and the strain enerey 

method was believed to represent a reasonable 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 are 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
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following components:- 

1) oz of homogeneous deformation Wy, needed to change 

the shaps of the tube. 

2) Work done against friction We . 

3) Redundant work W, . 

The first component represents the minimum possible 

work required to achieve the desired reduction, It would be 

the work 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, increases. But since,for rolling,the ability of the 

rolls to araw/tne 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 condi- 

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 angie 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 werk of deformation per unit volume is equal to 

the area under the true stress-strain curve, fig. (47) for the
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appropriate total strain Src This area is made up of 

two parts (36) 3. 

1) the first part corresponds to the work of homo- 

geneous deformation Wy for which the strain is 

equal to En? the generalised strain. 

2) the second part corresponds to the work done against 

friction for which the frictional strain is ey ° 

Assuming that the contributions of the two components 

are additive we have 

Ws Ww + Ww aceicessus i (VE. 19) 

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 concept and the above 

assumption we have : 

En = Em t Ep deren (VEC) 

Hence the total work of deformation Wy, is equal to 

the integral of the true stress-strain curve between the 

limits of zero strain and Eq 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 We a
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i) Work of homogeneous deformation Wy t= 
  

The area under the true stress-strain curve fig. (47) 

for the generalised strain € is the internal work of homo- 

geneous deformation Way and is calculated as follows :- 

“na = i) ay dé deste oder Aner 0) 

The integration could be simplified by taking an average 

value of the yield stress before and after rolling. 

Mai = mee wine spe carr (Neel) 

To calculate the external work of homogeneous deformation, 

Ma 
in tension without necking, the process of rolling the tube 

ewhich would be that required if the tube could be extended 

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 aie will 

be equal to ¢ 

dng = Pye S + ar Gh anita siete (N L219) 

Where Py is the uniform pressure for homogeneous 

deformation, 

S is the surface area of application of Py 

xs4Lb.r,@ 
6 ¢ 

putting L u R, e Es in tube rolling 

n
 i then =s4RP re sie eT Se Weare al Ne ZO) 

Lane ee
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dr is the change in the tube radius as a result of the 

increment of plastic deformation, 

Therefore 

aWhe = 4 Ph Ry nt Ye oC oa 

and " 

Whe - | Py Ree re ©, . ar Wee eeeiViegel) 

% 

but since Ph is assumed constant then 

Whe ak Py R, Pa r. 0, [ar 

=4Ap RP, P. 8% (<5 = 0 y) vereeeees (VI. 22) 

but Sea, - a, = 2(r, - r,) 

Wo = 2 Py RA, Xe 0,6 noseepden NES aly 

Hence, the work of homogeneous deformation per unit volume 

  

will be :- 

W, 
= ne je aerie one hees) Wy o/Vole = v7 

where 

vo wk vu Pm (VI. 25) gt bo = a CCR e ec eee ° 

and putting uv, swR, we have 

V =A, RL, Gee teesa 1s (VER2O) 

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

W../vol. = 2Py R.. ie Ye Se 6 

he Fae Ay R,, oo a 
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Melsicialere «clans (VLE27) 

Assuming no energy losses we can equate the work per 

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

1.00, 

We Sateaioe se ace oO) 

ee ee 2pr.06 
oe op; wen eerie Uetewesectas hVER29) 
yn A, 

from which we obtain :- 

oe A 
ree eens, Po Pees cree Ve GO) h Zz r. So 

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 Wp 
  

The mechanics of friction are complex and determination 

of the exact functional relationship between the frictional 

shear stress (and the other variables is difficult (37) 

There are two main types of friction), for forming without 

lubrication, The first and more coinmonly used type is the 

Coulomb friction in which the tangential stress is propore 

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

Capp Pelsl oe vasa) 

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 Tis related to the shear yield stress of the material 

being deformed and is assumed constant irrespective of the 

pressure, 

Thus € =m a edeieialeee et OV Eee) 
~3 

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 vaiue that m can take is 1.0.since the maximum 

shear a material can stand according to von Mises yield 

Le 
criterion is as 

Avitzur (37) showed that with the assumption of constant 

friction factor, the computations of friction losses are 

easier, 

In the hot roiling 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, for complete sticking. ioe soo 1 

Cole @) states that under these conditions the assum- 

ption of Coulomb friction is not valid,as suggested origin- 

ally by Orowan in 1943, A combination of sliding friction 

oF 
and sticking, with Ce a » has been shown to exist in 

the hot forming of metals, 

The material rolled in the present work was 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 adapted in the form: 

oy eS Wide aie <(VES 32) (= 07 ie ¢ 

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 seon 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 © = oe in which the tube is 

aiways faster than the roll and therefore corre- 

sponds to the exit zone in flat rolling . 

Zone IT: between 6 = a5 and @ = a1 

This zone corresponds to the whole of the 

deformation zone in flat rolling with two 

equal entry and exit zones. 

Zone IIT:between © = On1 and 0 = %. » the maximum angle 

of contact. In this zone the rolls are always 

faster than the tube and it therefore 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 9 . As shown in fig.(49) the 

first zone corresponds to the exit side of the deformation 

zone in flat rolling and has the limits 

@=0 toO= eo 

where 0, = e,/2 as a first approximation. 

The second zone is bounded by e, and oe 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 
£4: 

stress-strain curve associated with friction as shown in 

fig.(47); i.e, 

En 
We} - f wy dé aa soe se ees (VES SS) 

Em 

Again taking a mean value of the yield stress OF we obtain
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        | kK; | 
fig. (49) 
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Wejeay (Gy Guan) (vz. 35) 

but from equation (VI, 16): 

Ey = Gan Ep 

Woes y é, (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 angle p 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 contact pis 

assumed to be linear as shown in fig. (63-b)This makes it 

possible to write U in terms of and us » the tube velocity 

at entry, as follows: 

Bes su, [+r-)] (VI. 36) 

The tangential roll velocity v is equal to R, .W 
a 

where ke = Rr +4 (1-ca@) (Vi. 37) 

from the geometry of fig.( 11) ,page (51). 

Sameer [Ke + BCI Cor) | (VI. 38) 

The relative velocity between the tube and the rolls v. is 

therefore: 

Vea a) 

= = [ary ie ene) |—U of re r(in )] “27 (VEL 39) 
* 

It is clear that v_ 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 : 

Wee =4 f ZV ds eas oe .. (VI. 40) 
S 

put dS=R db. mde 

Wey = af f cay dbase Wao tide wore (Vu 1) 
6 é 2 

ea eH 

= a uf AEE Re ty Js[ rr lg Li- ane)] - 

volier(i-#)] fae de 
Pan he (va42) 

where m, is the constant friction factor in zone (Cu ee 

After integrating and rearranging we get: 

1, 5 Reh Fg Oy fio CRr44 (1-25 )) ~ vols] 
Gy. Se ee eee. etire (VI. 43 

putting oF = | 2. 

‘ 2 ms 

Weer =e Re de, be Ju (Rr+¥5 ( i Foe Us (i+ a] 
: » (VI. 44) 

Similarly for the second zone (2) with 

‘C Sigs a 

where m, is the constat friction factor in zone (2) + 
Zz 

. “el s 2 : 

Weeo =F Tay. Rr 4 +, fu[Rr+4 (i- a (sine es 

>) elit 2) 
wiein@ins Saauinoes sAVLeAS) 

The volume roiled per unit time is 

Vie Ae US areilevelute o) ciate asia ctan (Vib. dO) 

putting Us oO R. 

‘ 
Vo eA, RW ete elevelaie Weemteere NE AZ)
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Now,the work per unit volume Wee can be calculated as follows: 

. . 

Wee Veg 
Mre Suv TASER 

° ap 

hence from equation (VI.44): 

254 G tn 23m@/2\, Uo Wee ia ae [Ret 5 EE) - B+ EY) 
degilenare sea, (VleAe,), 

and from equation (VI.45): 

ma 2a 35 1h in Oe [Rr+ % (1% (sine = ay gc) ag 
9 Woes. =i “a 

Yo (14-5) +++ (v.49) 

Therefore the total work of the external friction forces Veg 

per unit volume is 

W. = W. ra + W. ea eNGalstis eusica hCV SSO) 
fel fe2 

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

Sent h: Su O.(2) __ Us 
Vee spe tbe | [may Se Z)_ os (i+z)]+   

73 Ay 

+ ms [K+y (1 & (sO Sin Ge.) — ey} 

Male gates sal VEaaL) 

After magsrene ae and putting U, =WR, equation (45!) reduces to: 

my eee (Ure \ ee Se 
[us aB)U! 2 ly ) a (sin 6 

am 9 3c (1 Ft) 

  

+ (VI..52) 

Assuming no energy losses :¢ 

Wego Wey) eee ene (Vz. 53) 

From equations (VI.35),and (VI.53),the frictional strain ee is:
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aes ams mo rR . 

Cuays ats oh VG a) J (nee BS (-24)] 

Selenide setsions (Vhs 54) 

* 

in the above equation, ct, can be replaced by LR, . 

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 m,/m, 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,/m, a value other than 1.0, This would be 

sufficient 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 mis set at 1.0,1.¢e., 

condition of complete sticking,the resulting solution is an 

upper bound soiution, 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 Pp 

  

  

From equation(VI. 19the apparent strain €, is: 

€,=€ +é 

ut
 s a =
 

»
™
 

ee
 

Mm
, 

5 ~
 

and P. 

i 2 5 =~
 z a Ss
 n ~~
 Ge a@acen een Vines)
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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: 

to a 
Sic) VI. 56 Bias re) (vz. 56) 

(49) 
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: 

  BUA eset = erent (vz. 57)   

where 

ia the change in wall thickness 

$a, ‘ Seta is the change in tube diameter. 

es 2 t [di ) 

Q = 80 (I 2 feiT ey /O- 8 97) 

~
 

"
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= 
ao = = coefficent of plastic tension 

¥ 

= 0 for sinking 

a=z3 ne in the case of sinking 

(VI=2.2) Shevchenko & Yureelenas: 41) (1959) 

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: 

Sy faim Ueet) Fy Joae 
mit pe eee ee ee 

where ; set a le EY 

  

k is Gulyaev's correction factor 

= 1.57 for two-roll mill 

m, = per-centage reduction of diameter 
a 

(VI=-2.3) Kolmogorov. (42) (1963) 

This formula is recommended for thin-walled tubes: 

St; ve (VI. 59) ba ) 

  

where a is the coefficient of plastic tension 
t 3 

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

  ba, =i; (ores) for sinking (VI. 60) 

(VI-2.4) Anisiforov, et a. (43) (4970) 

The formula of Anisiforov was published in the form: 

  

&t, = t,_, B in(d,-t,_,/d,_,-ty_,) (Vi. 61) 

where: 

1 - 22,-%, t 
ie aoe 

224+ ety ‘ ayy 

ny, n are coefficients for the influence of friction and 

the free zone deformation on the value of the specific 

pressure(the authors recommended using nn = 1,3) 

with “2, = 0 for sinking 

  

£ 

Te t 
i he aie 

eee s pee We Bae 
2 ini 

(yt=2..5) Shveikin and Ivshin (44) (1905) 

Their formula has the form: 

St; eee jea(t- Devan) 
  

    

—_— > aaa ee eT (VI, 62) 
Gai oderet Pr 2, Iai 

where for sinking 

hy 
= od + cme 

DOS dy.) 

z is the coefficient of friction 

Ly is the length of the are of contact.
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(vI-2.6) Gulvacy_ and Ivyshin (5) (1973) 

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 forms: 

Pin ie can Uy 2-2. (i1- Yi y+ (i+ ¥ )-8 - Oe 
EG Ie) 3 2 3 I.03) 

where 

Y is Poisson's ratio 

= 0.5 

E modulus of elasticity of the tube material, 

ly & ry 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 = ar 

in Lyame-Gadolin equation produces the following equation 

for the change in wall-thickness: 

6t t, 
a. ie ene Cee (V1. 04) 

64; ore 
where 

Cu. 
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substitution of Zs =O for sinking gives: 

2 (1 -3 

  

Cz 

  

t43(1-2 *4-1)? 
e524 

Gulyaev and Ivshin present a chart for the calculation of 

coefficient C for different values of z and t/d ratios. 

They claim that their new formula (VI. >4is 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/a increases, the deviation 

of C from the 0.5 figure increases according to Guylaev's 

expression until C takes the value of -0.7 for t/d = O45 

It could be said therefore that for t/d of up to 0.15, ie, 

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) Cote |) (190 

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 &t/éa. The final tube 

dimensions were made at points corresponding to the root 

of the groove. For the t/a, ratio used throughout Cole's 

tests, which was 0.1422, most of these formulae give values of 

&t/Sa of about 0.072 ( from §t/Sa - t/a, sueee 

Gulyaev's paper (15)), The ratio §t/Sd 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 onechalf 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. 
$ 

From volume rate contancy we have: 

Ag Uy = Ay Uy ieee (Vr805) 

putting A, = 4%, (d, - t,) aithed ote sbetarel (WV 2<00) 

and AV = t, (a, - &,) te, caibieera eres VkO7) 

we get 

to( d, -ty) UJ = t4(dy - t,) Uy ....... (VI. 68) 

The error resulting from replacing a,-t, by d,-t, in the 

value of dy is less than 1% for the small changes in the wall 

thickness normally resulting in one stand. 

Therefore from equation (vI,68) above: 

(8o/to -1)to , Ue 
t,= cree ieee 
“4 (i/e, 24) vy 

But Uo/v; oe. 

(o/t, = 1) 5 
= (fete) 

So Tae, = : % eee ea VEn6) 

= (me -1) 

Bp =ty—ty=t,| (ie) ee -1| oerlen ee ether) 

(+ -1) 
°o 

Therefore :
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d 

$ t (G2 - 1) ppl] mw 
(<2 - 1) 

°o 

This equation can only be used for relatively thin tubes 

(4,/to > 5.0 ) since it does not predict the drop in 8t/¢ for 

d,/tg < 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, (vI-2. 4) 

(5) Shveikin, (VI-2.5) 

(6) Gulyaev, (vI-2.6) 

(7Je[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) tests68 to74 are phase two, i.e, guided sinking, of 

the R-O 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-O 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: 

en the generalised strain, 

oy (t/mn?) the mean yield stress in uniaxial compression of 

the tube material, 

Sr (mm) the absolute draft at the root of the groove 

S (mm) mean draft 

% /§ is the ratio between the change in wall thickness §, and 

the change in diameter Saar
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See Gy as above but from direct measurements at the root of the 

groove. 

de fts tube diameter to thikness ratio before rolling 

La (mm) measured mean length of the are of contact corrected 

only for the finite width of the pin RUoEROe for torque 

sharing. 
er 

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

formation zone respectively. 

