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SUMMARY 

This project is an investigation into the process of tube 
rolling on a mandrel through two grooved rolls. The 
research was carried out to assist operating companies in 
setting-up multi-stand mills to operate efficiently, 
especially when rolling thin walled tubes. 

Lead, which was used as an analogue material for hot steel, 
was formed into tubes and rolled on a mandrel in-an 
experimental single-stand mill. Rolling trials were 
performed to establish the way in which roll separating 
force, rolling torque and pressure distribution round the 
groove, vary for different rolling conditions, e.g. 
reduction of area, tube diameter to thickness ratio, 
friction conditions on the mandrel surface and front and 
back tensions. The pressure distribution round the groove 
perimeter and along the arc of contact was measured by 
means of pin-loadcells situated in the top roll. 

Results taken from pin-loadcell readings during rolling 
showed that the pressures round the groove were not 
uniformly distributed. Also, by the use of pin-loadcells, 
the existence of a free deformation zone, wherein deform- 
ation takes place prior to the contact zone was established. 

Rolling loads and toraues were greatly affected by the 
change in tube thickness and friction conditions on the 
mandrel surface. While front and back tensions helped in 
reducing the rolling loads, increasing the mandrel speed 
reduced significantly the rolling torques. 

A new theoretical approach based on the principle of least 
work done was proposed and comparisons were made with other 
existing equilibrium approaches and the experimental 
results. 

A computer programme was developed for the assessment of the 
total work reauired in the process and for the calculation 
of tube and mandrel velocities in a production multi-stand 
mill. It is shown that there is good agreement between the 
theoretical predictions and the experimental results. 

Key words: Tube rolling Continuous rolling 
Pin-loadcells Energy method
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Chapter (1) Introduction 

Seamless tubes are used in a wide range of applications, 

such as in the high pressure transportation of fluids and 

gasses in the oil and chemical industries, high pressure and 

superheater tubes in boilers and in many other arduous 

and structural situations. Although the introduction of 

welded tubes decreased partially the demand for seamless 

tubes, they still retain a considerable share of the 

market. 

There are several different methods for the manufacture of 

seamless tubes, but they all have three common stages for 

converting the billet into a tube: 

1. Piercing the hot billet to produce a hollow body or 

"bloom! 

2. #longating the bloom to a 'hollow' 

3. Reducing or stretch-reducing the hollow to the final 

tube size. 

The first stage inevitably is accomplished hot since it 

involves heavy deformations, and the second stage also is a 

hot process. Usually small diameter seamless tubes are 

elongated by a cold working process such as cold-drawing. 

This is because all primary hot working processes involve 

the use of some form of mandrel inside the tube during its 

manufacture and this internal tool makes it extremely 

difficult to hot work tubes of small diameter. Again, the 

third stage is usually a hot working process but elongated 

tubes can be cold drawn and such a cold working process 

gives better tolerances in the finished tube sizes. 

Several different ict working processes can be employed in 

the elongation of the bloom; generally, the complete process 

of tube manufacture takes its name from the primary
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elongator, e.g» the pilger mill or the Assel mill or the 

continuous mill. 

The continuous mill, which sometimes is called the mandrel 

mill, is one of the oldest methods employed in the manu- 

facture of seamless tubes. But in spite of this fact, the 

potential of the process in the field of seamless ‘be 

manufacture was not recognized until tne nineteen fifties. 

This was due to the very narrow range of tube diameters and 

wall thicknesses that could be obtained since for each tube 

size a new set of rolls or mandrels had to be used making 

the process prohibitively expensive for short runs. The 

incorporation of the stretch-reducing mill in the finishing 

line of a continuous mill increased the range of finished 

tube sizes that could be manufactured from a single hollow 

diameter and a few hollow wall thicknesses. Consequently, 

the continuous mill gained ponularity, especially because of 

its high productivity compared with other known processes. 

For economic reasons, the continuous mill is unsuitable for 

the manufacture of large tube sizes. Also, the range of 

tube sizes that can be produced in such a mill is limited. 

A general arrangement of the complete continuous mill is 

shown in Figure (1.1). The mill mainly consists of a 

furnace for heating the billets to the required temperature, 

a two- or three-roll piercer for producing the bloom, a 

mandrel or continuous mill for elongating the bloom, a 

mandrel extractor, a re-heating furnace and finally a 

stretch-reducing mill. 

The mandrel mill usually has between 7 and 9 stands cf two 

or three rolls each. Ina two-roll per stand mill, the 

axes of adjacent pairs of rolls are set at an angle of 90°.
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This arrangement of the rolls is adopted due to the shape of 

the roll groove in each stand, Figure (1.2), which produces 

an oval shaped tube. As the tube eee through a particular 

groove, it is reduced in the direction of the minor axis of 

the groove and will spread in the direction of the major 

axis. By a suitable choice of the reduction of area and 

since the groove shape is oval, the spread of the tube in the 

direction of the major axis of the groove will not reach the 

edge of the groove and hence no fins will be formed on the 

tube surface. If a simple semi-circular groove is used 

instead of an oval shape, the deformed material in the groove 

will flow into the gap between the two rolls causing the fin 

formation; hence the necessity for oval shaped grooves. To 

reduce the emerging tube from a particular stand in the 

direction of its major axis, the tube goes through the 

   following pair of rolls with the tube major axis coinciding 

with the groove minor axis. This means that the axes of 

adjacent pairs of rolls are set at an angle of 90°% To 

obtain a round tube after the last stand, the ovality of 

the groove, which is defined as the distance between the 

centre of the circle forming the root of the groove and the 

pass centre, is reduced gradually until the last stand where 

the two centres coincide and the groove shape is circular. 

Due to the groove ovality in each stand, a clearance between 

the tube’and mandrel is maintained at the groove sides. In 

the last stand this clearance is distributed over the whole 

circumference of the mandrel. This assists in stripping the 

mandrel from the tube. Since the mandrel is placed inside 

the tube, the tube wall thickness is reduced considerably 

during rolling. This is in contrast with the tube sinking
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process where the tube diameter, rather than the wall thick- 

ness, is reduced. 

The mandrel rolling process constitutes an extremely 

important stage in the manufacture of seamless tubes. But, 

surprisingly, in spite of this fact, little attention has 

been given to the analysis of the process. The lack of 

attention is immediately apparent from the paucity of 

published work attributable to the rolling of tube on a 

mandrel by comparison, for example, with the amount of 

published work on flat rolling. As will be seen from the 

literature review chapter, few published papers could be 

found relating to the mandrel rolling process, and most of 

those are of a Russian origin. 

In today's highly competitive market, the operating 

companies are always seeking new ways of improving the 

efficiency of existing continuous mills and extending the 

range of tube dimensions that can be obtained from such 

mills .Demand is also increasing for better quality tubes, 

and although the mandrel rolling process is an intermediate 

process in seamless tube manufacture, the quality of the 

finished tube is certainly affected by the quality of the 

tube from the mandrel mill. (Tube 'quality' may embody 

factors such as high tolerances, minimum eccentricity, 

minimum ovality and surface finish.) An increase in the 

efficiency of the mill and the manufacture of better ' 

quality tubes may best be achieved through a better under- 

standing of the mechanics of the process. Hence the present 

research was carried out with a view to assisting operating 

companies to arrive at a better understanding of the factors 

affecting the process so that its efficiency could be 

increased.
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The course of the experimental work involved rolling lead 

tubes on a mandrel through a two-roll single stand mill. 