Table(VII-3) "Loads" contains the recorded loads during 

the rolling trials as listed below:~ 

1) RSF (KN) Roll separating Force 

F Front loadcell reading 

B Back loadcell reading 

2) Torque (Nm) the rolling torque 

t top torquemeter reading 

TY bottom torquemeter reading 

total torque = aise Ty 

3) Roll Pressure (N/mm?) : 

Py recorded pressure from pin loadcell number 1 

Pg recorded pressure from pin loadcell number 

P3 recorded pressure from pin loadcell number 

Pe 
WwW 

N
 

Py recorded pressure from pin loadcell number 

P, mean pressure = (py + Po 4 Pgt Py)/ 4 

Finally, table(VII-4)contains values of the applied front 

and back tensions for phase three tests , i.e, stretch reducing, 

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

R, radiis of roll at the root of the groove 

= 94.60 mm 

Rg radius of roll at the shroud 

=113.45 mm 

Ry effective roll radius 

= 99.92 mn 

Te raduas of the groove 

= 23.39 mm 

h, 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 

= 0. 16653 a7



Dimensions wimensaons 

Table (VII-1.1) 

Tost Results 

R-O passes 
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Unguided Sinking 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

Tost|Gap os Dimensions (mm) 

No, }|settr % mean values at root of groove 

ing 

aS eS ay ‘, ao7 ton ayy ti 

1 | IIT |0.56 | 43.9 | 2.87] 42.5] 2.96) 44.4|/2.89 |40.3 | 3.00 

2 |IIrT| 2.35 | 43.9 | 2.87] 42.3] 2.92] 44.4/2.89 |40.3 | 2.89 

| 3 | IIT] 0.61 | 43.9 | 2.87] 42.4] 2.98] 44.4/2.89 | 40.0 | 3.00 

4} XIT| 2.8 | 43.9 | 6.09| 42.2] 6.21] 44.5/6.20 | 40.0: | 6.12 

III | 3.13 | 43.9 | 6.09 | 42.3 | 6.17] 44.5 |6.20 [40.6 |6.13 

mae III | 3.7 | 43.9 |6.09 | 42.2 | 6.15] 44.56.20 140.3 |6.16 

7 \IXT | 3.14 | 43.8 | 9.20 | 42.4] 9.32] 44.09.19 |40.6 |9.15 

8 |ITT] 3.5 | 43.8 | 9.20 | 42.2] 9.37] 44.0/9.19 [40.3 |9.22 

9 | TIT | 3.5 | 43.8 | 9.20 | 42.4 | 9.27] 44.0/9.19 |40.3 |9.15 

10 | IZ] 3.2 | 43.9 | 2.90 | 41.9 | 2.95} 43.5|/2.86 |39.0 |2.90 

11 | rz /3.6 |43.9 |2.90 | 41.8 | 2.95 | 43.5 |2.86 (38.7 |2.86 

12 | rr |4.15 |43.9 |2.90 | 41.8 | 2.93 | 43.5 [2.86 (38.7 |2.90 

13 | 12 |3.2 143.9 |2.90 141.9 | 2.95 | 44.0 2.82 |38.8 {2.92 

14 tE 42% 43.9 |2.87 | 41.5 | 2.93 | 44.3 2.79 |39.1 |2.88 

15 TT | 3.5 43.9 |2.87 | 41.5 | 2.94 | 44.3 |2.79 [39.1 |3.00 

16 | rr.. 4.2 143.9 |2.87 | 41.4 | 2.93 | 44.3 [2.79 |39.1 |2.62 

17 | IZ | 3.58 |43.9 |6.06 | 42.0 | 6.20] 44.0 [6.13 |39.5 |6.16 

18 | 1x | 3.07 |43.9 |6.06 | 41.9 | 6.25 | 44.0 |6.13 |39.4 |6.13 

19 | IZ | 3.28 |43.9 | 6.06 | 41.8 | 6.24 | 44.0 [6.13 (39.4 |6.29 

20 | IL | 4.95 lon 6.14 | 41.5 | 6.29 | 44.3 6.31 (38.8 |6.31                        
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Dimensions Unguided Sinking 

Dimensions (mm ) 
TestjGap Bs 

No.|settl % mean values at root of groove 

ing i 

ae eG ay % aor toy Se tir 

21 | IT |4.85 [44.0 | 6.14/41.4 16.30 [44.3 |6.31 |39.1 | 6.38 

22 | IZ |5.3 44.0 | 6.14]41.4 16.27 [44.3 |6.31 |39.1 | 6.27 

23 | rx | 3:4 [43.8 | 6.38/41.5 |6.61 |43.6 [6.41 [39.4 |6.48 

24 II j}4.1 43.8 6.38141.5 |6.55 143.6 |6.41 |39.4 |6.48 

25 | 11 13.6 |44.0 | 6.60/41.7 16.82 |44.2 16.54 |38.8 |6.56 

26 | IX 273.6 |44.0 | 6.60/41.7 |6.82 144.2 [6.54 |38.8 |6.56 

27 | Ir |3.6 144.0 | 6.60]41.7 |6.82 |44.2 |6.54 |38.8 16.56 

28 | IX |3.58 143.9 | 6.06/42.0 [6.20 144.0 |6.04 |39.5..16.06 

29 | IX |5.68 /43.9 | 9.21141.7 |9.31 143.5 |9.03 139.1 | 9.12 

gO | IX |4.93 143.9 | 9.21142.0 |9.30 [43.5 |9.03 |39.7 19.35 

31 | IT 15.96 |43.9 | 9.21]41.7 [9.28 |43.5 |9.03 139.0 |9.03 

32 | IT |5.6 149.8 | 9.22 141.5 (9.37 [44.0 19.23 138.8 19.32 

33 Ir {6.5 43.8 9.22 141.2 19.35 |44.0 |9.23 {38.5 19.00 

34 | IT |6.5 [43.8 | 9.22 |41.2 |9.33 144.0 19.23 138.8 8.85 

35 I 4.8 43.9 2.92 140.9 |3.02 143.7 |2.73 |37.9 {2.98 

B61 T. 17.'03) (43.9 |)°2.93)/40.6) [2595 (43.7) 12.73 138.2 5| 2.90 

87 | T 15.32 (43.9 | 2.92 141.1 |2.97 [43.7 (2.73 136.0 [2.66 

S813 1§.32 49.9 | 2.02 42.1 (2.99 [43.7 12.739. 138.0 [2.88 

39 r 6.06 144.0 2.90 141.0 12.95 |44.0 |2.82 |38.2 [2.85 

400 ea) 6.77 3-9 2.90 140.8 12.87 |44.0 12.82 137.5 |2.85 
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Unguided Sinking 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                      

aatiGep 3 Dimensions (main) 

No.[setth % mean values at root of groove 

ing 
nS co a, ey Corleone eee: 

41 Z| 4.8 |43.9 |2. 92140.9 |3.02 144.0 |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 I 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 I | 7.3 | 43.9 | 6.51] 40.8] 6.60] 44.0] 6.50] 37.7] 6.50 

47 Bo] 5.5 | 4329 6.10 40.8 | 6.33] 44.2) 6.15'|-37051 6.15 

48 I | 5.5 | 43.9 | 6.10] 40.8} 6.33] 44.2 ]|.6.15] 37.5:| 6.18 

49 Z 5.5 | 43.9 | 6.10) 40.8 | 6.33] 44.2] 6.15] 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 XI | 6.57 | 44.0 | 6.15 | 40.9 | 6.26] 44.0 | 6.04] 38.2] 6.15 

52 r 6.4 143.6 | 6.15 | 40.9 | 6.27) 44.0] 6.04 | 37.7] 6.05 

53 I | 6.4 | 43.6 | 6.15 | 40.9 | 6.27] 44.0 | 6.04 | 38.2] 6.15 

54 I | 6.76 | 44.0 | 6.15 | 40.9 | 6.26 | 44.0 | 6.04 | 37.5 | 6.06 

55 r 7.2 43.8 | 9.13 | 40.8 | 9.33 | 43.3 | 8.94 | 37.8 | 8.85 

56| x 17.7 143.8 |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 | z | 6.04 |43.5 |9.09 | 40.8 | 9.30 | 44.0 | 9.08 | 37.8 | 8.96 

60 | x [6.6 |43.7 |9.05 |40.8 |9.29 | 43.3 |8.94 | 37.8 | 8.85     
 



Dimensions 

Table(VII-1.2) 

Zest Results 

0-0 passes 

161 

Unguided Sinking 
  

  

  

  

  

  

  

  

  

  

Apbe lees : Dimensions (mm) 

No. }settpr %, mean values at root of groove 

ing 

co ES a ty Gor Fox ay ti. 

61 | I(t. 9 41.5] 6.61] 40.3] 6.73] 43.6] 6.41| 38.2] 6.67 

62 II j0.63 41.7| 6.52] 40.5] 6.75) 38.8} 6.56| 38.0] 6.60 

63 E ji2ed 4059 |=6.27 | 39.7!) 6..38|.37.7| 6.05) 37.2) 6.30 

64 XI (2.3 40.9 | 6.26] 39.7] 6.38] 37.7] 6.05] 37.2] 6.12 

65 | IT |1.98 | 41.8 | 6.24) 40.6] 6.34) 39.4] 6.29] 38.8] 6.46 

66 {I 3.9 | 40.8 | 9.29| 39.2] 9.46] 37.8] 8.85] 37.5] 8.92 

67 II Be 41.2 | 9.331] 39.9] 9.42] 43.5| 9.03] 38.5] 9.55 
  

  

  

  

  

  

  

  

  

  

  

  

                          
 



Dimensions 

Table(VII-1. 3) 

Test Results 

R-O passes 

162 

Guided Sinking 
  

  

  

  

  

  

  

  

  

  

fosticas = Dimensions (mm ) 

No, fsottPr %, mean values at root of groove 

ing 

oo iG a a dor ton oie tip 

68 | rz 5.14 | 44.0/6.13 |41.38| 6.28] 44.0 [6.15 | 39.4 | 616 

69 EX. |5.24 44.0] 6.13/41.38| 6.29] 44,016.15 [39.4 |6.16 

70 | rz [5.14 [44.0 | 6.13|41.38| 6.29] 44.0]6.15 139.4 [6.16 

7 I |4.48 143.65| 2.88|40.8 | 2.96] 44.0|2.82 |39.5 |3.00 

72 Xr 13.78 |43.7 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 Results 

0-0 passes 

163 

Guided Sinking 
  

  

  

  

  

  

  

  

  

  

  

  

  

neetlean S Dimensions (mm) 

No.|settp % mean values at root of groove 

ing 
a co a4 y Gon) Port Sax | tir 

75 | I |2.92 141.9 |6.36 |40.4 |6.46 | 39.1 16.15 | 36.9 | 6.46 

76 | I 12.92 [41.9 16.36 [49.4 16.46 | 39.1 |6.15 | 36.9 |6.46 

77: | IT 13.24 141.7 19.35 140.5 |9.43 | 40.5 |8.92 137.2 |8.96 

78 | IT. 13.24 [41.7 19.35 |40.5 19.43 |40.5 |8.92 137.2 |8.96 

79 I {2.79 |40.82)9.36 |39.7 |9.49 140.8 |9.08 |37.5 | 9.09 

80 | £ {2.79 140.82 9.36 139.7 19.49 |40.8 |9.08 137.5 |9.00 

81 | XT {1.51 139.7 19.49 139.1 [9.56 139.7 |9.09 |38.2 |9.11 

82 r 1.51 139.7. 19-49 139.1 19.56 139,719.09 |38.2-19.11 

83 | I {0.22 139.1 19.56 |38.8 |9.66 |39.1 19.08 |38.2 |9.11 

84 | ET 0.22 |39.1 | 9.56/38.8 9.66 139.1 19.08 |38.2 19.11 
  

  

  

  

  

  

  

  

  

                            
 



Table (VII-1.5) 164 

Test Results 

R-O passes 

  

  

  

Dimensions Stretch-Reducing 

featlCap e Dimensions (mm ) 

No. {settpr a, mean values at root of groove 

ing 

oo iG a + dor ton ay tip 
  

85 Ti| 4.71 143.9 2.92 144.4 2.97| 44.0 /2.82 |38.8 |2.92 

  

86 IIT] 4.71 |43.9 2.92 | 44.4 | 2.97] 44.0] 2.82 |38.8 |2.92 

  

87 IT| 5.3 (44.0 | 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 | 6.15 |39.1 [6.15 
  

89 IT| 5.26 | 43.8 | 9.20 | 41.6 | 9.35] 44.0] 9.13 139.1 |9.00 

90 II} 5.26 | 43.8 | 9.20 | 41.6] 9.35] 44.0] 9.13 139.1 |9.00 
  

  

91 IT | 5.26 | 43.8 | 9.20 | 41.71 9.31] 44.0] 9.13 |39.4 |9.23 

  

92 Tr 155.0 43.8 | 9.20 | 41.7 | 9.35 | 44.0.|.9.13 |39.0-.| 8.92 
  

93 Ir | 5.0 43.8 | 9.20 | 41.7 | 9.35 | 44.0] 9.13 )39.0 8.92 
  

94 EE (75. 0 43.8 | 9.20 | 41.7 | 9.35 | 44.0 | 9.13 [39.0 8.92 

95 a 6.94 | 43.9 | 2.92 | 40.9 | 2.94] 44.0 | 2.82 [38.14] 2.92 
  

  

96 I |7.0 | 43.9 |2.98 | 40.9 | 2.99] 43.4 | 2.88 [38.14 | 2.92 
  

97 eat vel. 43.9 | 2.98 | 40.9 | 2.99 | 43.4 | 2.88 38.14 | 2.92 
  

98 at 6.46 | 43.9 | 2.98 | 40.8 | 3.02 | 44.0 | 2.82 | 37.8] 3.08 
  

99 aL 6.46 | 43.9 | 2.98 | 40.8 | 3.02 | 44.0 | 2.82 | 37.8 | 3.08 

  

100 z 7.97 | 43.9 }2.92 | 40.8 | 2.91 | 44.0 |} 2.82 | 37.5.1 2.88 
  

102 = 7.97 |43.9 |2.92 | 40.8 | 2.91 | 44.0 | 2.82 | 37.5 | 2.88 
  

102 | z | 7.97 143.9 12.92 | 40.8 | 2.91 | 44.0 | 2.82 | 37.5 | 2.88 
  

103 i 7-97 |43.9 |2.92 | 40.8 | 2.91 | 44.0 | 2.82 | 37.5 | 2.88 

  

104 = 7.5 44.0 16.13 |40.9 |6.19 | 44.0 | 6.15 | 38.1 | 6.16                         
 



Table(VII-1.5) (contd. ) 165 

Test Results 

R-O passes 

  

  

  

Dimensions Stretch-Reducing 

Dimensions (mm) 
TestjGap r 

No.|settr % mean values at root of groove 

ing 

ay te ey a dor ton qa tap 
  

105] Z| 7.5 44.0 |6.13 |40.9 [6.19 [44.0 |6.15 |38.14| 6.16 
  

106 I 6.23 |43.8 (6.13 |40.9 |6.26 [44.0 |3.00 |38.2 6.23 
  

10715 Ti |-6529)143,.8 (0.23) 140.9) 16.20 144.0 13,00, 138.2 |) 6.129 

108 | ZX /10.29 |43.8 (9.20 |40.2 |9.20 144.0 |9.39 |38.2 | 9.15 
  

  

109 I |10.29 |43.8 (9.20 |40.2 |9.20 |44.0 |9.39 |38.2 |9.15 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

                           



Table (VII-1. 6) 166 

Test Results 

0-0 passes 

  

  

  

Dimensions Stretch-Reducing 

testi aae = Dimensions (mm) 

No, fsettpr % mean values at root of groove 

ing 

ca es a4 of dor ton qi, tir 
  

110 IL|2.33 [41.9 6.16] 40.5 | 6.27}41.89 |6.15 {38.5 |6.18 

  

111] 2E]2.33 [41.9 16.16 | 40.5] 6.27/41.89] 6.15 138.5 |6.18 
  

112] 1212.33 141.9 (6.16 | 40.5 | 6.27/41.89] 6.15 |38.5 |6.18 
  

113 IT|2.33 141.9 [6.16 [40.5 6.27141.89| 6.15 38.5 |6.18 

  

114| 2512.96 |41.9 [9.39 [41.1 | 9.33/41.88] 9.0 |38.8 19.13 
  

115 TE 12.96 4359" 239 At. 1 9.33/41.88 | 9.0 138.8 |9.13 
  

116 I |2.24 (40.8 2.90 [40.33 | 2.87|40.79] 3.08 136.6 {3.00 
  

117 | X |2.24 40.8 2.90 140.3 | 2.87140.79] 3.08 |36.6..|3.00 

  

118| <r (1.85 40.4 | 6.46 \40.4 | 6.32 140.44 6.46 139.1 16.48 
  

119 XE 11.85 40.4 6.46 40.4 6.32 |40.44 16.46 |39.1 |6.48 

  

120] ZX |0.99 40.9 | 6.26 40.3 | 6.33 |40.89 |6.23 |38.2 |6.69 
  

121] Z 10.99 | 40.9 | 6.26 | 40.3 | 6.33 140.89 [6.23 |38.2 |6.69 

  

122} ZX | 3.32 | 40.5 | 9.43 | 39.4 | 9.44 |40.45 8.96 (37.2 [9.15 
  

123 | ZI | 3.32 | 40.5 | 9.43 | 39.4 | 9.44 140.45 [8.96 | 37.2 19.15 
  

  

  

  

  

                           



Deformation 

Tabie(VII-2.1) 

Test Results 

R-O passes 

167 

Unguided Sinking 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

  
                        

Velocities 
Test En oy . 5 be Se Ba Lin (mm/s ) 

he (fem?) | Guu) }Gramy J © Sp Weta eee Ul st 

1 $0,040 | 11.72] 4.10] 1.40] 0.065] 0.0274 15.4] 11.9] 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 40.045 | 11.89] 4.10] 1.56] 0.067] 0.027 15.4] 14.6] 16.5 16.8 

4 {%.048 | 11.98] 4.50] 1.63/0.070]/ 0.019 7.2] 10.2] 16.3 | 17.0 

§ |0.046 | 11.92] 3.90] 1.55]0.049] 0.023] 7.2/9.8 | 16.2 | 17.0 

6 10.047 | 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 4.81 11.9] 16.2 | 16.7 

8 0.054 | 12.15] 3.70] 1.62]0.100] 0.008 4.8! 12.9116.2 |16.7 

9 |0.046 | 11.92] 3.70) 1.40]0.049 cou 4.8) 11.8) 16.2 | 16.7 

[ 10 [0.052 | 12.10} 4.50/2.03]0.025|0.009 15.2] 14.6/16.5 | 17.0 

11 [0.056 | 12.21] 4.80/2.13/0.025)0.00] 15.2] 16.0/16.5 | 17.0 

12 10.057 | 12.23 | 4.80/2.1110.016] 0.008 15.2] 15.5] 16.5 |17.0 

13 10.052 | 12.10} 5.20/2.00}0,025] 0.019 15.1|14.8/16.5 | — 

14 |0.063 | 12.38 | 5.20/2.411/0.025] 0.017 15.3] 18.1/16.3 |17.3 

15 [0.062 | 12.36] 5.20}2.39/9.029] 0.040 15.3] 18.3/16.3 |17.2 

16 0.066 | 12.45 | 5.2012.51]/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|0.09]7.3 | 13.7/16.4 | 17.0 

19 }0.063 32. 38 | 4.60] 2, 13}0.086/0.035 7.3 | 13.4116.4 | 17.0 

20 |0.076 | 12.66 "5.50 2.57|0.057|0,00| 7.2 |17.2| 16.2 17.1 |    



168 

Table (VII-2. 1) (contd. ) 

Test Results 

R-O passes 

  

  

  

Deformation Unguided Sinking 

F [Velocities 
Test S oy Ss 5 be bee d, Lo (mm/s ) 

Noe 2 5 
Se (i/em™) } Cuan) } (iar) S br a Ge ur Uy 
  

21 0.077 |12.68 |5.20 | 2.60] 0.063 0.014 7.2 185.5 | 16:2 | 37.54 
  

22 0.078 [12.70 |5.20 | 2.63) 0.051] 0.009 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 ct 
  

24 0.07 |12.54 14.20 | 2.32] 0.074] 0.01% 6.9 | 13.7] 16.2 = 
  

25 $0.08 [12.73 |5.40 | 2.33] 0.096] 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 0.07 12.54 [5.40 | 2.31] 0.0960.004| 6.7 | 11.8) 15.8 a 
  

28 0.061 {12.33 |4.50 | 2.03] 0.074.004] 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 
  

30 0.065 |12.43 |3.8 1.94] 0.048] 0.084 4.8 | 12.1] 16.0 17.0 

  

3i 0.076 {12.66 |4.50 | 2.24] 0.031) 0.0 4.8 | 11.3) 16.0 [17.0 
  

32 10.078 12.70 |5.20 | 2.30] 0.07 | 0.015 4.8 | 14.3) 16.1 | 17.3 
  

33 | 0.087 [12.87 |5.50 | 2.56] 0.05 | 0.044 4.8 | 14.4) 16.1 | 17.3 
  

34 0.085 |12.83 |5.20 | 2.51] 0.043] 0.073 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 - 

  

37 0.076 12.66 15.70 | 2.82] 0.018 0.024 15.0 18.1) 16.3 = 
  

38 0.076 |12.66 |5.70 | 2.82] 0.018 0.026 15.9 19.4) 16.5 = 
  

39 p.082 12.78 |5.80 | 3.00) 0.017 0.00% 15.2) 18.5) 16.2) — 
                        40 0, 084 12.81, 6.50 | 2.95] 0.02 [0.005/15.1} 18.2) — i 
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Table (VII-2. 1) (contd. ) 

Test Results 

R-O passes 

Deformation Unguided Sinking 
  

cs [Velocities 
Test} € oa s 5 & be de L (mm/s ) 

m y 

No. (N/eun®) $ Cum) } Gam) 5 op = 

  

° (on uy us 1 

41 [0.081 [12.76 | 4.50 |3.00 (0.033 |0.040/15.0 /18.8 {15.8 =) 

  

  

42 10.081 12.76 | 4.50 |3.00 0.033 |0.040/15.0 |18.8 |15.8 _ 

  

43 (0.093 |12.97 | 5.30 |3.10 [0.035 |0.004]7.2 |18.1 |16.0 — 
  

44 0.094 |12.99 |5.70 |3.11 10.035 |0.005/7.2 |16.8 15.9 = 
  

45 10.092 [12.96 |6.50 13.03 [0.073 |0.006|/6.7 |16.3 |16.15 es 

  

46 (0.096 {13.02 | 6.30 /3.10 [0.029 0.00 |6.7 116.1 |16.2 os 

  

47 $.080 {12.74 |6.70 |3.12 (0.074 10.00 |7.2 |16.0 |16.1 = 
  

48 [0.080 |12.74 |6.70 |3.12 J0.074|0.004/7.2 |15.6 |16.0 | — 
  

49 1, 080 12.74 |6.50 |3.12 [0.074 |0.006/7.2 [16.7 [16.1 

  

50 $0.993 |22.97 | 5.80 /3.03 [0.039 |0.029/7.1 |18.1 ]16.2 |17.2 

  

Si 091 112.94 | 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 0.090 12.92 | 6.30 [2.99 10.047 ]0.002]}7.1 116.8 ]16.2 |17.2 
  

54 {0.093 |12.97 |6.50 /3.10 [0.035 |0.003}7.2 |19.6 |15.6 ee, 

  

55 0.101 |13.10 | 5.50 |3700 |0.067 |0.016/4.8 {16.4 115.9 |16.8 
  

56 0.102 |13.12 | 5.80 ]2.98 |0.043 |0.0 4.8 |16.3] 15.9 cre 
  

57 }0.102 |13.12 | 6.2012.97 |o.021]0.026/4.8 |16.3] 15.9 
  

58 10.100 /13.09 | 6.20 |2.93 ]0.043 10.019] 4.8 17.8 ; 16.0 a 

  

59 j0.091 112.94 | 5.20] 2.64 0.078 0.01} 4.8/17.8 116.0 _ 
    

60 {0.098 13.05 5.50 9-10.083]0.016] 4.8 |16.5] 15.9] — Nn oO                            



Deformation 

fable (VII-2. 2) 

Test Results 

0-0 passes 

170 

Unguided Sinking 
  

  

[Velocities 

  

  

  

  

  

  

  

  

Tes om oy S 5 be &, d La (mm/s ) 

No. (1i/mm®) $ Cum) } Cram) 5 8, Ls (om Ue Uy 

61 $0,037 |11.61 | 5.40 ]1.13 |0.100|0.048) 6.3]16.9| _ m 

62 $0.044 {11.86 | 0.80 |1.18 |o. 192 ]0.050)6.4 [17.2 [16.2 ci 

63 $0.041 |11.76 | 0.50 |1.28 10.087 |1.740]6.5 |13.1]15.4 - 

64 0.041 |11.76 | 5.80 ]1.20 |0.100]0.016/6.5 }11.2 45.5 - 

65 }0.060 [11.58 | 0.60]1.17 10.085 }0.283]6.7 110.4 ]15.8 - 

66 }0.060 |12.31 | 0. 30/1. 61 10.106 |0.233]/4.4 }14.9 115.7 - 

67 10.048 |11.98 | 5.0 |1.34 |0.070/0. 102] 4.4 15.2 115.5 = 
  

  

  

  

  

  

  

  

  

  

  

  

                             



+72 

Table(VII-2. 3) 

Test Results 

R-O passes 

  

  

Deformation Guided Sinking 

es [Velocities 
Test ae oy ‘ ‘ be by ory | (mm/s ) 

No. é ) g (tian?) | Cum) b Gam) |] ~ © Sree lca eC aal alls 
  

68 ).078 | 12.70/4.60 | 2.62] 0.057] 0.004 7.2 |13. 36] 16. 09] 17. 06 
  

69 0.078 | 12.70}4.60 | 2.62] 0.057 0.003 7.2 13.84) 16.09] 17. 06 

  

70 0.078 | 12.70/4.60 | 2.62] 0.057] 0.00% 7.2 |14. 16] 16.09] 17. 06 

  

71 40.075 | 12.64]4.50 | 2.83] 0.028] 0.044 15.2] 20.8] 14.3 - 
  

72 0.073 | 12.60/6.80 | 2.85] 0.038] 0.007% 15.2) 18.9). 16.08) 16.83 
  

73 } 0.073 | 12.60/6.80 | 2.85] 0.038] 0.007 15.2] 20.1, 16.08] 16.82 
  

74 40.101] 13.10]6.40 | 2.96] 0.037] 0.003 4.7] 16.8) _ 17.30 

  

  

  

  

  

  

  

  

  

  

  

  

                          
 



Deformation 

Table(VII-2. 4) 

Test Results 

0-0 passes 

172 

Guided Sinking 
  

  

  

  

  

  

  

  

  

  

  

  

elocities 
Test e. oy 5 5 Be be, goe Ly (mm/s ) 