The effect of such variables as the reduction of area, tube 

diameter to thickness ratio, groove shape and front and back 

tensions on the roll separating force, rolling toraue and 

pressure distribution round the groove was examined. The 

pressure distribution round the perimeter of the groove and 

along the are of contact was assessed by the use of pin-load- 

cells situated in the top roll of the experimental mill. 

also, the use of pin-loadcells allowed an accurate measure- 

ment of the length of the are of contact to be made. These 

measurements confirmed the existence of a free zone, ise. 

the tube started to deform before contacting the rolls, and 

because of its importance this phenomenon was examined in 

some deteil. The maximum rolling loads and toraues are 

associated with the rolling of thin walled tubes. Therefore, 

in a production mill, the groove shapes and the amount of 

reduction assigned to each stand are determined with respect 

to the rolling of the thinnest wall. Thicker walled 

tubes can be rolled in the same groove shapes, but 

with smaller mandrel diameters. The majority of the rolling 

tests in the present investigation were devoted to the 

rolling of thin walled tubes. 

The rolling of oval tubes through oval grooves was included 

in the rolling tests since this type of rolling is 

encountered in most stands of a production mill. The 

rolling of oval tubes has been neglected often in other 

investigationsas it complicates the analysis. 

Lead was used in the rolling tests as an analogue material 

for hot steel. Lead, which is hot worked at room
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temperature, has the further advantage of being able to 

deform at lower stresses than hot steel and this enabled the 

mill loads to be low. 

The course of the theoretical work on the mandrel rolling 

process is one of the most difficult metal forming processes 

to follow, and this may account for the small number of 

investigations which have been carried out on this process. 

Previous attempts to provide a theoretical treatment of the 

process resulted in the three theories which are presented 

in chapter (3) of this thesis. All three theories, two from 

the USSR and one from Japan, are based on equilibrium 

analyses. The equilibrium approach with its many assumptions 

and approximations has proved to he inadeaguate in providing 

reliable theoretical predictions. In an investigation by 

Cole (11) on tube rolling, he compared the theoretical 

predictions based on equlibrium approaches with his 

experimental results and found that the correlation was 

poor. Therefore, a new theoretical treatment of the process 

was attempted in this work. The theoretical analysis was 

based on an energy method which is now realising reliable 

results in many metal forming processes. To justify this 

assertion, comparisons were made between the theoretical 

predictions of the mean pressure and roll separating force , 

and the experimental results and other theoretical 

predictions. The theoretical analysis included also the 

estimation of the work done per unit volume in deforming the 

tube. The work done per unit volume, iee. the specific work 

done,is of utmost importance since favourable rolling 

conditions can be selected on the basis of minimizing the 

specific work done. The complexity of deformation in the
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mandrel rolling process and the analytical work involved in 

the energy method necessitated the use of a computer in the 

solution of the mathematical equations. All the computer 

programmes are given in the Appendix. 

Finally, due to its importance, the tube and mandrel 

speed pattern in a multi-stand mill was examined theoretic- 

ally and a computer programme was developed for the 

estimation of tube and mandrel speeds.
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Chapter (2) Literature Review 

It seems to be that the published work on tube 

rolling in general which originates from English 

language sources is very little. The situation is 

even worse when considering the mandrel rolling process 

in particular, and that was one of the reasons for 

carrying out the present investigation as further work 

in this field is still required. 

Cole's work (11) was one of the few British 

references that covld be found on the subject of tube 

rolling. Cole investigated experimentally the three 

types of tube rolling and he provided in his work an 

extensive review of the literature available at that 

time. 

Haleem (12) continued Cole's work and although 

he investigated the processes of tube sinking and 

stretch-reducing, he reviewed some of the published 

work on tube rolling on a mandrel. 

It is not intended here to review all the papers 

that have already been mentioned in Cole's and Haleem's 

work. Some of those papers which are of importance to 

the present work, were either briefly mentioned in 

their work or reviewed with different points of interest. 

Therefore it was felt necessary to include those papers 

among others in the present literature review. 

Most of the published work on tube rolling on a 

mandrel is of a Russian origin, and of special interest to 

the present work is a paper by Matveev and Lavrov (1) (1964)
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in which they investigated the effect of forward pressure 

and tension on the process. Lead,aluminium and steel 

tubes were rolled in oval and round grooves with straight 

outlets under various degrees of stretch,back tension and 

forward pressure. Test results showed that back tension 

substantially hampered groove filling,but at the same 

time roll pressure and roll force were reduced+ Applying 

forward pressure increased roll force, reduced rolling 

torque and assisted in the complete filling of the groove. 

However, for values of forward pressure higher than 0.150), 

where Uy is the yield stress of the material being rolled, 

the metal might encroach into the gap between the groove 

outlets. 

One interesting feature of their work was the use of 

pin-loadcells to measure the pressure distribution in 

the groovee The pressure distribution curves were similar 

in shape to the curves obtained from the present invest- 

igation. The pressure was not uniformly distributed and 

the highest pressure occurred at the root of the grooves 

The actual length of the are of contact obtained from 

pin-loadcell measurements was found to be higher than 

the theoretical one and the authors suggested that this 

was due to the elastic compression of the rolls- This 

explanation may not be completely correct especially in 

the case of a hot forming process such as mandrel rolling 

and it will be shown later from the current work that 

the increase in the length of the arc of contact can be 

attributed to the presence of a free zone ,i.e. the 

tube may start to deform before contacting the rolls-No
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theoretical treatment of the problem was given in their 

paper. 

In a three-stand two-roll mill, Shevehenko and 

Chekmarev (2) in 1964 made a comprehensive experimental 

study of the variation of Torce and velocity parameters 

during rolling with different interstand tensions and 

compressions. Mild steel tubes were heated to a temperature 

of 1100°C and subsequently rolled on a mandrel in round 

grooves with straight outlets. Through the mismatch of roll 

speeds to tube speeds in the three stands, a state of ten- 

sion or compression existed between the stands which 

affected roll forces and torques. While interstand tension 

helped in reducing rolling loads and toraues, interstand 

compression increased roll force and reduced roll torque. 

The mandrel speed was shown to increase during entry to avd 

exit from the mill. 

Vatkin and Druyan (3) provided a detailed theoretical 

analysis of the mandrel tube rolling process based on an 

equilibrium approach. This is one of two Russian theories 

that will be examined in detail in the following chapter. 

In their investigation, Vatkin and Druyan made some 

experimental tests using lead and steel tubes and were able 

to measure the pressure distribution in the groove by the 

use of three pin-loadcells situated at different angles in 

the circular groove. Their experimental work was intended 

to support the theoretical treatment of the problem. 

The second Russian theory that will be dealt with in 

the next chapter is by Fomichev and Kirichenko (4). The 

theory again is based on an equilibrium approach and
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Vatkin's (14) experimental results were used to check the 

theoretical work. 

Neuhoff and Pfeiffer (5) of Germany provided an 

interesting study of the continuous tube rolling process in 

1970. In a two-roll eight-stand mill, they measured the 

mandrel and tube speeds during the filling up, filled state, 

and emptying of the mill and the speed curves in figure(2.l) 

were obtained. 

The mandrel moved at a constant speed only when the - —~ 

tube was situated in all stands. Otherwise, the mandrel 

accelerated on entry to. and exit Prom the mill. The authors 

set down avoroximate ecuationsfor the calculation of 

mandrel and tube speeds atthe various stands and indicated 

that at any stand the tube speed wovld take a mean value 

between the roll circumferential speed and the mandrel 

speed. Since the rolls rotated at a constant speed, any 

change in mandrel speed brought about a corresponding change 

in tube speed. The variation in tube dimensions over the 

front and rear ends of the tube, or what is known as the 

front and rear belly formation, was related to the change in 

mandrel speed on entry to and exit from the mill. However, 

in a later investigation, Pfeiffer (6) proved that only the 

origin of the rear belly formation was due to the change in 

mandrel speed. Neuhoff and Pfeiffer (5) suggested the 

following three measures to overcome the problem of belly 

formation: 

1. a smaller coefficient of friction between mandrel 

and tube, 

2. higher deformation in the first stands, and
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3. changing the roll speeds during the entry and 

exit of the tube from the mill so as to keep the 

tube speed at a constant level all the time. 

The reasons behind points 1 and 3 can be understood, 

but the authors were not clear about the second measure 

and how higher deformations in the first stands could 

reduce beily formation. 

‘Rolling loads were measured and a simplified 

theoretical calculation of roll pressure was provided based 

on the work by Karman (7) and Hoffmann and Sachs (8). 

Finally, the problem of thermal loading of the mandrel was 

treated since it affected the service life of the mandrel. 

The heat transferred to the mandrel throvgh conduction and 

radiation from the tube as well as through friction between 

tube and mandrel was calculated. 

In 1973, Pfeiffer (6) continued his research into the 

causes of irregularities of material flow in the continuous 

tube rolling process and carried out experiments on two 

8-stand continuovs mills. By the irregularities of material 

flow, the author was referring to the heavy deviations from 

nominal dimensions which can be detected in tube diameter 

and wall thickness over some parts of a continuous tube. 

Pfeiffer confirmed both experimentally and theoretically 

the fact that the formation of rear’ belly could be 

attributed to the acceleration of the mandrel on exit: from 

the mill. However, a similar explanation covld not be put 

for the cause of front belly as experiments showed that 

when only three stands were engaged in the rolling process, 

the front belly was not evident although the mandrel was 

accelerating on entry to the mill. Therefore another
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explanation was suggested for the origin of front belly as 

being due to the shrinking of the tube onto the mandrel 

which increased the material resistance to flow in the 

forward direction. In support of this view, it was found 

that the front belly disappeared when hot mandrels were 

used instead of cold ones and this lowered the rate of tube 

cooling. Since the front belly occurred only in the rear 

stands, altering the groove shape in those stands to 

produce a larger diameter rolled product covld be a measure 

against front belly formation. The author did not clarify 

this measure against front belly formation and it can only 

be suggested here that increasing the tube diameter or wall 

thickness will make the tube less susceptible to shrinking 

due to the lower rate of cooling from a thicker tube. 

Pfeiffer indicated that the roll forces changed on 

entry to and exit from the mill due to the acceleration of 

the mandrel which altered the stress distribution in every 

stand. But he discarded the old idea that the dis- 

continuities in material flow could be explained by the 

change in roll force and the corresponding spring back of 

the roll stand. His reason for discarding that old 

assumption is not clear as he referred to a previous 

investigation (5) where measurements of roll force were 

given. No mention was made of why the change in roll 

forces did or did not affect the material flow. 

Pfeiffer measured the coefficient of friction between 

the tube and mandrel during the rolling process by holding 

the mandrel in a fixed position at the entry side. From 

measurements of roll force and the longitudinal force 

necessary to hold the mandrel in its fixed position, the
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following equation was applied to evaluate the coefficient 

of friction M, at any stand: 

Za 2e ie 

iM = 
2 2P 

W 

where Ee is the roll force, and 

Z is the mandrel force. 

The advantage of that method is that it takes into account 

all the actual rolling conditions. 

The author was able to measure the coefficient of 

friction between tube and mandrel in stands 1, 2 and 3 but 

unfortunately there was a great deal of scatter in his res= 

ults. He corrected the values of the coefficient of friction 

to take into account the difference between the roll force 

Pp and the normal forces which act perpendicularly to the 

friction surface. Also, corrections were made to include 

the fact that part of the measured roll force is responsible 

for sinking the tube onto the mandrel and this part does not 

contribute to the frictional forces between tube and — 

mandrel. 

Okamoto (9) introduced a deformation factor V into the 

theoretical calculations of stresses in the three 

dimensional plastic deformation of tubes. This deformation 

factor), was defined as: 

E, = -(0.5 DE, 

where €, and€, are the maximum and intermediate principal 

strains respectively. 

Because the radial SstrainG., and the tangential strain 

Ey were not constant over the tube section, the author 

introduced a "mean deformation factor", ys which was 

defined as:



  

where to and ry, are the outside and inside radii of the 

tube 

ris the radius corresponding to YD at any position in 

the tube section. 

Using the stress-strain relationships, in conjunction 

with the von-Mises yield criterion, equations were provided 

for the calculations of principal stresses in terms of the 

deformation factor . These equations were as follows: 

lieu + v + W, , where K,is the tensile 

Vy? 10675 yield stress. sal
e 

Ade ake t,t 
Vv? + 0.75 3 ae

 
nw 

Hf
 Ke 

a G in (V+y? + 0.75) ge Se Eara =¢ 
3 3 

where C is an integration constant determined from the 

conditions of deformation in each case. 

Two cases were considered in the calculations of 

stresses, namely the deformation of a tube under axial 

tension and outside pressure only, i.e. tube sinking and 

the deformation of a tube under axial tension and inside 

and outside pressure, i.e. tube plug drawing. Friction 

was not taken into consideration or the redundant deformation. 

Okamoto and Hayashi (10) published a paper in 1970 on 

the theory of plasticity applied to the mandrel rolling 

process. Their main objective was to use the three 

dimensional theory of plasticity to make a judgement of
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overfilling or underfilling of the roll groove. Excessive 

overfilling produces fins in the tube being rolled which 

can cause the mill to stop. Underfilling affects the tube 

roundness and can cause the tube to stick to the mandrel 

resulting in difficulty in extracting the mandrel from the 

tube. 

The deformation zone was divided into two parts, the 

groove side where the tube inside was in contact with the 

mandrel, and the flange side where the tube inside was 

free. Fundamental equations were set up for both sides 

respectively based on the volume constancy condition, the 

stress-strain relationships, the von-Mises yield criterion 

and Okamoto's deformation factor V which was used in 

another paper (9). Since the material in the groove side 

was subjected to axial compression and the material in the 

flange side was subjected to axial tension, the 

compatability equation for the axial stress was taken as a 

measure for the overfilling or underfilling of the groove. 

This compatability equation took the form: 

ies 
£7 S07 ork 

where oy and o. are the axial stresses in the groove side 

and flange side respectively, and 

A and a’ are the cross-sectional areas of the groove 

side and flange side respectively. 

If f>o the material overfills, while if f<0, the material 

underfills. If f=o0, the material flows in the shape of the 

groove. 