Boe (ifem@)! Gum) } Cram) | © Gm | tee ieee ONG eos 

75 0.045 |11.89 [2.18 |1.45|0.069/0. 142] 6.6 |9.49/16. 06] 16. 37 

76 {0.045 |11.89 | 2.18 ]1.45 10.069 |0.142]6.6 |10. 5416. 06 |16. 37 

77 40.044 111.89 | 3.30]1.23 |0.065 |0.012}4.5 113.94 16.17 16.64 

78 40.044 |11.89 | 3.30 ]1.23 [0.065 |0.012/4.5 |11.64 16.17 16.6 

79 0.043 |11.83 | 3.301. 16 JO. 112 |0.003]4.4 113.04 16.8 |17.15 

80 {0.043 |11.83 | 3.30 ]1.16 JO. 112 ]0.003/4.4 |14.84 16.8 |17.15 

81 {0.023 [10.97 | 1.50 10.60] 0.114 0.018 4.2 |12.30 15.9 116.29 

82 0.023 110.97 | 1.50 |0.60 J0.117 }0.013)4.2 111.99 15.9 |16.29 

83 [0.014 |10.34 | 0.90 |0.27 10. 370 |0.033]4. 10/9. 10 ]16.1 16. 36 

84 [0.014 |10.34 | 0.90 j0.27 j0. 370 10.033/4.10 |9.55 |16.1 16. 36 
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Table(VII-2.5) 

Test Results 

R-0 passes 

  

  

Deformation Stretch-Reducing 

[Velocities 
Test éE, oy & 5 be Se d, | L,, |(am/s) 

No. ‘ 
(H/em™) | (wie) } (ram) 5 by t, Gant u. u, 
  

85 p.067 |12.47 |5.20 | 2.5 | 0.02 ]0.019/15.0 |16.13] 15.5 |16.57 
  

86 ).067 112.47 |5.20 |2.51 | 0.02 10.019]15.0 ]13.45| 15.5 |16.57 
  

87 P.065 |12.43 | 4.90 j2.11 | 0.014 0.0 {7.2 |13.68 15.52) 16. 64 
  

88 £.065 {12.43 {4.90 j2.11 | 0.014 0.0/7.2 13.24 15.52) 16.64 
  

89 p.073 |12.60 | 4.90 |2.18 | 0.060 0.03]/4.8 .|14.39 15.63 - 
  

90 [0.073 |12.60 | 4.90 |2.18 | 0.069 0.03/4.8 |13.58 15.63) - 
  

91 p-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 0.04 4.8 13.64 15.40 17.14 
  

93 (0.070 |12.54 | 5.00 |2.10 J0.071 |0.042/4.8 |12.81 15.40 17.19 
  

94 |0.070 |12.54 | 5.00 |2.10 |0.071 [0.042/4.8 {13.29 15.40 17.18 

  

95 $0.086 112.85 | 6.50 13.03 j0.007 |0.005/ 15.0 |18.3 - 18.1 

  

96 }0.086 {12.85 | 5.30 13.01 |.003 |0.008]14.7)/18.3] 17.1] 17.9 
  

97 {0.086 |12.85 | 5.30 |3.01 |0..003 }0.008114.7|19.1] 17.1] 17.9 
  

  

98 ]0.085 |12.83 | 6.20 |3.09 |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 a 1718 

  

100 {0.094 |12.99 | 6.5013. 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 10.094 |12.99 | 6.50]3.15 [0.003 /0. 009) 15.0/15.2 = = 
  

103 j0.094 [12.99 | 6.5013. 16/0. 003}0. 009] 15.0/16.8 - - 
  

104 j0.096 13.02 §.90/3.12 |0.019/0, 002) 7.2 16.2 - » m Nn w&
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Table (VII-2. 5) (contd, ) 

Test Results 

R-0O passes 

Deformation Stretch-Reducing 
  

y \Velocities 
Test Em oy iS ie 8, oe is La, (mm/s ) 

p (sara ) 5 br 

105 |0.096 /13.02 | 5.90|3.12 10.019 |0,002/7.2 |16.4d 16.2 - 

a 

  

  

ct 

° (mm Ce y 

  

  

    

106 |0.089 |12.90 | 5.80 |2.95 j0.044 |0. 014] 14.8 13.24 17.04 - 
  

107 0.089 |12.90 | 5.80 |2.95 10.044 [0.014] 14.8117.51 17.04 - 
  

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

109 0.125 {13.44 | 5.80 /3.55 ]0.00 |0.041/4.8 |18.34 17.01 18.3 
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Table (VII-2. 6) 

Test Results 

0-0 passes 
Deformation Stretch-Reducing 
  

[Velocities 
Test) € ae is 5 & See d Lia (mm/s ) 

m , = 
  

  

  

Nee (ifem@)! (um) | Gam) | © Srl to | (emis |e Uy 

110 0.042 |11.79 | 3.39 |1. 345 0.08 ]0.009/6.8 |17.29 ~ - 

111.042 |11.79 | 3.39 [1.345 0.08 Jo.009}6.8 15.37 - | - 
sal   

112 [0.042 |11.79 | 3.39 |1. 345) 0.08 ]0.009/6.8 |16.4q - - 

  

113 (0.042 |11.79 | 3.39 1.345 0.08 |0.009/6.8 |14.84 - 4 
  

114 [0.032 [11.41 | 3.08 |0.83 | 0.0730.042/4.5 |13.5 |14.93 |16.83 
  

115 0.032 [11.41 | 3.08 |0.83 | 0.079 0.04]/4.5 |13.1414.93 |16.83 
  

116 -023 (10.95 | 4.19 0.444 0.067 0,02] 14.1 111.6416. 54 117. 02 

117 pp.o23 10.95 | 4.19 10.444 0.07| 0.02 14.1 9. 68 16.54 17.02 

  

  

118 10.024 |11.03 | 1.34 0.015 9.33 |0.015/6.3 |11.4%4 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 +020 110.79 | 2.69 |0.63 0.011 ]0.171]6.5 [11.84 - - 
  

121 {0.020 |10.79 | 2.69 |0.63 [0.011 0.171) 6.5 |12.64 - os 

  

122 {0.039 11.69 | 3.25 |1.05 |0.010 |0.05814.3 113.6415. 46 - 
  

123 $0.039 |11.69 | 3.25 |1.05 0.010 |0.05814.3 |13.5415.46 - 
  

  

  

  

  

                           



Table (VII-3.1) Aj 

Test Resu    

R-O passes 
Loads 

Unguided Sinking 

  

> Test] RSF (kN) Torque (Nm) Roll Pressure ( N/ mm*) 

Noe 
  

F Bob tots t coal P, u 1 t Po Ps Ph P   
  

1 f1.15/4.12)2.25 126.0 [40.7 (66.7 | 4.3313.87 14.65 |5.54 | 4.60 

2 }1.19/1.03/2.22119.2 143.5 162.7 4.62 |3.10/5.81 15.87 | 4.85 

  

  

3 {1.19} 1.03/2,22/31.6 137.3 |68.9 | 3.88] 3.94 15.87 |5. 32 4.75 
  

4 |2.61)2.72]5.33/66.7 80.2 (146.9) 5.311 5.0518. 96 14.99 6,07 
  

2. 76/2. 72} 5.48165. 5 (83.6 |149. 1] 4.57| 5.6017. 46 14.37 | 5.50 

2.65)/2.65)5.30/74.6 167.8 [142.41 5.21) 4.29|7.42 [8.18 | 6.27 
  

  

7 | 5.07/4.861 9.93) 132.3121. 5253.7) 6.80 9.12112.412.72 | 9.44 
  

8 ]4.91/4.71]9.62]100 |155.4255.4] 7.38] 9.53 12.53 NC 9.81 

9 | 4.7614.57) 9.33}85.9|157. 4 24.3 8. 32] 10.3/13.64 NC 10.76 

  

  

10] 1.38) 1.25) 2.63 32.8 148.0 80.8 | 3.84] 3.9615.541 5.7 | 4.76 
  

11 | 1.50] 1. 36] 2.86] 38.9149.7 88.7 | 3.791 4.43/5.29| 5.19 4.67 
  

12 | 1,46/1.44]2.90140.7/49.2 |89.9 4.99 |4.27|5.21] 4.03] 4.62 

13] 1. 32/1.21) 2.52) 39.0)35.6/74.6 4.90 | 3.97/5.28 |6.-72 15.22 

  

  

14 41.77) 1.62) 3.39145.2)/59.9 105. 1) 5.27| 4.55/5.43 [4.67 | 4.98 
  

15 | 1.81) 1.69] 3.50]51.4/58.8 |110.2 5.01] 4.29/4.79 13.52 | 4.40 
  

16 | 1.81] 1.69) 3.50) 51.4157.1|108.5 5.05] 4. 5214.87 3.77 | 4.55 

17 | 3.53} 3.46] 6.99) 98. 3/ 101.7 200 16,35] ne | 7.59) 8.15 |7..36 

  
  

    

  

18 | 3.61] 3.50] 7.11190.4/110.7 201]5,95| 7.19 7.991 9.0217. 52 
      

19 | 3.53) 3.39) 6.92] 92.1/ 101.4 194 15.45] 7.0% 7,90) 8.54 7.27 
                          | : 20 | 4.03] 3.87) 8.90] 103 [130 233 6.38] 6.07/9.09 |6.21 6.04 

sci Fe ele Me      



Table (VII-3. 1) 

Test     

R-O passes 

lts 
  

(contd. ) 

Unguided Sinking 

  

Torque (N i ) Roll Pressure (i ant) 

  

Tot. ty 1 * Pa SS) Ph 
  

4.07 3.75 7.82 153.7 231.7 6.20/7.92 8.60 8.87 
  

22 4.03 3.87 7.90 90.4 143. 9233.4 5.30)6. 52 |8. 68 B.40 ° 
  

23 2.46 3.23 5.69 77-4 105. 9182.7 5.01)4.94 8.18 7.72 
  

24 2.49 2.76 5.25 71.8 93.2 165.0 4.7114.42 6.19 9. 10 
  

25 2.55 282 5.37 58.8 98.3 157.1 5.3215. 01 7.91 8. 98 
  

26 2.49 5.25 68.9 87.6 156.5 5.32|5.75 7.74 8. 21 
  

27 5.53 61.6 88.1 149.7 5.95|6.40 9.72 5. 60 
  

28 3.42 6.53 92.1 118. 4210.8) 4.83) 4.24 5.72 6.79" 5.40 
  

29 4.78 10.4 85.9 210.4296. 1 7213) 9.24 12.5 6,92 8.95 
  

30 4.93 10,5 106 177.4284 7.61 8.24 11.2 2.83 9.02 
  

on 5.04 10.5 106 191.9298. 1 6.95] 8.81 4.14 9, 32 
  

5.52 1106 106 228. 4338.7 6.63/9.23 
  

33 5.71 11.6 137. 191.9 329 6. 58) 9.17 
  

34 5.97 18 143.5 191. 9835.4 
  

6.43 19.29 
  

35 3.50 63.3 41.8 HO5.1 §.03 [4.00 
  

36 3.72 63.9 66.7 (130.6 4.08 13.93 
  

37 58.5 81,6 40.1 4.19 |3.17 
  

38 50.5 80.5 231.0 4.76 14.34 
  

39 

  

1.84 150.9 7309 24.4   5.97 
    40     1.85     66.4       R21.5   [5-30 {4.23 | 

  

      
   



Table (VII-3. 1) (contd. ) #78 

ree ba pesuleor 

R-O passes 

  

  

Loads Unguided Sinking 

. a 

Test] RSF (kN) Torque (tm) Roll Pressure (NZ mm’) 

Noe 

F B Tot. B Ty Tv P, Po Ps Py P 

  

41 41.85 [1.79 8.64 63.1 |59.3]112. 4] 4.911 3.9615. 50 18.52 | 5.72 
  

4211.75 11.73 B.48 60.9 |56.8|107.7 5.04] 4.10]5.38 [6.64 15.29 
  

43 12.94 8.56 6.50 [84.8 [130.01 214.4 4.86] 5.58) 5.3117.17 | 5.73 
  

44}3.05 |3. 40 16.45 |98.0 [117.8] 215.9 5.20 4.53] 6.63} 11.14] 6.70 

4513.40 13,63 17.03 [85.9 [135.6] 221.4 4.63) 5.15]8.43|/9.41 | 6.91 
  

  

46}3. 40 13.70 |7.10 84.8 [152.0] 236.9 5.72] 4.89] 8.01] 10.78) 7.35 
  

A7|3,87 13.58 |7.45 184.8 1137.6] 222.4 6.33 6.20] 8.05/8.89 7. 39 
  

co 4813.64 13.34 16.98 178.8 [124.9] 203.4 6.09] 6.34) 8.22/8.07 | 7.18 

4913.90 13,67 |7.57 [87.2 1135.6 222. 6.00) 6.3018.54)/7.41 | 7.06 

  

  

5014.73 14. 38 19.10 1124. 91139: 0263.9 6.65] 6.38)8.9219.76 | 7.93 
  

5114.51 (4.23 18.74 |106. 2451.41257.4 6.65) 6.23] 6.96111. 49] 7.83 
  

5214.70 |4. 38 (9.08 104. 51159.9| 264.4 6.42] 7.26]/8.0819.48 | 7.81 
  

5314.72 14.36 |9.08 |104 [160.01270 | 6.40) 7.28]8.05|9. 54 | 7.82 

5414.64 |4. 38 19.03 [129. 4160. 5] 289.4 6.93] 6.11]8.1615.03 | 6. 56 
  

  

5516.90 [6.67 113.6 182. 5231.2]413.4 7-43] 8.96| 13.0412. 17] 10.39 
  

5616.32 16.77 |13.09176. 3190.9] 367.4 6.74] 8.31/14. 0411. 63] 10. 18 
  

5717.03 6.67 |13. 70169. 7223.8|393.4 6.70] 10.8|13.44 1191] 10.69 
  

58 16,95 16.83 |13. 781186. 1211.9] 398.q 6.88] 9.34/12.49 13.5] 10. 56 
  

59 |7.06 6.81 |13. 87199. 1204. 6/403. 7 6.97] 9.42) 13.84 10.1] 10.09 
                              60 \7.11 [7.03 144.1480. 4219. 2} 399. 7. 50, 10.2,/12.2|14.4 11.07 
 



Table(VII-3.2) i79 

Test Results 

0-0 passes 

  

  