Friction was not taken into account on the assumption 

that the forward slip regions were balanced with the 

backward slip regions of the tube ovtside and inside. This



s320' = 

assumption is, in most cases, not valid especially ina 

continuous mill where friction conditions vary from stand 

to stand according to whether the mandrel speed is higher, 

lower or equal to the tube speed. Also, friction 

conditions change with respect to the change in mandrel 

speed on entry to and exit from the mill. 

AS an example of calculations, the authors provided 

the distribution of deformations and stresses in an 8- 

stand mill designed on the condition of f=o. But no mention 

was made of the groove shapes, mandrel size, tube 

dimensions, rolling conditions, etc, so that it was 

impossible to check the method of calculations used by 

the authors. 

Cole (11), (1969), investigated experimentally the 

three types of longitudinal tube rolling namely, tube 

sinking, stretch-reducing and mandrel rolling. The 

experimental results were compared with theoretical 

predictions based on equilibrium apvroaches emanating from 

Russian sources. Two theories concerning the mandrel 

rolling process wereconsidered, the first by Vatkin and 

Druyan (3), and the second by Fomichev and Kirichenko (4). 

Both of these theories will be discussed in the next 

chapter. 

Lead tubes were rolled in a circular groove 

representing the finishing stand in a production mill. 

Pressure distribution round the groove perimeter and along 

the are of contact was measured by means of four pin- 

loadcells in the lower roll groove. Calibration curves 

revealed the presence of hysteresis and non-linearity in 

the operation of the pin-loadcells. Because the
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calibration lines under conditions of increasing load were 

reproducible, Cole indicated that truly valid results from 

pin-loadcell measurements could only be obtained from the 

increasing side of the pressure variation curves and the 

peak pressure which was important. 

In his mandrel rolling work, Cole's original intention 

was to compare the results with the deformation vrocess of 

tube drawing on a mandrel and since in the latter process, 

the relationship between the internal diameter of the undrawn 

tube and the diameter of the mandrel is an important vari- 

able, different mandrel sizes were used for the same tube 

dimensions to assess the effect of varying the sink/draft 

ratio for the rolling process. Unfortunately Cole did not 

achieve his objective because the circular shape of the 

groove caused the rolled tube to possess heavy lateral 

finning and it was impossible to relate the results to the 

sink/draft ratio. Also due to the circular shape of the 

groove, the thickness of the tube varied, being least at the 

shrouds and greatest at the root of the groove which is 

opposite to the normal case of rolling a tube in an oval 

groove where the minimum tube thickness is found at the root 

of the groove. The results from the pin-loadcells were in 

agreement with the variation of wall thickness across the 

tube cross-section since the maximum pressure was found at 

the roll shroud where the tube thickness was minimum. 

Due to the formation of fins, the experimental results 

could not be compared with theoretical predictions related 

to normal rolling conditions. ; 

The yield stress of lead was obtained by plane strain 

compression testing but the effect of strain rate on the 

yield stress was not taken into account.
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Cole provided a very extensive study of literature on 

tube sinking, stretch-reducing and mandrel rolling. Many 

Russian papers were covered in his literature review. Also 

included in his work was a review of the methods of 

measurement of contact stresses. 

Haleem's work (12),from wh 

  

h the present investigation 

is an extension, was a continuation to Cole's work. Haleem 

investigated further the process of tube sinking and stretch- 

reducing. A new theoretical approach based on the strain 

energy principle was presented and applied to the tube 

sinking process to predict the average roll pressure, roll 

separating force and rolling torque. The theory was 

compared with other existing equilibrium approaches and it 

shown that th 

  

Dp oO energy approach was better than the 

equilibrium method in predicting the average roll pressure. 

A constant shear stress concept was used in the calculation 

of frictional work, and this took the form: 

Ten & om 

V3 
where Tis the shear stress at the tube surface, 

Gy is the yield stress of the material being rolled, 

  

m is the friction factor which is taken as constant 

for a particular set of conditions and can take a 

value between zero for frictionless conditions and 

unity for complete sticking. 

Tests to determine the value of friction factor m showed 

that complete sticking did not take place during rolling, 

i.e. m was less than one. In applying his theory, Haleem 

assigned two values to the friction factor m, namely zero to 

give a lower value for the roll pressure and one to give an 

upper value. Redundant work was neglected in the theory on
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the assumption that the maximum angle of bite was small. 

Lead tubes of circular and oval sections were rolled in 

an oval groove generated from a circle having an eccentricity 

of 4.5 mm fromthe roll shrouds. This groove shape can be 

considered as representing one of the later stands in a 

production mill. 

A new pin-loadcell design was developed to measure the 

pressure distribution in the roll groove and consisted of 

4. pin-loadcells. (The samé pin-loadcells were used also in 

the present investigation.) The use of pin loadcells allowed 

an accurate measurement of the length of are of contact to 

be made and this showed that the measured length was less 

than the theoretical one calculated from the geometry of the 

tube and the groove. The author showed that this was due 

to the presence of a free zone, i.e. the tube started to 

deform before the contact zone between tube and rolls. The 

actual are of contact was found to be about 1/\2 of the 

calculated value in the absence of the free zone. 

The yield stress of lead was determined by plane strain 

compression testing and again, cf. Cole, strain rate effects 

were discounted. 

Finally, the paper by Pfeiffer (13), (1981) describes, 

among other aspects of seamless tube manufacture, recent 

developments in the continuous tube rolling process. A new 

method, called the MRK*, has been developed in which the 

mandrel is controlled to move at a constant speed which is 

equal to the rolling speed in the first stand. The new 

method was described in general without any experimental 

work or theoretical analysis to justify its advantages or 

* wrk stands for Mannesmann Rohrkonti
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disadvantages over the conventional continuous tube 

rolling process. 

By a constant mandrel speed, Pfeiffer claimed that all 

the previous irregularities in material flow caused by the 

change in mandrel speed have been eliminated. 

Although it can be understood that the causes of rear 

belly formation may be eliminated by the new method, it is 

suspected that there are some disadvantages which were not 

mentioned in the paper. One apparent disadvantage is that 

due to the reduced mandrel speed,friction between tube and 

mandrel in most stands may increase and its direction in 

all stands except stand 1 will be against the material flow 

leading to higher power requirements in the stands.



CHAPTER (3) 

THEORETICAL TREATMENT OF 

THE MANDREL ROLLING PROCESS
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3-1 Previous theories 

Three theories will be examined here, two emanating 

from Russian sources and the third is of Japanese origin. 

The two Russian theories by Vatkin and Druyan (3) 1966, 

and Fomichev and Kirichenko (4) (1968) were discussed in 

detail in Cole's work (11). Therefore only a brief 

description of those two theories will be given in this 

chapter, while the third theory by Okamoto and Hayashi (10) 

will be examined in some detail. 

3.1.1 Vatkin and Druyan (3) (1966) 

Vatkin and Druyan examined the general case of rolling 

a tube on a circular mandrel in a non-circular groove. 

They considered the equilibrium of forces in the 

longitudinal direction acting on an element of tube in the 

deformation zone, Figure (3.1), and the following differ- 

ential ecuation was obtained: 

OG. 1 & set (G, - pe SE +d (T+T) = 0 (3.161) 

In this equation the tube thickness (t) was assumed 

to be small in comparison with ern? where to is the mandrel 

radius. Cole (11) indicated that this assumption was not 

justified since the mandrel rolling process is normally 

used industrially as a 'breaking-down' sequence, the 

ingoing material being a relatively thick pierced bloom. 