Loads Unguided Sinking 

2 
Test} RSF (kN) Torque (Km) Roll Pressure CN mm’) 

Noe 

F 2 7 , » F Tote T, yy Ty, Py Po Ps Ph P 

  

61 $1.52 ]2.3313.85 |73.5 [64.4 137.919. 46 [NC Ne [Nc 9.46 
  

62 }1.411)1.79]3.20/57.6 164.4 122.0]9.69]| NC NC NC 9 46 
  

63 42.63 13.02|5.65 159.3 |112. 4] 1717} 6. 76 10. 93] NC NC 8 85 
  

64 [3.13 12.85 15.98 |102. 8) 84.8] 187.6)9.17| Nc |Nc |Nc_ |o 17 
  

65 742.30 }2.28 14. 58 [48.59 78 51 127-117.28 | 9.441 NC NC 8.36 
    

66 6.32 15.30 }11. 6 |184. 2187. 4/272 [12.14 11.0) 13.3|Ne 12.18 
  

67 46.53 |4.93 ]11.5 |172. 9195.6 368.5513. 71 10.91 11.04 8. 40/11. 06 
  

  

  

  

  

  

  

  

  

  

    

pl ese! eae   

                             



Table(VII-3. 3) 

Test Results 

R-O passes 

180 

Guided Sinking 

  

RSF (kX) Torque (im) Roll Pressure CN mn) 

  

Tote 3 Py 
  

68 2.82 2.60 5-42 70. 6 B3 6 154. yy 5.57 B34 ZAQ 
  

69 2.98 2. 89 5.87 81.4 84.8 166. B.89 761 
  

70 - 78 5.83 70.6 90.4 161. 7.04 9.06 8 61 7.60 
  

Th - 68 8. 62 52.0 62.2 114. 4.61 3.82 5. 3h 3.60 4.33 
  

72 1.79 . 68 3.47 61.0 52.5 1i3. 4.78 6 52 5.15 
  

73 - 86 3.91 65.0 66.7 131, 4 63 
  

74 14 12.6 191. 193. 4384. 10.9 13. 56 10 9 10.47 
  

  

  

  

  

  

  

  

  

  

  

  

                        
  

   



Table (VII-3. 4) 

Test Results 

0-0 passes 

181 

  

  

  

  

  

  

  

  

  

  

  

  

Loads, Guided Sinking 

Test} RSF . (kN) Torque (Nm) Poll Pressure (7 mm”) 

Now 

F Bo | tote =T,, a aet, Py Po{ Ps | om |p 

75 |2.3612.49|4.85 |74.6 64.4 1139.0]4.41 16.16 [9.32] NC [6.63 

76 12.49|2.63]5.12 173.5 |76 8 |150.3}6.43/6.04 | 9.83) NC |7.43 

977 14. 54|3.95|8.49198. 3 |135. 6233. 9/8. 71]12.02) 12.5) NC |11 06 

78 14.31|3.87|8.18]104. $115. 8220. 317.5111. 12] 7 58] NC |8.74 

79 |4.40|4.00]8. 40/131. 9130. 0261. 11 10.949. 96 | 6 54} NC |9.16 

80 | 4.40/4.00]8.4 }131. 9130. 0261. 1] 10. 1411.33} NC NC |10.71 

81 | 3.51) 3.14] 6.65]79. 7 |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] 10.4412. 16 NC NC “]11.29 

83 | 2.8612. 39] 5.25/54.2 [48.0 102. 2] 10. 1412.27 NC NC |11 20 

84 | 2.86| 2.391 5.25} 54.2 148.0 |102. 2] 9.80)14.24 NC NC 12.01 
  

  

  

  

  

  

  

  

  

                            
 



Table (VII-3. 5) 182 

Test Results 

  

R-O passes 

  

  

Loads Stretch-Reducing 

Test} RSF (kN Torque (Km) Roll Pressure Cy mn”) 

NOe 

F Bi sora | ar Te alnee P, pel leeesa| cohen 

  

85} 1.29 1.10) 2.39) 39.6] 40.7|80. 3 14.90 | 4.4415.72 16.99 15.51 
  

86] 0.84/0.7311.57|36.2 131.6 67.8 $4.79 |4.54 15.82 | 5.5615 10 

87) 3.05|2.78}5.83)/85.9 /85.3 [171.21 5.65 16.05 B.85 | 7.2416. 95 

  

  

88] 2.59|2.05)4. 64 188.7 98.3 1187.0]6.0716.95 8.12 |Nc |7.05 
  

891 6.02/4.75]10. 79128. 9157. 1285.4] 7. 66/10. 46] 13.811 3.44 10.65 
  

90] 4.23/3.66)7.93 |102. 8153. 7256.5;8.08 18.07 f11.44|NC |9.20 
  

9115.41/4.78]10.140.0 |0.0 0.0 14.45 |8.40 10.2719. 96 18.27 
  

92)5.34)4.79 10. 14120. 9120. 9241.8 7.77 \10. 6513.6214.67'/9. 18 
  

9313. 9614.06 |8. 02 174.6 174.6 49.216. 74 |8.09 hi.69|NC 18.84 
  

9414.12 14.06 |8. 18 |74.6 174.6 f49.217.15 [8.65 f1.811NC 9.20 
  

95|1. 601.32 |2.92 |o.00 b2.6 |22.6|4.86 4.13 |2.9915.63 4.41 
  

96}2. 52 {1.50 [4.02 159.3 | 54.81 114. 414.81 | 3.86] 4.914.090 4.42 
  

9741.91 11. 76 13.67 10.00 | 28. 3128.3]3 95 | 4.08]4.36/3.64 4. 01 
  

98 11-98 [1.90 3.88 170.1 157.1 [127.2}4.42 [4.28 | 4.25) 4.28 |4. 31 
  

99 | 0.9511.32|3.74174.8 60.5 1135. 3}4.86 j4.15 | 4.69) 5.12 [4.70 
    

100} 1.91]1.83/3.74 151.4 |48.0 | 99.4]5. 64 | 4.8114.94 [4.45 1. 96 
  

101 4.87 | 4.24|5.58 |5.18 | 4.97 
increasing back rela e 

102 | 3.43] 1.87/5.86 [5.32 | 4.12 

    

            
103 |0.99/1,02 2,01, 163. 9183. 11 347 | 3.16] 2.43|4.88 |5.90 | 4.09 
                              104 [4.46 | 4.02] 8.48 148. p114. 3262. J 5.82} 6.56 18.58 18.60 | 7.39 
   



Table(VII-3.5) 

Test Results — 

R-O passes 

183 

  

  

  

  

  

  

  

Loads Stretch-Reducing 

Test] RSF (kN) Torque (im) Roll Pressure C2N/ me 

Noe 

F # | Tot. | 7, vale Le P, Po | Ps | py Pp 

105}4.0413.51|7.55 1107. 4112. 4219. 8| 7.77 /8.11 8.01 | 9.93/18. 46 

106] 4. 39]3.95]8. 341126. 4120. 9247. 515.91 |6.23 |7.46 | 6.88 /6. 62 

107] 3.8913. 36] 7.25|0.00 |0.00 [0.00 | 5.52|4.91 6.96 7.84 |6.30 

1081 4.7314.61]9. 340.8. |0.S. |0.S. |6.52|8.78 19.46 | 2.03/8.15 

109] 4.73/4.61/9.34]0.S. |0.S. 0.S. | 7.16/8.63 [8.41 | NC 8.07 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

                          
   



Table (VII-3. 6) 

Test Results 

0-0 passes 

184 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Loads 
Stretch-Reducing 

Test} RSF (kN) Torque (lim) Roll Pressure  (_-N/ mn°) 
No. 

e 8 Tote} 7, tT | Ty, Py Poe Py Pa 

110}1. 79 |1. 76 13.55 [57.1 65.0 |122.119.57| Nc | Nc | NC |9.57 

111} 1.45] 1.53/2.98165.5/83.1 |148.6}6.41| Nc | Nc | Nc |6.41 

112] 1.53) 1.53) 3.07159.9|77.4 [137.3] 10.59 NC | NC NC 10 59 

113} 1.29] 1. 32) 2.61/54. 8 183.6 |138.419.19] NC | NC | NC |9.19 

114} 3,59] 3.29] 6.88]0.00/0. 00 jo. 00 |.8.32]11.69 nc | NC |10.00 

115] 3.59) 3.07] 6.66 27.1 20.9 6.2 ‘19,40/10.34 NC | NC 19.87 

116] 6.68} 0.59|1.27]22.6 |21.5 |44.1 17.85] NC | 6.0515. 64/6. 52 

117] 0.08] 0.29] 0.37 1 3/18. 1 29.4 6.45| NC | 4.65|NC ~|5.54 

118) 2.21] 2.05] 4.26]70. 1/63. 3 [133.4] 5.95|9.18 | NC | NC |7.56 

119} 2. 36}2.01)4.37158.2 175.7 1133.916.13]9.36 | Nc |Nc 17.79 

120] 1.68/1.39/3 07]/11.3 |21.5 |32.8 |7.00]6.40| Nc |Nc {6.70 

121] 1.9111.68]3.59|19.2 22.6 la1.8 7.7416.84| NC |NC 17.29 

122] 3.89/13 87/7. 76|112. 4105. 11217. 519.38]13.69 NC |NC {11.54 

123] 3.51/3.00/6.51]101. 7128. 3230.018.17]11. 731) NC {NC |9.94 

& = 
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Stretch-Reducing 

Applied Tensions 

  

  

        

  

  

  

  

  

  

  

  

  

  

R-O passes 0-0 passes 

Test BT Fy Test Br Fr 
No (kN) (kN) : No (kN) (kN) 

85 }|0.00 0.00 z 110; 0.00 0.00 

86 13.31 | 2.30 111| 0.48 | 0.00 

87 }0.00 0,00 112 | 07:67 0.00 

88 13.84 2.98 113 | 0.67 0.00 

89 j0.00 0.00 1141 0.00 |2.56 

90 S72 3.50 115 | 0.00 2.56 
  

  

91 0.00 2.98 116 | 0.00 0.00 
  

  

  
  

  

  

  
  

  

  

  
  

  

  

92 |0.00 |0.00 T17'| 2. 67m 3109 

93 4.77 4.69 118 | 0.00 0.00 

94 14.20 |4.43 119 | 0.00 {0.00 

95 | 0-00 |1.37 120 }0.00 |1.79 

96 | 0.00 |0.00 122 12,10 13,44 

97 P0200 11537 122 |0.00 {0.00 

98 10.00 |0,00 1200 |3.720ul2, 82 
  

  

99 j 3-31 2.34 
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(WITT-1) Pin Protrusions 

Examination of the surface of the rolled tubes 

  

often showed that when the pin length was adjusted to 

be flush with the 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 pa 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 

13. pa and 25 pm had little effect on the recorded pre- 

ssure distribution, At first the bottom roli was 

selected to accommodate the pin loadcelis 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 loadcelis to be 

embedded in the top roll, 

NITI-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 nee 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. 

(VITI-3) The effect of using PVC discs 

To prevent the rolled metal from being extruded in 

to the clearance between the pin and the hole Palme and 

accHecen (47) used metal washers to cover the pin tip. 

Also, core (1) suggested the use of, and employed, sma&l 

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, because 

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 not 

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 dise the bigger the 

change. An explanation of this phenomenon may be that
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when the diameter of the dise is large in comparison 

with the si 

  

of the pin, it becomes part of the surface 

of the roll and the increase in the recorded pressure is 

caused by the pressure needed to indent the ‘lump! into 

the tube wall. But, when the dise is smali 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 is 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 are of 

contact can be calculated simply from geometrical 

considerations. If R fig. (54), is the radius of the 

roll, and & is the difference between the initial and 

final strip thicknesses, then Le is + 

2 

L, = |Rd neglecting & 
e ve 

In the strip rolling process if the value of i is 

compared with the measured value i » 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 iL. ,iee. the ratio 

(46) 

  

L / L will be greater than unity 
i &
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However, in tube rolling and sometimes in billet 

rolling,the measured length i is usually smaller than 

the calculated length i and the ratio L if i is less 

than unity. The reason for this is that deformation is 

not restricted to the geometrically reconstructed de- 

formation zone but also occurs elsewhere, e.g. deformation 

starts at point A, fig. (55), instead of at point B. Due 

to this deformation the first 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 between 

points C and the exit plane D will be referred to as 

the "contact zone", 

The measured length L of 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 1, if 1 and the d/ t ratio for 

different drafs §, It can be seen that lL is always 

smaller than I. 

Shveikin and Ivshin (47) attempted to find a 

theoretical solution for the problem of pre-contact 

plastic deformation. It was stated that this deformation 

unquestionably influences the process parameters, in 

ng the area of contact between the metal and 

  

decre 

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 

g» (57) varies along a parabolic curve of the form fig 

&Y = apx 
x 

Accordingly the radial velocity of a point 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 

contact zone. 

- the work of frictional forces at the contact 

zone ,. 

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 tube diameter (a) as a complex 

function of the tube dimensions. degree of deformation, 

rate of deformation and the mechanical properties of 

the metal, Sompari gon was made between calculated values 

of L / a 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 not include the 

elastic deformation.
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No reasons were given for the choice of the shape 

of the generatrix of the outer 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 zone I and a 

contact zone II. As in (47) the sonar ie of the outer 

surface of the tube in zone I is assumed to be: 

Pe Ara ee Ne ee 
x 1 “] 

uy 

and the generatrix of the roil ( zone If) is given as: 

xo 2R 

The vertical velocity of the tube outside surface Xe is 

written as : 

S 
= ol * 

‘br ex he Y 

on me x 

Pst = 

where v is the horizontal velocity of the tube in the 

neutral section. At point A , the boundary of the zones,
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2 
Up Viz Vv and the radial deflection an = ar = 

a ry 1 OR 

from these equations a relationship between y & Le 

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 

radii at the root of the groove and at the shroud i.e., 

+ R83 
Re 

2 

Gulyaev et al (5) in a paper mainly concerned with 

the design of oval grooves base their analysis on 

Shveikin & Ivshin'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 

"mach" larger than the geometrical zone, consisting of 

(47) | the pre-contact zone and the contact zone 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 occuring 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 done in this zone a minimum. 