The whole of the region of deformation was assumed to 

be subjected to the same stress system, i.e. homogeneous 

deformation. The authors applied a yield criterion in the 

form: 

Pi ee Gre) 

and the frictional conditions were:
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T =: hp cy (3.1.3) 

T, =t hm P oo, (3.1.4) 

If it is considered that the tube velocity is equal to 

the mandrel velocity at the neutral section, the positive 

sign in the above two expressions applies to the entry 

zone and the negative sign to the exit zone. 

Substituting from equations (3.1.2),(3.1.3) and (3.1.4) 

into (3. a gives: 

aie. dt F(M+P yh oe (Gil.5) 

To solve the differential equation (3.1.5) the authors 

provided expressions for the thickness variation along the 

pass and around the groove. Also, by replacing the arc of 

contact by a chord and assuming that the distribution of 

normal pressure across the width of the groove was of 

parabolic form, which is a reasonable assumption, the 

authors were able to integrate equation (3.1.5) and 

obtained the following relationships: 

For the entry zone: 

9 
    

+o . 

pt =Pofti - @ yj. 0 Eee BL)ing } Ge 
X38 

For the outlet zone: 

  

hy pn =B of 2-4F yy + a+ dol, n Hae } Gale) 
1,6 

Mana M were assumed to be constant for a given set of 

conditions. 

The mean specific pressure was obtained as: 

PS [a ; ee : Pay = Bay { 5 (coop = Ty) [ WL Aty- want, 

t i 
Taare) t,) + cae + ad} (480.80)
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where bay is the average projected width of the region of 

contact 

W =tube thickness at the exit plane + mandrel dia. 

tay 

I 

1 tte t,) 

aa length of the region of deformation 

Vatkin and Druyan presented similar equations 

for conditions in which the velocity of the mandrel was 

either always greater or always less than the velocity of 

the tube. 

The authors compared their theoretical predictions 

with experimental data and stated that good agreement 

between the two existed. However, Cole (11) mentioned 

that the yield stress figures quoted by Vatkin and Druyan 

appeared to be in error by a factor of 10. 

The authors assumed that the periperal angle of contact 

between tube and rolls was the same at any position along 

the pass, which is not the case in the mandrel rolling 

process where the peripheral angle of contact changes from 

a minimum at the entry plane to a maximum at the exit 

plane. 

The peripheral angle of contact was taken to be Ty2 

throughout the deformation zone, i-e. full contact was 

assumed between tube and roll at all positions along the 

tube axis. This is far from the actual conditions since if 

complete filling of the groove is attempted, full contact 

occurs only at the exit plane. If complete filling of the 

groove occurs at a section before the exit plane, over- 

filling will surely take place in the following sections 

till the exit plane.
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The assumption of a non-uniform pressure distribution 

round the groove was contradicted by assuming friction force to 

be constant, as can be seen from equations (3.1.3) and 

Goat 

Throughout the paper, no definition was provided for 

the factor B which appears in the yield criterion 

p - Oy =p Gy» and the frictional conditions T=tP/o, and 

Teh Boy - Also P and, were not assigned any values 

although comparisons were made between the theoretical 

predictions and experimental data. 

Finally, the derivation of equation (3.1.8) for the 

average specific pressure from the previous equations was 

not given and it is believed that equation (3.1.8) is in 

error since it includes the terms ln es and in ty where 

non-dimensional ratios are required. 

3.1.2 Fomichev and Kirichenko (4) (1968) 
  

Fomichev and Kirichenko also adopted the equilibrium 

approach in their analysis of the problem and the 

configuration for the mandrel pass is shown in Figure (3.2). 

They considered the equilibrium of forces in the 

longitudinal direction acting on an element in the 

deformation zone, Figure (3.2), and the following 

assumptions were made: 

1. The groove shape was considered to be circular 

2. The are of contact was replaced by a chord 

3- The elemental areas upon which the axial stress, oe 

and (G, + da, ) acted were approximated to a rectangle 

of sides 2(D, - d,) and 4 (4 Dao + 4 dde) 

4. The radial stress, Cp and the longitudinal stress, 

O;,, were considered to be principal stresses. The x 

yield criterion used was:
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where k is a function of the yield stress oy in which 

wk =B vy and = DP > 2. 

The differential equation of the equilibrium of forces 

in the longitudinal direction acting on an element becomes: 

x xX xX x = cos at + SO C- (pcos tanos T ) 
aD. ome 2 2 tand 

x (D, Bly ) (D. ee ) 

: aes “a goa8 = 9 (3.1.9) (p.2-a2)  tane 
m 

Assuming a Coulomb type of friction and that the 

friction forces remain constant over the whole of the 

region of deformation, the solution of the above 

differential equation took the forms In the entry zone: 

  

; se'n, Doe mtg TA ' 7 
c, =#4+ a, - Tp Oss =o) (3.110) 

Dy Pwd 

In the exit zone: 

' t 2 a 2 1-4 
ae Se ae reser 

Sy ae Or aia Ca, 2? (GeE.11) DL -d 
x m 

—~cos@ /cos@sinds Kkcoso =. 
where A = Pane ¢ 3 3 @ Ky) 

cos°@ coshtsinet Kcos @ sind 

qo is the axial stress at entry 

ay is the axial stress at exit 

If the differential equation is solved on the basis 

of the constancy of friction forces, i.e. a constant shear 

stress type of friction, the solution becomes: 
D 2 2aM 

CeaN. N o “m_) CL =o+ -2S5 
x =M * Go Oo? (Gel.22)
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where M = 1 - —$0S © cosd —_ 

ose cos + sine 

  

1 

ny = 9288 (kK cos@sin > Teos?@ sindtandsTzT 
cos“e cosh + sin°e a 

Day. is the mean diameter of the tube in the region 

of deformation 

The relationships for the distribution of normal 

pressure in the entry zone (p') and the exit zone (p') for 

the condition of Coulomb friction are: 

  

1 

ies k cos > [As ay ss 
Gos 2 iz oem ea f Geren Ton? 

cos Ocosdt+ sin’9+ KcosOsingd k 

2 as 
a (3.1.14) 

D “-d 
x m 

Wy = kbeosio [ A a A 
Po TS 0 ao pay (den 7 Goines” cos’ 9 cosé + sin’@ - Kcose sind k 

p2-a,2 1-4 

Cae | (361.15) 
x m 

On the basis of constancy of friction forces, the 

pressure distribution becomes:
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The theoretical predictions of Fomichev and Kirichenko 

compared well with the experimental results of Vatkin (14). 

Cole (11) stated that it was difficult to believe that the 

Fomichev and Kirichenko's prediction of the normal pressure 

distribution based on Coulomb friction should generally 

show higher values than that based on constancy of friction 

force. 

The assumption of a Coulomb type of friction is a 

significant one and although the authors considered also 

the case of a constant shear stress type of friction in the 

form T= constant, no definition was provided for the 

constant in the equation. 

The geometry was greatly simplified by the assumption 

of a circular groove and replacing the are of contact by a 

chord. This meant that the variation of tube wall 

thickness round the groove was not accounted for, which is 

hard to accept in the mandrel rolling process where the 

thickness varies considerably round the groove. 