Elements passing through the zone undergo bending,   

radial drawing, and then unbending before they come in 

contact with the die. Thus according to the minimum
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specific plastic work hypothesis, R, the radius of the 
£ 

free zone, will assume a value which satisfied the condi- 

tion: 

§ (we w «ww ls 0 
tae r b u 

if 

where w- » Wy & ware the components of specific plastic 
2 u 

work due to radial drawing, bending and unbending respec- 

tivily. He arrives at an expression for R. in the form: 

  

Re = t (VIII. 1) 

ps (1 = cos &) 

where ; see fig. (59) 

t and rare the wall thickness and outer radius of the 

cup prior to bending, % is the die angie. 

Fogg shows that the calculated value of Re 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 stationary, the gap between them was increased 

to 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 to Ry » see fig. 

(55) , was found to fit the points with adequate accuracy. 

To confirm this, arcs of different radii were superimposed 

on the projected profiles. Again it was found that the
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are of radius equal to R. fitted most satisfactorily. 

Therefore, (putting P = Ry, in fig. (55) ee 

  

Reference to fig. (56) shows that a value of I, { t, 

Of 02711 (aves a ) 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 ares 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 10. Applying Toeets eqn. (VITZ.1), 

for R, in the case of tube rolling with d/t = 7.0 and 

t= 6.4 mn, Re = 147.5 mm which is an overestimate of 

the value of R,; found in the tests, However the calcu- 

ated value of Re from Fogg's expression compares 

favourably with the test result for contact angles above 

1) and also for thin tubes as shown in fig.(60). Also 

the shape of the free zone was similar to that suggested 

by Fogg. 

(VIIT-5) Torque sharing and the arc of contact:- 

Ideally the total rolling torque should be equally 

shared between the two rolls but as table(VIII,1) shows 

general it seems that & this had not been the case, In 

more than haif the total rolling torque was transmitted 

by the bottom roil. This may be due to the tendency 

of the tube to bend downwards thus increasing the area



Torque Sharing 

Table (\ 
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Porque “Ls 

es Pastor, lg Ln is = 2 a, 
¥ min ma min 

1 1.28 20.24 11.94 | 15.31 |0.59 0.76 0 78 

2 1564 20 24 14.20 | 22.90 |0.70 1213 0.62 

is 3 1.09 5 ea 14.62°|15.89 |0.70 0.76 0.92 

4 ti8 21.20 10.24 [11.38 |0.48 0.54 0.90 

5 114 19.74 9577) [Bato | 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 42,88 [16751 10.67 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 

i 4.14 21.90 16,00 118.18 |0.73 0.83 0.88 

12 £11 21.90 15058 (197726 "9 |0. 92 0.79 0. 90 

13 0.96 22.8 14.8 14.15 |0.65 0. 62 1.05 

14 fate L279 18.08 |21.02 |0.79 0.92 0.86 

15 1.06 22.39 18.26 119.43 |0.80 0.85 0.94 

16 1.06 Ay 17.84 118.98 {0.78 0.83 0.94 

17 1.02 2220 15.88 |/16520 |0.'75 __ | 9:76 0.98 

18 fous 21.44 13574 [15.275 510.04 (ley 2 0.90 

19 1 04 21.44 oe 13.93 4 ee 0.65 0.96 

20 | a4 foots | 7.21 [use fours fo.ss | 0.58
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— ian f 
hes Sharing # Ba Fos z 
No. Factor Le = - ie is a 

Dy 1.47 22.79 | 15.52 | 22.82 | 0.68 1.00 0.68 

22 1.28 220,79 4) P6012") 20567 2 0.71 0.91 0.78 

23 1.19 20.49 | 14.26 °| 16.98 | 0.70 0.83 0.84 

ea 1,16 20.5 13.65 | 15.87 | 0.67 O97 0.86 

25 1.35 23023 13.96 18.86 | 0.60 0.81 0.74 

26 1.14 23,20) | 12.52" |-ta. 29" |co. 54 0.61 0.88 

27 1,22 23.2 11.76 | 14.94 | 0:51 0. 62 0.82 

28 1.14 21.2 15.9 18.20 | 0.75 0.86 0.87 

29 La72 20.97 | 12.09 | 20.84 | 0.58 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 [345.72 |'0.53 0.74 0.72 

32 1.56 22079 “NAW. 25 | 22527. 91 0168 0. 98 0.64 

33 1.19 23.44 | 14.39 | 17.13 | 0.61 0.73 0.84 

34 1.16 

35 0.83 

36 1.02 Bg 

37 1.19 

| 38 | 1.28 

29 122 

F4o | 1.09     
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Torque 

Test Sharing # 
Noe Factor Lg Lm ae La, us a) 

v mm mm min Ls Ls a 

41 1.06 21.2 18.8 19.90 0.89 0.94 0.94 

A2 1.06 21.2 18.8 19.89 0.89 0.94 0.95 

43 1.28 23.0 1S eines. 92 9.79 1.90 0.79 

44 1.11 23.9 16.8 18.50 070 0.77 0.91 

45 1.28 25.48 16.25] 20.83 0.64 0.82 0.78 

46 1.39 25.09 16.14] 22.42 0.64 0.89 0.72 

47 1232 25.87 15.95] 20.99 | 0.62 0.81 0.76 

48 1.28 25.9 15.64} 20.05 0.60 0.78 0.78 

49 1, 28 25.5 16.68} 21.38 0.65 0.84 0.78 

50 1.06 25.48 17.56] 18.68 0.69 On7e 6.94 

51 1.22 24.07 18.09] 22.06 0.75 0.92 0.82 

52 1.25 25.09 16.76} 20.95 0.67 0.83 0.80 

ser 1.25 25.09 16.76] 20.95 0.67 0.83 0.80 

54 eit 25.5 10.6 21.95 0.977 0.86 8.89 

5s 1,14 23.4 16.4 18.59 9.70 0.79 0.88 

56 1.04 24.07 16.26] 16.94 0.68 0.70 0.96 

57 1.16 24.89 15.42 | 17.93 0.62 O..72 0.86 

58 1.06 24.89 17.77 | 18.90 Oe75 0.76 0.94 

59 1.02 24.28 15.85 | 16.17 0.65 0.67 0.98 

60 Ele a2 588 | 16.47 | 18.30 por 7e 0.78 0.90 
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Table (VIIZ, 1) (contd. ) 4 

Torque Sharing ond the Arc of Contact 

  

Torque 
Test Sharing BS ak 
No. Factor Lg Ls in ES ee 

¥ mn mm mm 6 “6 
    

61 0.94 23.23 16.89 15.93 0.73 0.69 1.06 
  

  

  

  

  

  

  

  

  

  

  

  

62 | 1.06 8.9 17.2 18.30 1.93 2.05 0.94 

63 1.43 ak 13.42 18.73 1.85 D7 0.70 

64 | 0.91 10.9 11.2 10.2 1.03 0.93 1.10 

65 | 1.32 7.7 10.40 | 13.68 1.35 177, 0.76 

66 | 1.00 24.07 |14.91 | 14.91 0.62 0.62 1.00 

67 | 1.06 224 15.16 |16.13 0. 68 e..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 0.98 

70 | 1.14 2104 14.16 116.15 0. 66 0.75 0.88 

71 | 1.09 Bed 20.8 22.84 0.98 1.:08 0.91 

72 | 0.93 2651 18.86 117.55 0:92 0.67 1.07 

73 | 1.02 26.1 20,07 || 20.33 On 0.78 0.99 
  

74 0.75 25.3 16.81 12.50 0.66 0.49 1.35 
  

  

  

                          75 0.93 14.8 9.49 8.84 0.64 0.60 1.07 

9O 1-45 02’ “14.8 10.55 10.79 0.71 0.73 0.98 

q7 4 1.19 18.2 13.96 [16.61 0.97 0.91 0.84 

78 1.06 re apr 12.29 0.64 0.68 0.95 

79 | 1.00 18.2 13.03 |12.98 0.72 0.71 1.00 _ 

Se ae ee tee PO. [OEE eee
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Table (VEIT. 1) (contd. ) 

   d_the   re_ of Contact 

  

      

  

  

  

  

  

Torque 

ee os g Lm tn ae in Lm ¥ ee a i ig Te im 

g1 | 1.06 12.2 | 12.30| 12.95 | 1.01 | 1.06 tos 

82 | 1.06 42.2 | 11.921] 12.55 | 0.98 | 1.03 95 

83 | 0.94 9.5 9.10 | 8.58 0.96 on 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: 

= Re ace (VIII. 2) 
T hper 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 @ 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 are of contact, the 

difference in torque sharing indicates a difference in 

the length of the are of contact between the two rolls 

and the rolled tube, 

Hence the arc of contact measured from the pressure 

Arapeiruteron curves represents the length of the are of 

contact on the top roll only (Lu) i.e. L = i, . 

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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* 
L ais equal to :- 
Tm 

* Zo 
iL = Les (VIX1. 3) 

where 

y is the torque sharing factor = eee oe 

2 x torque of top roll 

Values of r are listed in table (VIII,1) and 

comparisons between i and t, and i are also listed 

in the table, 

It can be seen from this table that i is greater 

than i, but they are both still smaller than L 
e 

at ner: Soe é rom 

The 

average values of the ratios fl, 

table are as follows: 

I,/ i, = 0.66 / (VIET. 4) 
* 

I,/ ly = 0.78 (VIXI. 5) 

The foregoing discussion shows that when using the 

pin loadcelis traces to determine the are 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 torque 

sharing and the measured length of the are 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 leadcells. The results of these two tests 

are summarised in table (VIII .2). 

It can be s¢en from this table that as a result of 

increasing the 3a OF contact (i.e.the length of are of 
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contact(L, ) on the top roll, torque sharing was signifi- 

cantly influenced. The corrected length of the are of 

  

  

contact L =X X for the two tests is practically the 

same . 

Table (VIII, 2) 

Measured Normal test |Influenced 

quantity test 

RSP (kN) 5.0 6.1 

Tt (Xm) 162.67, 182.5 

a 7 q 0.48 0.85 

¥ 1.0% 0.59 

Le (mm ) 13.16 21.45 

i (cam) 13.71 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 ),&£t can be seen 

that the points of maximum pressure for 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 are AC, 

fig.(55) , a moment is required, This moment 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 is on the pin loadcelis, at this plane,
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Due to the ovality of the groove, the radial draft &, at 

the root of the groove varies with the groove angle ®, 

see fig-(62) and (63) « The magnitudes of the forces 

causing the bending of the tube wall depend on 6, and on 

the d/t ratio. The draft §, has a maximum value at 

@ = 0, i.e. where pin lis situated 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 6, at the corresponding groove angies. 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 free zone, fig. (61-a). 

Pin 4 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 © 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 incx 

  

sing ©. 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 undeformed 

to the deformed tubes corresponds to that necessary for 

least total work. 

To corroborate this qualitative analysis experiment- 

ally, foils of steel and copper, 25 p= thick and{50 x 109 mm, 

fig.(64) , were held on the surface of the tube during its 

passage through the groove, The frictional conditions 

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 eon 

of the groove in the entry zone failed under hoop tension 

whereas the sides failed under axial tension, 

In addition to the effects of the free zone and 

the surface tractions on the behaviour of the pin load- 

cells, it is necessary to consider the effect of the 

variation of the relative velocity between the rolis 

and the tube with variations in the angle @, 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 velocity Ne is the difference between 

the horizontal projection of the peripheral velocity of 

the roil ee any point on the groove surface, and the 

mean tube velocity at the corresponding plane. The 

velocity of the entering tube % is constant across the 

entry plane. The horizontal projection of the peripheral 

velocity of the roll Vp, however, varies with the roll 

radius R which in turn varies with © , fig. (63-a)the 

minimum value of Vy Wild occur at the root of the groove 

where R= Rote aminimum., As Ujis assumed constant, 

only at a single value for the roll radius R at the 

plane of entry will Vn equal the tube velocity Uy This 

radius will be termed"the effective roll radius" at the 

entry plane Ro ° 

  

wR, cos $ =u (VIII. 6) 

U 

Thus, R. = 2 (VIII. 7) 
29 ocos Ba 

From fig. (63-a),the corresponding groove angle © is: 

=1 Reo ee 7 = cos! (1 - ——= ) (VIzT. 8) 
5 

Similarly, at the exit plane, where¢?= 0 

  98. 
eo 

(VIII. 9) W Cc WR 
el 

where: Ry = the effective roll radius at the exit plane, 

U the outgoing tube velocity 

ee a ene (VIIX. 10) 
el Us
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But from the continuity condition, 

UjA = Ya = constant (VIII. 11) 

A and a are the cross-sectional areas of the tube 

at entry and exit respectively. 

A 
U, = Le = (VIII. 12) 

If r is the reduction in area per pass, then: 

  

  

Awa 
r= ' (VIZ. 13) 

A 

° 
and U,= aa (VIII. 14) 

hence : Uy 

Ry = Tosi) (VIII. 15) 

and the corresponding groove angle oy is ‘s 

iG Bi 7 
®,,= 008 (1-- ) (VXIE. 16) 

ee 
& 

Accordingly, the deformation zone could be divided 

into three zones with respect to the goove angle ©, fig. (63) 

Zone I @=Oto 9 =0 

There the relative velocity es is negative at every 

point along the are of contact within this zone, that is, 

the velocity of the tube exceeds the velocity of the roil, 

Consequently, the frictional forces are unidirectional 

and correspond to the exit side of the deformation zone 

in flat rolling. 

Zone IT 8 =9 to @ 

where ve equals zero at some point along the are of 

contact, depending on the value of 6. This point moves
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from the entry plane for © = 845%? the exit plane for 

eC = One This zone, therefore, corresponds to the whole 

of the deformation zone in flat rolling for every angle 

@ within it. 

Zone TEL (6 = 6 to © 
eo m 

where x is always positive and the frictional forces 

are unidirectional, This zone corresponds to the entry 

side in flat rolling. 

Por most round-to-cval passes, the value of eno 

was about 30 whereas 951 was about 50° - Bearing in 

mind that the groove angles for the four pin loadcellis, 

fig.(25a),were +: ©, = or O55 22.55, a= 4s and @)= 67.5, 

pins 1 and 2 will almost certainly fall inside zone I 

giving an exit side type of pressure distribution with 

neutral points outside the deformation zone, i.e. imaginary, 

Generally, pin 4 falls inside zone III giving an 

‘entry side! type of pressure distribution, while pin 

3 falls inside zoneII giving a neutral zone inside the 

contact zone, Fig. (63) represents the relationship 

between the tube mean velocity and the horizontal 

component of the roll speed at different positions round 

the groove, The continuous lines postulate vy at 

different groove angles. The intersections of the dotted 

line, with the four lines representing Vp, 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, f    (63), and the measured values, 

fig.(61), 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 us 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 Vn inereases with © 

until at @ = 8 it exceeds the mean tube velocity at 
e1’ 

all points along the are 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 © increases. 

For elements within zone I the reverse situation applies 

and the mean velocity of the tube is higher than Vj). 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 equivaient 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 neutral point towards the exit plane. 

Reference to the pressure distribution curves of 

Tig. (61) and appendix (¢ ) show that ae 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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(VIIT-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, d,/t 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 groove to a max- 

imum value somewhere around 45. to 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 IIT and III, then the maximum oceurs at 45. and the pre- 

ssure decreases for values of 6 greater than 4S. For gap 

setting III pin no.4 did not make contact with the thick 

tube. as can be seen from tables (VIIT.3)and(VII.3)for tests7,8 

and 9.0n 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-O passes, 

mean value of the pressure lies between the readings of pin 

2 and 3 being closer to pin 2 in most cases. In other 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. (67=a) only pin i made 

contact with the tube. As reported in chapter(IV) difficulty
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Gap setting I 

    

  

Fig. (6 -2) 

Distribution of the roll pressure round 

the groove 

phase I, R-O pass
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Gap setting II 

  

  

Fig. (66-b) 

Distribution of the roll pressure round 

the groove 

phase I, R-O pass



Gap setting IIT 

  

Fig. (6 -c) 

  

tion of the roll pressure round 

the groove 

phase I, R-0O pass



  

Gap setting II 

  

  

Fig. (67-2) 

Distribution of the roll pressure 

round the groove 2 

(Oval-to-Oval pass)



o Gap setting I 

  

  

  

Fig. (67-b) 

Distribution of the roll pressure 

round the grocve 

(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 helieved 

that the guided sinking case is a more representative one of 

the true state of stress between the tube and the rolis. For 

this reason the ungnided 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 fer Vatkin's and 

Kirichenko's theory was taken to be 0.25 as recommended 

by Vatkin (33). 

b) L in equations y1,4 and yv1r.8was replaced in the cal~ 

culations by Le >the measured length of the arc of 

contact corrected for torque sharing and the finite 

width of the pin. 

c) 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 ey . 

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/2) was considered. 

Therefore Kirichenko's predictions of the roll 

pressure should be compared with the reading of pin i. 

fs) ra) the angle of contact has been calculated from 

the expression: 

<> =u /Ry, :
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In the case of the proposed theory (Energy method) the 

following points were considered in the calculations:- 

a) e, , the maximum groove angle of centact for the R-0O 

passes was calculated according to equation (IV.3), 

chapter {IV}. As for 0-0 passes of phase II, the 

number of pins in contact with the tube was taken to 

determine eo A value of 60 was used in the calculation, 

It should be noted that small variations in es have 

little effect on the calculated roll pressure. 

b) PR. the maximum angle of contact was calculated from 

n= EA/R,, 

ec) the frictional stresses in zones 1 and 2 were ass- 

umed the same, hence the shear factors m, and my were 

assumed equal, i.e, m,= m= 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 

VIII. 3.0n the other hand, setting m to 1.0 gives the condition 

of complete sticking between tube and rolls which should 

represent an upper 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 a with the exception of Kirichenko's which 

has been calculated for the position corresponding to pin 1
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and should therefore be compared with Pye 

It can be seen from fig. (68) that Pp, falls inside the 

two limits of the Energy method with the exception of a few 

cases, particularly for thick tubes (d,/t,= 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. Although it may be possible 

to measure the frictional stress with some degree of accuracy 

it may be sufficient for practical applications to calculate 

the lower and upper limits of the mean pressure. If this is 

se ,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 all cases, core’? 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 resuits 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 not 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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Comparison between Test Results and Theoretical Predictions 

oe Measured Pressure (N/mm?) Theoretical Predictions Gi/ane) 
est 

ju Py P> Ps a cae eee area ae! 

1 |4.33 |3.87 [4.65 |5.54 |4.00 [4.70 |-1.79 | 1.00 Seta 

2 | 4.02 |3.10 |5.81 |5.87 |4.85 [1.09 |-1.88 | 1.45 | 3°95 

3) | 3.88 | 3094) 5:87 592 14-75 | du7ge | =1-82 ) 462 $129 

4 15.31 | 5.05 |8.96 14.99 | 6.07 | 4.00 |-3.79 | 3.95 aR 

5 |4.57|5.60 |7.40 |4.37 | 5.50 ]3.90 |-3.77] 3.93 | §°46 

6 §.22 14.29 | 7.42 | 8.328 6527 13.96 -3.76 3.97 2 

7 |o.8o |o.12 |12.41]2.72 [9.44 [0.53 |-5.70 | 6.40 | 41°20 

8 | 7.38 19.53 12.53 NC |9.81 16.70 |-6.09 | 6.26 ae 

9 |8.32 | 10.3 | 13.65} Nc |10.70}6.51 |-6.00 | 6.07 io 

ro |3.84]3.96| 5.54 5.7] 4.761.77 |-1.89 | 1.05 | 0.07 

11. | 3.79 | 4.43 | 5.29] 5.19] 4.07)1.79 |-1.91 | 1.66 aC 

12 14.99 4.27 5.211 4.03] 4.62}1.79 |-1.90 | 1.68 ae 

13 re a 5.28) 6.72) §.221:1.77 -1.84 1.72 a 

14 |5.27|4.55 | 5.43] 4.07] 4.9811.81 |-1.94 | 1.61 a 

P15 [5.01 |4.29| 4.791 3.52] 4.40/1.81 |-1.92 | 1.04 oy 

‘16 [5.05 | 4.52 | 4.87] 3.771 4.55{ 4.82 |-1.92 | 1.07 5.95 

17 =)'-6,35.1 Ne 7.59 8.15 fae 4.09 |-3.98 | 3.85 + ch 

18 |5.95|7.12| 7.94 9.02, 7.54.44 |-3.98 | 3.93 sae 

19 | 5.45|7.00| 7.9¢ 8.64 7.24 4.15 |-3.95| 4.02 a 

Pao (6s bey bois 0.21 | 6.94 | 4.32 es 3.90 ae 

| 2a 6.20 | 7.92 [8-00 | 8.87 | 7-89 14.33 74.34 | 3.79 an             
  

* Lower bound solution 

#t Upper bound solution
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Measured Pressure (ijn) Theoretical Predictions CHRO) 
Test 

Noe Shveik. Kinch- | Energy 

p P p ay, (Ra Varkin eno | Metned 1 2 3 | ly nh 
Faas) 

449 
22 |5.30 |6.52 | 8.08] 8.40] 7.22} 4.33 |-4.28 | 3.85 | 7.95 

23 |5.01 14.94 | 8.18] 7.72] 6.460] 4.53 |-4.31 |°4.21 as 
4.63 24 |4.71 |4.42 | 6.19] 9.10] 6.11] 4.49 |-4.20 | 4.25 | 8’ gy 

25 |5.32 |5.01 | 7.91] 8.98| 6.81] 4.74 |-4.58 | 4.29 aie 

26 15.32 15.75 | 7.74] 8.21] 6.70] 4,00 |-4.30 | 4.49 a6 

27 |5.95 |o.40 | 9.72] 5.60] 6.92] 4.66 |-4.30 | 4.4x | 6°32 
4.36 

28 |4.83 [4.24 | 5.72] 6.79| 5.40| 4.11 |-4.07 | 3-77 | 9.04 
6,90 

29 17.13 19.24 |12.51] 6.92] 8.95] 0.98 |-0.50 | 6.16 oe 

6. 30 |7.61 |8.24 |11.19] 2.83| 9.01] 6.83 |-0.20 | 0.40 |,5°9% 

31 |6.95 |8.81 |12.19] 4.14] 9.32] 6.99 |-0.20 | 0.70 a 

32 |6.63 19.23 |11.75]12.7 ]10.07) 7.09 |-6.62 | 6.07 tae 

33 |6.58 |9.17 |11.72|12.58]10.01] 7.21 |-0.41 | 0.78 [10°42 

34 |0.43 |9.29 |11.2 [8.40 | 8.891 7.18 |-6.32 | 0.89 lee 

35 [5.03 |4.00 |'5.53]6.37 | 5.23} 1.93 |-1.90 | 1.83 | 5°22 

go |4.08 |3.93 | 5.40/0.59 | 5.00] 1.94 |-2.02 | 1.81 | 3°53 

37 [4.19 |3.17 | 5.34/4.81 | 4.38] 1.89 |-2.02 | 1.68 | 3°98 
38 |4.70°|4.34 | 4.70/4.01 | 4.45} 1.89 |-2.07 | 4.58 oo 

39 |5.07 [4.23 | 5.27|/5.58 | 5.044 1.89 |-2.03 | 1.05 ae 

40 |5.30 14.13 | 5.2915.79 | 5.13] 1.88 |-2.00 | 1.74 ra 

41 |4.91 |3.90 | 5.50/8. 52 as 
een Omen GM OL le Se sige | 2.03 | 42 15.04 |4.10 | 5.38|6.04 591 |  



Table (VIII. 3) 

Roll Pressure 

(contd. ) 

Comparison between Test Results and Theoretical Predictions   
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ae Measured Pressure Gimme) Theoretical Predictions Quan) 
es 

- Py Po Ps Py | Pm a Nene aoe ried 

43 \.4.80| 5.58 | 5.31] 7-17] 5.73} 4.45 |-4.43 | 3.83 a 

44 | 5.20] 4.53 | 0.03 11.14] 6.70} 4.40 [-4.29 | 4.14 | 9°20 

45 | 4.63| 5.15| 8.43] 9.41 | 0.91] 4.81 |-4.02 | 4.25 7 

460 | 5.72) 4.89 | 8.01 [10.78 | 7.351 4.78 |-4.09 | 4.10 ae 

47 | 6.33| 0.29] 5.05] 3.89] 7.39| 4.40 |-4.25 | 3.07 aaa 

48 | 6.09] 6.34 | 8.22] 8.07] 7.18] 4.40 |-4.23 | 3.93 if 

49 | 6.00 | 6.30] 8.54] 7.41] 7.06] 4.40 |-4.27 | 3.85 ai 

50 | 6.65 | 6.38 | 8.92 | 9.76] 7.93] 4.45 [-4.29 | 4.12 | 7°22 

51 | 6.65] 6.23 | 6.96 |11.49 | 7.83] 4.43 [+4.38 | 3.88 rap 

52 | 6.42 | 7.261 8.08| 9.48 | 7.811 4.46 |-4.37 | 3.96 a 

53 | 6.40 | 7.28 | 8.05] 9.51] 7.81} 4.46 |-4.37 | 3.96 sine 

54 | 6.93 | 6.11 | 8.16 | 5.03 | 6.5614.45 b4.40 | 3.90 peed 

55 | 7.43 | 8.96 li3.01 12.17 10.391} 7.33 6.50 | 6.74 ee 

46 6.74 | 8.31 114.05 11.63 10.18 17.38 16.47 | 6.99 ae 

57 | 6.70 10.80 13.40 [11.91 10.69 | 7.35 }6.52 | 6.89 are 
58 | 6.88 | 9.34 k2.49 13.50 ho.s6} 7.35 b6.57 | 6.74 i 

59 | 6.97 | 9.42 3,84 10.10 ho.09 | 7.24 oes 6.87 oo 

60 7.50 ho. 20 12.20 [14.40 11.07 | 7.26 16.41 | 6.67 ee 

68 | 5.57 | 7-36 | 8.69 | 8.34 | 7.49 | 4.33 4.09 | 4.19 4.34 

/ 69 [6.10] 7.35 [8.10 | 8.89 | 7.61 [4.39 [4.08 4.20 18 oy 

oe ripe moe 8.61 | 7.60 I 4.33 4.14 | 4.41 304, 
 



Table (VIII. 3) 

    

(contd. ) 
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Roll. Pr ure 

Compa ts and Theoretical Predictions 

Measured Pressure (N/mm?) Theoretical Predictions (N/mm) 
Test 

Noe Shveik. es Kinch- | Energy 
" Py Po Py Py Pn & Veckan i eniko Method 

Gun 

71 | 4.61] 3.82 | 5.31] 3.60] 4.33] 1.88 |-2.01 | 1.62 | 3.94 

72° A783 1423) 5408 | 6.552,|05,45)) 1.89 (21.93 | 776 Le 

73 | 4.87| 4.36] 5.30] 4.00] 4.63] 1.89 |-1.96 | 1.69 es 

74 | 6.40 |10. 90 [13.56 |10.98 |10.47| 7.41 |-6.27 | 7.44 

75 | 4.41 | 6.161 9.32] NC | 6.63] 4.39 |-3.88 | 4.43 733 

76 | 6.43| 6.04] 9.83] No | 7.43] 4.39 |-3.94 | 4.37 | 333 

77 | 8.71 |12.02 [12.50] we |11.06] 7.03 |-6.12 | 6.54 va 

78 | 7.51 |11.12| 7.58] we | 8.74| 7.03 |-5.91 | 6.91 co 

79 |10.96| 9.96 | 6.54] ne | 9.16} 7.23 |-5.95 | 7.02 a 

80 |10.10 11.33] ne | ne {10.71} 7.23 |-6.04 | 6.87 7 

81 | 9.65 13.65 | Nc | Ne [11.651 7.00 |-5.66 | 6.77 sy 

82 110.43 12.16] ne | ne [11.29] 7.00 |-5.66 | 6.77 ae 

83 |10.11 ]12.27| we | we [11.20] 6.77 |-5.21 | 6.76 ioe 

84 | 9.80 14.22] ne | we [12.01] 6.77 |-5.22 | 6.74 1s 

                  

Tests 75-84 are phase II, 0-0 pass 

        
NC = Ne Contact
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(VIIT-8) Effect of de/te and r% on the loads 

Figs. (69) , (70) and(71) show the variation of torque, RSF 

and pressure with the d,/te ratio for the three gap settings usal 

in the tests. Figs. (69) and(70) show thet as the ratio a,/t, 

decreases the torque and RSF increase rapidly which is to be 

expected as the conditions appreach those of the rolling of a 

solid bar. However the variation of the mean pressure with 4,/%, 

is less steep for small values of d,/t,. Ideally the variation 

of 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 Gttributed partly te some lack of response on the 

part of the pin leadcells for high values of pressure. This 

phenomenon has also 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 responsibke 

for the low values of torque 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 reductien of area for 

the various d./t, 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 a, /t, is a more significant parameter and its in . 

fluence on the rolling loads is more pronounced than that of 

rh.
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Variation of Pry with do/t,
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Vitt~ The Rolling 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 fig. (75). 