No mention was made of the peripheral angle of contact 

between tube and roll at any position along the pass. Also,
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the contact area between tube and rolls was not considered. 

3.1.3 T.Okamoto and C.Hayashi (10) 

Okamoto and Hayashi applied the theory of plasticity 

to the problem of tube rolling on a mandrel. Their aim 

was to make a judgement of overfilling or underfilling of 

a given groove shape. 

In Figure (3.3) the deformation zone is divided into 

two parts, the groove side where the tube inner surface 

is in contact with the mandrel, and the flange side, which 

is near the shrouds, where the tube inner surface is free. 

The material in the groove side is deformed under outside 

pressure, inside pressure and axial compression while the 

material in the flange side is deformed under outside 

pressure and axial tension. It was assumed that the 

stresses in the groove and flange sides were uniform and 

mean values of thickness were used in the calculations. 

The authors used Okamoto's deformation factor Y in 

their theoretical treatment of the mandrel rolling process. 

The deformation factor Y gives an indication of the changes 

in shape that occurs in a body undergoing deformation and 

therefore it is sometimes called the shape factor. From 

the condition of volume constancy, seen, SH d, + Do =0, 

the deformation factor D is defined as: 

Dd = 0.5 2 

where Q, , Pp» De are the longitudinal, radial and 

circumferential natural strains respectively. 

The constant in the above definition is chosen so 

that in simple tension, or compression, where ve 0, 

Dg = - 0.58.
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Fig.(3.3) Stress distribution in 

the deformation zone 

(From Okamoto and Hayashi (10))
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It should be emphasized that the deformation factor 

Y does not contribute to the solution of any deformation 

problem since its value is determined from the strains 

occurring in the process under investigation. Its useful- 

ness comes from the fact that it simplifies the 

mathematical expressions concerning the calculations of 

stresses.» The authors set up fundamental equations for 

the groove and flange sidesas follows: 

For the groove side: 

- the deformation factor Y is defined as: 

Yea 065 +28 Le 6, (Gee18) 

- the volume constancy condition is: 

P, +Pe +O, = 0 (3-119) 

where, , De and, are the longitudinal, tangential and 

radial strains respectively. 

- stress-strain relationships: 

SIRES Ere eet oS aah) (321.20) 
®, -Dg Pg-P, Py ~Py rae 

- von-Mises flow condition: 

Gi Gel) (sea); tice Gs = olan. 1 a 1 8 ae EO ¢ (321-21) 

From the above basic relationships, the following 

equations can be obtained: 

- Equilibrium equation in the radial direction: 
. CD a 

= dr a oo. = i (Go ue) = 

Te 

one (351622)
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- Equation of the tangential stress: 

k. igre fe VEY 
V3 V 9240.75 

- Equation of the axial stress: 

k 5 
m= Lb? ee Gi) 

V3 2 + 0.75 

- Approximate equation for the mean radial stress: 

on (31623) 

Hg Pee (3.1.25) 

Similarly for the flange side: 
1 

Dr = 0.5 +e Qile26) 
‘eal: 

O,' +o +H." = 0 (3.1.27) 

k H ae 

Gat ea or Tes in sy Gite28) 
bo v3 Vf 2 4 0.75 2 

k 1 

gy a eee +o;,! 36129) 
3 V2 + 0.75 

k 
Gat ey eee UE” Aen (3.1.30) 
ag 7) Yr 

Sy pe + 0.75 

oe =40, , Gete3)) 
b 

The compatibility equations between the groove side and 

the flange side are: 

For the axial elongation: 

$, =o, (341-32) 
1 

For the tangential stress: 

Tg = 5G! § = (ty /ty) (3-133)
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For the axial stress: 

f =7A +0,,4' = 0 (3-61.34) 1G 

where A and A' are the cross-sectional areasof the groove 

and flange sides respectively. 

The above 15 equations in 17 unknowns can be solved 

by trial and error by assuming any two unknowns and 

solving the 15 simultaneous equations. 

A judgement of overfilling or underfilling can be 

made by first assuming that the material flows in the 

shape of the groove. Assuming dj! and thatd,' = 0, 

$; and, are calculated. The value of @} is then 

readjusted until the conditiond, . equals is satisfied. 

After performing the rest of the calculations, the balance 

of the longitudinal tension,0)', and longitudinal 

compression, Ty» is examined by equation (3.1.34). 

f= O14 +0) ,4! 

If f > 0, the material overfills the groove, while if 

f <0 the material underfills. If f = 0 the material 

flows in the shape of the groove. 

Friction was not taken into account at all in the 

above calculations which is a serious drawback of the 

proposed theory. 

3.2 The proposed theory 

As opposed to the more widely used equilibrium 

approaches in the theoretical treatment of tube rolling 

processes, the present theory is based on an energy method 

which is believed to give more satisfactory predictions 

of rolling loads. 

The drawbacks of any equilibrium approach result from
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the fact that a yield criterion must be used and that the 

directions of principal stresses must be assigned before 

any solution to the problem is obtained. In tube rolling 

the principal directions are assumed to be longitudinal, 

radial and tangential. This system of principal stresses 

does not hold true if the friction forces are high and 

hence the shear stress contribution is large. Therefore 

it can be stated that while the yield criterion can be used 

with small error in the case of cold forming operations, 

where the friction forces contribution is small, it cannot 

be applied successfully to hot forming processes, such as 

hot rolling, where sticking friction is believed to occur. 

The inaccuracy of the equilibrium approach in dealing with 

the hot rolling process, led to the adoption of the energy 

method in the present investigation. Although the energy 

method gives only the average roll pressure and not the 

pressure distribution round the groove or along the are of 

contact, which is useful in understanding the mechanics of 

the process, it is sufficient for practical considerations 

to predict the average pressure and total roll separating 

force. 

In this method, the work done per unit volume of the 

rolled tube is divided into the following components: 

1. Work of homogeneous deformation, Whe which 

represents the minimum possible work required 

to change the tube shape. The homogeneous 

work can be visualized as the work needed in 

the absence of frictional and physical tool 

constraints.
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2. Redundant work which is the work lost due to 

unnecessary internal shearing of the material 

caused by the constraints imposed on the material 

flow. This type of work does not contribute 

towards the required change of tube shape. In the 

mandrel rolling process two types of redundant 

deformation can be distinguished: 

a) Redundant deformation which is due to the 

shearing of the material as it enters the 

deformation zone, 

b) Redundant deformation which is due to the 

longitudinal shearing of the material caused 

by difference in the longitudinal velocities 

of the inner and outer tube surfaces. This 

component of the redundant work will be 

neglected since it was shown experimentally, 

by drilling holes in the tube wall before 

rolling and examining the longitudinal 

distortion of the holes after rolling, that 

the longitudinal shear was too small to justify 

the very complex calculations of that type of 

redundant deformation. 

3- Frictional work which is the work done to over- 

come friction between tube and rolls and between 

tube and mandrel. 

4. External work supplied by the applied front and 

back tensions. 

The total work done by the rolls per unit volume, w 
te 

can be written as:



nee 

We = Wt W, + We 

where Wh is the homogeneous work per unit volume, 

ie is the redundant work per unit volume, 

We is the work done against friction per unit volume 

In the case of rolling with applied front and back 

tensions, the total work per unit volume, Wa is 

Wp = Wy + Wa yb 

where Wa 5d is the work done by the applied front and back 

tensions. Before attempting to calcvlate each component of 

the total work separately, the peripheral angle of contact, 

Yo? at any angle of contact,@, and the contact area between 

tube and rolis will be determined since they will be used 

in the work calculations. To obtain the roll separating 

force, the horizontal projection of the area of contact 

will be evaluated first. 

The calculations in the next sections will be performed 

for the groove shape shown in Figure (3.4), and later in 

this chapter two other groove shapes will be examined. 

3.2.1 Peripheral angle of contact, Yo at any angle of 
  

contact me 

It will be assumed that contact between tube and groove 

surface starts when the instantaneous groove radius, Ty > at 

any angle of contact , equals the tube radius To» Figure 

(3.4). This assumption is intended as a first approximation 

since it does not take into account the lateral spread of 

the tube material that can occur during rolling. 

By taking any vertical section in the YOZ plane at a 

distance Z from the line joining the two centres of the 

rolls, axis OY, Figure (3.4), the following equation can 

be written for the contact point C:
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SL - cos 8, = ry (Rea e,) 

where R is the distance of point C from the roll centre 0. 

Rearranging the above equation: 

Bos Bee Ce cs G5 (ecel) 

At the point of contact, the instantaneous groove 

radius Ty is equal to the tute radius r and, 

= i = i ( ) g a sine, tT, sin Yo (3.2462) 

= ( Se (2 Vg (R, Ta) ri, cos ¥, Geren) 

22522 2 
Orem ce ic 

Since z= R, sing 

2 Be 2 = e then R, R, sin +y., (3.2.4) 

To get the relationship betweend and Veo 

ecuations (3.2.1) and (3.2.3) are substituted in 

eouation (3.2.4). 

2 a 
= Dm cA = R, singd+ [«, yee oe £05 | = [«, if eo) - T,cos 86] 

Dig Onl ie 2 eRe FR isind |— [@, + a -2 r, (R, + on cose ft) ces Ooie 

Que 
e 2 2 

eS) at 20, (Re + 5) cos, ~ Tr, cos vl 

Gb sin’@.) 
as 2a 2 

Putting tT, cos eC g 

ie. eee 
=r - Tr sin’, 

2 ea 2 e2 2 2 
R, sin} = [ay 2) = (Rh tip) ve aE - 

e ar, (R, + e,) cos®, + 2r, (Rgt 5) cosy,



2 oe 
ee 2 e@y2 2] 2 = e 

R, sin’ =[(a,+ oe ae a Pea ao J+ 2x (R,+ 5) 
2 2 2 et 

cosy, 2(R, + ep) (r, =. sin ¥,) 

Putting A = Re sino 

2 e@y2 2 2 Bath, ee a ey ee Se] 
x € c= er, (Ry se 5) 

and rearranging: 

Jy 2 2 ee ae Boa VC Cosy yee (B, +e,) , = testi 

sagvaring both sides: 

2 oe Bese 
[a -B-cC cosy] = ECR + re) (rg -rosin“y,) 

ri ; 2 U = L(R Putting F (Re + SP 

D=Aa-8B 

[D-c cosy, ]* es re F - ro Fesin Ye 
2 in Sake Beale on 2 

DY = 2D.C.cosy,° cos p =r, F - r,F(l - cos y,) 

> 5 5 
(c~ = nr Foeos ¥, - 2D.C.cosy, +(D> - ry oF + ro F) =0 

(3.265) 
Equation G@.2.5) is a second degree equation in cosy, 

which can be solved to give the peripheral contact angle 

ee at the corresponding contact angle o. 

3.2.2 Contact area between tube and rolls 
  

To find the equation of the roll groove surface, an 

arbitrary point P (x,y,z) is chosen on that surface, 

Figure (3.4). 

In the YOZ plane, it can be written that: 

+ , 
2 ee = R° or R= (y* + 2°)? . (32266) 

where R is the distance of point P from the roll centre 0. 

From figure (3.4): 

=i F COS 8 = Fe ie oak pe! 
& 

=gr i x=g r, sine 

2 2 2 
= f sin 6 

g
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2 2 Ds (Ro-Rte,) (3.2.7) 

Substituting from (3.2.6) in (3.2.7): 

2 
2 2 2 (2 2.4 
=r, - [(R, +2) - & + 22)*] 

Putting R, as So = b and rearranging: 

2 1972 
P+ [p- +2] =r? (34268) 

where z = R, sing 

Equation (3.2.8) is the three dimensional eauation of 

the roll groove surface. 

At any angle, the elemental length, dL, of the 

contact curve between tube and rolls is: 

Me 
2 

aL = (ax° + ay*) (3.229) 

By differentiating equation (3.2.g) with respect to x and 

y while keeping z constant: 
g 3 
2 Se, 1 

2x dx +2 [b- ty? +2"). ] g y?427) (2yay)| = 0 
2 r 

x dx + [b - (yo 427) peaeaeed =0 
(yo42°)* 

x ax = [ 5 sz-ijyy 
(y~ +27 ) 

i x ayy [ b 7] ax 

(y? 42°)? 

= Ae : +a 60% 
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2 ere 
ay” = % (yotze) ax? 

a [o~(y? +2" a 

From equation (3.2.8): 

2 

fp - (yee? PP = 7,? - x (3.2.10) 

nae 
wt ay? = Be Ott) ax? (3.2.11) 

vi) (ry -x") 

Taking the square root of both sides of equation 

(@e2.00) 
1 
s ie 

b- (y*427) = cS - x)? 

1 1 

(+ 2P)® sb (Pan )P 
scvaring both sides: 

o.Ota a 2a 
y +z = fb - @-x)?] 

2 
Daas Beene of y= [b- (,° =x) ]- 2 G.2.12) 

Substituting from (3.2.11) and (3.2.12) in 3.2.9): 

2 2 
x + ——+~— > v2 i ( [on(e Pa ee ==) : 

eo’. GL = ax< + ————_8_ —________ ax 

(25 - x) 

2 : oe ; Alger mbes 
[b-(r fx" FI ae 

dL = a a es ape i ax (3.2.13) 

Cr, = ) 

To obtain the contact area between tube and roll, 

equation (2.13 ) is integrated twice, first with respect 

to x between limits x = 0 and x6 siny,s and secondly 

with respect to Z between limits z = 0 andzg = R,sin oo 

where Pe is the maximum angle of contact which can be found 

from the geometry of tube and groove as:
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DUS eee ee 
cos @, = 1 - 2 —_* 4 ____ (ez als) 

R, 

Due to the complex nature of the function in equation 

(3.2.13) and also to the fact thatx a is in itself a 

complex function of z, approximate numerical methods had to 

be adopted in solving the double integration of equation 

(3.2.13). A computer programme has been developed for the 

calculation of contact area between tube and rolls and this 

can be found in Appendix ( a-1). 

3-223 Horizontal projection of the contact area 
  

The horizontal projection of the contact area can be 

determined by finding the equation of thecontact curve in 

the X0Z plane, Figure (3.4). The co_ ordinates of any point 

lying on that curve can be written as: 

z= a sing and x = =1T, siny, 

The relationship between and ve and hence the 

relationship between x and z can be obtained from the 

solution of equation (32.5). .It is clear that this 

relationship will be too difficult to integrate using the 

normal methods of integration. Therefore numerical methods 

were again used in the calculation of the horizontal 

projection of the contact area by the use of a computer. 