The torque per roll therefore is: 

T/roll = P.a scllevoeece (VILL. 27) 

and for a two roll stand, the total torque becomes: 

ty =n lea occeceesee (VIII. 18) 

the distance(a)is known as the lever arm and is usually expressed 

as a ratio of the arc of contact. 

Thus 

a=(a/L).L 

= ANE ee eeeeeeee (VITE. 19) 

substituting for(a)from (VIII.19) into (VIII.18) we gets- 

Ty= 2PAL eneavecses (VIL1. 20) 

» is normally assumed to be equal to 0.5 in hot flat rolling. 

This method oniy gives an approximate value of the torque 

and its accuracy depends on ) which will obviously depend on 

the rolling conditiens. 

Due to the simplicity and common use of this method, 

has been calculated for the present tests from equation (VIII. 20) 

from measurements of torque, are of contact and the roll 

separating force as shown in table (VIII.4). 

The table gives three values of A for each test i.e, 

», y Xen and oe r 

These three values correspond to the three Lengthsof arc 

* 
of contact Le , La and La in the expression ;-
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Fig. (75)
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N= T,/2PL 

i.e, 

A, = T/2PL, j aie ateate dieslerarenet( ViLLiae a) 

NG Te ort, : Spacers sacesQVElTs22) 

and 

Naa te /2eL” Be cea is a (MELO 2S) 

The reason for including the three values of A is to 

stress the importance of considering the are of contact care- 

fully before chasing a value of 1. It can also be seen from 

the table that Amis 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 =p, .cos 0 R,dqir, de. cos We salee a csiac oe (VEEL. 2A) 

where Rdg. r,d0 is the elemental surface area. 

dm 8 

“. Pp =f: fom Ry Pg cos} cose do dcp sie 4 esiea sie (VEEES ZS) 
° 

=. Seine eee (VteL 120 Po2p,R, re sing, sin 0, ¢ ) 

Hence the total rolling torque is 

T= D aiefe sTeaye 6 OWEN Th=4 Pa Rp Py sind, sin O,-A L ¢ 7) 

Since in practice it is easier to calculate the length 

of the are of contact from geometrical considerations i.e., 

Le ; this value will be used in equation (VIII.27) above, together 

with the mean value of he from table (VIII 4).
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T. = 4P_ Ry Pp sind, sin % Ag 4 Le eines eevee (V Els 26) 

Fig. (76) shows the results of this equation against measured 

values of Ty. 

For the round to oval passes from phases I and II the 

mean value of xs is 0.66 with a standard deviation of 0.06 . 

The approximate nature of this method of calculating the 

rolling torque is clearly shown in fig. (76) which compares 

the measured and calculated rolling torque. The correlation 

seens to vary between good and poor. The agreement is reasonable 

for the thin tubes (d,/t, = 14 ) and also for the medium thick- 

ness tubes (d,/t, = 7 ) but is poor for the thick tubes 

(4,/t, = 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 (d,/t, > 5.0). 

The lever arm for 0-0 tests (75-84) is higher than for 

R-O passes as can be seen from the table.



Table (VIII.4) 

The Lever Ari 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                

Test| Torque RSF ta 

No. ea) (kN) Xe Xa | Yn 

1 66.7 2525 0.73 {1.24 10.97 

2 62.7 2.22 |0.70 |0.99 | 0,62 

3 68.9 2.22 .|0.74 |1.06 10.98 

4 146.9 5,33) or650l4e35clae 22 

5 el 149-1 5.48 |0.69 11.39 |1.23 

6 | 142.4 5.30) 066 4-29 |4.97 

7 253.7 9.93 0.697 [207 | 1.11 

8 | 255.4 9.62 0.69 |1.13 |0.79 

OG elezzs.a 9.33 10.63 |1.02 |o.71 

10 80.8 2,63. 10.72 2.05 |0.86 

i1 88.7 2.86 {0.71 |0.97 0.85 

12 89.9 2.90 0.71 |1.00 |o.90 

13 74.6 2.520 |0,65 4.00 |1.05 

14 1405.1 3.39 |0.68 |0.86 |o.74 

a5 (110.2 3.50 |0.70 10.86 {0.81 

16 108.5 3.50 0.68 |0.87 “/o. 82 

17 | 200.0 6.99 0.67 j0.90 0.88 

18 201.0 Gort 0. 66 11.03 0.93 

is laeee con ees ee bo 

20 |233.0 8.90 b.56 b.76 b.67 
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Table (VIII, 4) (contd. ) 

The Lever Arm 

Test| Torque RSF ay a Ne 

No. (Nm) (kN) & ps Be 

243023407 7.82 |0.65 [0.95 |0.65 

22 233.4 7-90 0.65 10.92 |0.71 

3-4 182.7 5.69 |0.78 }1.13 |0.95 

24 165.0 5225. 0.77 11.15 |0.99 

25 157.1 5.37 0.63 11.05 |0.78 

26 | 156.5 5.25 (0.64 11.19 |1.05 

27 | 149007 5.53 |0.58 }1.15 |0.94 

26) 310.8 6.53 |0.76 |1.02 10.89 

29 | 296.1 10.40 |0.68 {1.18 |0.68 

30 | 284.0 10.50 |0.69 {1.12 |0.83 

31 | 298.1 10.50 |0.67 |1.25 |0.90 

82 -|) 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 |0.91 

35 | 105.1 3.50 |0.62 |0.78 10.94 

36 130.6 3.72 0.75 {0.95 |0.93 

37 | 140.1 4.02 |0.73 |0.97 |0.81 

38 | 131.0 3.76 |0.73 |0.90 {0.70 

39 | 12404 4.01 [0.64 [0.84 10.69 

40 | 121.5 4.03 |0.59 |0.83 |0.76 
ee coe sro Se eh red     
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Table (VIII. 4) (contd. ) 

The Lever Arm 

Test; Torque RSF BN x ye 

No. (Nm) (kN) & igh i 

4k 112.4 3.64 {0.73 |0.82 |0.78 

42 107.7 3-48 |0.73 10.82 |0.78 

43 214.8 6.50 |0.72 |0.91 |0.72 

44 215.8 6.45 10.70 {1.00 {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 |0.94 |0.71 
bi ua 

48 203.7 6.98 [0.56 }0.93 |0.73 

49 222.8 7.57 |0.58 |0.88 |0.69 

50 2.63.9 9.10 |0.57 10.83 | 0.78 

5i 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 | 0.73 

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 10.81 | 0.76 

59 403.7 13.87 | 0.60 | 0.92 | 0.90 

60 399.6 14.14 | 0.60 19:86 0.77             
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Table (VIII. 4) (contd. ) 

The Lever Arm 

Test| Torque RSF x ak ae 

Noe (Nm) (kN) 6 m = 

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 

71 114.2 3.62 0.74 | 0.76 | 0.69 

72 113.7 3.47 0.63 | 0.87 | 0.93 

73 131.7 3.91 0.65 | 0.84 | 0.83 

74. 384.7 12.68 0.60 | 0.90 | 1.21 

  

The following are 0-0 pass type 

  

  

  

  

  

  

  

  

  

      5.25 
        

  

75 139.0 4.85 0.97 | 1.51 | 1.62 

76 15053 5.12 0.99 | 1.39 | 1.36 

79 233.9 8.49 0.76 | 0.99 | 0.83 

78 220.3 8.18 0:94 14585 120 

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 4.02 (4.07 | 1.13 

84 102.2 | 1.02 | 1,02 | 1.08   peeserretnetoet 

fer |     
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(VIII-10) Comparison between Measured and Calculated RSF:— 

Fig. (77)shows the comparison between measured and cale- 

ulated RSF on the basis of equation (VIII. 26): 

aR ae : P= 2 SS rzsin sin ©, devesionie'e (VEEES 20) 

The comparison is made for two cases with respect to the 

value of the angle of contact +, t= it 

  a) using Le to calculatesp, from the relationship p= a 

b) using Le to calculate f., ep =e 

The reason for introducing the second base into the 

comparison wes to establish whether it would be possible to 

use Le to calculate Pa » hence the roll separating force P 

because it is an easier parameter to determine than te from 

a practical point of view. 

In making the comparisons, the appropriate value of 

8, ; the maximum groove angle of contact, was used. 

Fig. (77)shows that:= 

1) using fe to calculate - gives better agreement 

with measured RSF than using L, 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 I. This may be @itributed to some 

lack of response on the part of the pin loadcells 

when rolling relatively thick tubes with high red- 

uctions. This eueetoation was made in section (8) 

of this chapter,
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(VIEL 11) Effect of the Groove Shape on the Ar 

of Contact 

The variation of the length of the arc of contact,with 

the groove angle 6, for the three d/t ratios used in the 

present 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 are of contact (14), This can be achieved 

by choosing a suitable groove shape. 

4A cross section of some of the rolled tubes is shown 

in photo.(6) for R-O and 0-0 passes and gap settings I 

and II,
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(WITT, 12) Effect of Applied Tensions:- 

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.
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(VITI-13) Variation in Wall Thickness 

The test results (table(VII-1)show that in general the 

change in wali thickness measured at the root of the groove 

is lower than the mean values. It can also be seen from 

table VII-2 that Se-/ Sr at the root of the groove is lower than 

St /5 i.e.. mean value. This difference between Ser/ Se 

and Gz /% is not surprising since Sr 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 of by ,due 

mainly to non-uniformity of the wail 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 acceptable. Wall thickness 

variation at the root of the groove should only be used as a 

measure of the variation at that plane. Methods of caicula- 

tions employing an energy approach are best used in conjun- 

etion with the mean variation in wall thickness and mean tube 

dimensions in general. 

The comparison which Cole () nade 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 small. 

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 t,/4, . The shape of the curve in 

fig.(79) shows the tendency of Se/§ to decrease for values of 

t/a > 0.20 inconformity with the curves in fig. (50). Table 

( VIII-5) shows the comparison made between the test results 

and theoretical predictions of %4/5 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.61)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 

aft, of 15, and, Kolmogorov's and Shveikin's predictions 

are high for relatively thick tubes (d,/t = AGS: ys 

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's 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 Gulyaev (15) arter 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 ,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) Regarding Deformaticn: 
  

1) It has been shown that the deformation zene 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 contacting 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 are of contact was found to be about 

1/¥2 of the calculated value in the absence of the free zone. 

However, this ratio increases slightly when the measured are 

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)_Roli 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 pa 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 occurrence 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 approach 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 te tube rolling under 

varying friction conditions by engeing the appropriate value 

of the shear factor. 

D) Wald 
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 t/a, ratio 

of 0.20. 

2) A simple methed 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 critical. 

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 are of contact and 

other parameters has been studied and proved experimentally. 

3) Test results are now available for the rolling of 

eval 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 fer 

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 beth 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. 

z) 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 irregularities 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) 

Table BL 

Values of voltage supply and natural frequencies 

of galvanometers used with loadceils. 

  

  

  

  

  

  

  

  

  

  

  

  

      

ic 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 

Seem aune Pin 2 7.48 60 

Pin 3 7.48 60 

Pin 4 7.48 60 

Velocity, ™ = ane 
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/t,> gap setting, and 

the variation in the pressure for tests of identical conditions, 

Key to the curves: 

The horizontal axis represents the are of contact and is 

divided into units of length each representing 2 mm of the 

are 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 ahs Se) ay UN Grease 

Test _id ification:— 

  

          

Example: 

d /t gap setting pass type test No. 
of “o es 

/ ee 
Nev ae la 

carve, | DER (150 
deflectfon eo 

ae pare Seo 
Z 

r if 
if 

fi a Are of contact \ 

Exit: =«—— direction of Entry 

rolling



Effect of d /t :- 
of 9 

  

    

  

  
  

  

      

(a)



(b) 

Effect of do/t i 
mt ror emcee ne 

15, I1,R-O    
  
    

Tat Rao 

  

  

  

4.8, II,R-0. ao oN 29 

 



  

Effect of gap setting (i,e., rZ)i- 
  

15,11,R-0    
    

  

      

  

  

  
 



  

(d) 

    
  

Effect of cap sett ie 
eee i 

7,TIT,R-0 a 

      

  

  

  

    

  

7,1,R-0 54 

   si Ss



  

(e) 

Effect of cap setting (i,e., r%):~ 

  

7, T11,R-0 5 

  

  

  

  

    

  

 



(£) 

   

  

Effect of gap settin i.e rh):- 

4.8, II,R-0 ee 31 

  
  

  

       



(ge) 

Variation in shape of curves for same a/t, and gap. 

  

15,III,R-O 1 

  

  

15, IIZ,R-0 m2 

  

  

  

  

15, 411,R-0 3 

 



(h) 
Variation in shape of curves for same aft, and gap. 

  

15,1,R-0 37    
  

  

15,1,R-0 38 

  

  

  

 



Variation in shape of curves for same dj/t,: and gap. 

4.8,1,R-0 Secs 
    

59 

    

  

      

  

    

(3)



  

    

  
  

   