3.2.4 Work of homogeneous deformation Wh 
  

Considering the true stress-strain curve shown in 

Figure (3.5), the increment of plastic work per unit volume 

required to deform the material is: 

WS Ge a€ (3-215) 

where d€ is the change in strain occurring in the material,
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Fig.3.5) Total work of deformation.
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oy is the yield stress of the material. 

The total work per unit volume is equal to the area 

under the true stress-strain curve for the appropriate 

strainé, 
& 

we a Gy de (3.2.16) 
° 

Due to the variation of yield stress with®, the 

concept of a mean yield stress is employed in the present 

investigation to be able to integrate equation @Q.2.16). 

The mean yield stress for a given strain € can be defined 

as the yield stress which when multiplied by € will give 

the same area under the stress-strain curve. 

Since the value of the mean yield stress depends on 

the combined effect of all the strains imposed on the tube, 

the notion of a generalized strain (15), (16), (17), 

suffered by the material can be introduced into the 

calculations. The generalized strain has the same effect 

as that of the complex actual strain pattern imposed. It 

should be emphasized that the generalized strain does not 

exist in reality and that it is only a convenient measure 

of the total deformation actually imposed. 

The generalized homogeneous strain increment can be 

written in the form (16), (17): 

  (3.2.17) 
a, = VB [(aeq-ae,)° + (ae,-de, P+ (ae ,-de, )*] 

where de, is the longitudinal strain increment 

de, is the radial strain increment 

dé, is the circumferential strain increment
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It will be assumed that the rotation of the axes of 

strain increments in mandrel tube rolling is negligibly 

small. In that case equation (3.2.17) can be integrated 

directly to give: 

2 a 2 2 ae ie era Sie 
and the work of homogeneous deformation can be written as: 

Wy = Gy ey (3.2619) 

where oe is the mean yield stress of the material 

corresponding to strain fue 

3.2.5 Redundant work 

Only the redundant work caused by the shearing of the 

material as it enters the deformation zone will be considered 

here. In dealing with that type of redundant deformation 

the following assumptions are made when steady state 

conditions have seen attained: 

1. The tube longitudinal velocity U at any point on the 

surface of contact making an angle } with the line 

connecting the centres of the two rolls, Figure (3.6), 

will be assumed constant across the vertical plane 

passing through this point. This assumption is 

justified for the case of thin walled tubes. 

2. As the tube mean linear velocity U changes from Ue at 

the entry plane to Uy at the exit plane, the change in 

U with the angle of contact is assumed to be linear. 

This assumption takes the form: 

U=U, -ad (3.2.20) 

where a is a constant determined from the conditions 

at the entry plane.
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(b) Section passing through point A and tube axis. 

Fig( 3.6 )Determination of redundant work.



At entry, C= or; U=uU 

U, =U, - ao, w.as (3.2.21) 

From the volume constancy condition: 

=A.U, = A, ALU AU 
Leds 

A U 
1 ° or > = 

Ay Uy 

oem 
J = reduction ratio = 7 

° 
A 

Se 
Ao 

Lee 
Ur 

Loy 

MF (02,2) 

Substituting from (3.2.21)and (3-2-22) in (3+2-20): 

U U 2-3 ° & 
v= 8s -[s27-0,] e, 

U U Seo Om 2 
Sra leg 

U ee ee) (3.2.23) 
n 

By taking a section passing through any contact point 

A lying on the curve at the edge of the deformation zone, 

and the tube axis, Figure (3.6), it can be put that the 

radial line ARis a line of velocity discontinuity. At any 

point on that line the velocity discontinuity 4V is: 

av = V cosx (3.2.24) 

Because of the volume constancy condition, the normal 

component of the velocity V must equal U.



  V sin =U or ves (352625) 

Substituting from (3.2.23) in (3.2.25) 

U Id ] 
vy = ——_—2—_. t= (3.2.26) 

(1-3) sine [ on 

The velocity discontinuity AV gives rise to shear 

within the deformed material. The maximum resistance to 

shear, T, that the material can develop is found from von- 

Mises' yield criterion: 

= Os (3.2.27) 
V3 

The redundant work per unit time is found by first 

integrating the shear stress times the velocity 

discontinuity over the line R and subsequently integrating 

from?= 0 to?= %,, as follows: 

Wp - ft. AV.dr (3.2.28) 
unit R 
length 

where Wi, is the redundant work per unit time. 

= 
° U 

Hy, ees ° Id 
W. od F [2 - > |cosedr 
Dn | 3 1-J) sink a ] 

length Ty 

where Ty is the radius of the mandrel. 

Adopting the concept of a constant mean yield stress: 

  

. a U Xo 
i Gye 0% [a ak) dr 

Ty B 1-3 oF tanx 
unit Ty 
length 

From Figure (3.6): 

Diora a 
ee tan® (r-r,)



- r 
oO 

U g poy elon jem Ps tand (r-r,) 
W es aall- ] b 

T/onit VB uae om . Sacre, ae 
length b 

Se {1 - ae ies x (r-r, dr 

  

  

Va edi @, | ory) 

a5 
r 

= U 2 ec 
aGy so Zou Jo] _tand ane “emo laa lat, | 

Ty 

= 2 2 
-ty Yo 14 _ Je] tan¢.| 7g. _ a ir,- 8 + 7,2] 
yzoi e, (@5-T,) 2 oT hieeow b 

2 
eG rer 

=T 22 [1 - 29) tens, 9 2 | 
yz id m (ro-Ty v2 

_oy vo [1 . So) tand [yy ) 
V3 ~J A 2 ‘Ors LD: 

oo ae 
= Ty =o Jo) tand 
w= [1-5] (r. = r,) Rid r | VB i ee b 

oO 

Dn 

).R,, fe - gltant. ab 

° 

9° ting? ( a 
ay3 Iw xo, b 

If gis considered to be small, then tango= 

= a Om 

= Cy ° 2 a: ii, = op roe, ) R eae ie 
r OG ied ““o by “r q @ 

Oo 

© 

U e Z 
Ty far aia | eee ] 

Ter b 3. ¢ 
” OVE = m 

O°



= 55 = 

= 2 2 
ore o 
eo = nS Oe Teh 6 Ty Ral 3 3 J] 

a 2 
U 

= TE SS (ro-r,) R, Lo 22) ta 

To obtain the redundant work per unit volume, the 

above expression is divided by the volume rolled per unit 

time Ay Uy: 

° (r. - 7, ) 2 
ae W. URS iy de CORE Bhs RiP (3-23) (322.29) 

12\3 A, Q-d) 

Also it can be written that: 

Wy = beqly (3.2.30) 
where & qis the redundant strain. 

From equations (3-62.29) and (3-2.20) 

Cri) 
pe eee G2ao) 

Tos ase eae ey ; 

322.6 Work done against friction 

It is found that, due to the complexity of the 

calculation of friction losses in any process, no exact 

mathematical relationships have yet been established 

between the shear stress T at the surface of contact and 

the other variables in the process. However, two types of 

friction have been widely used for the approximate 

determination of friction losses in any process: 

1. Coulomb friction in which the shear stress T at the 

interface between two bodies is proportional to the 

pressure p between them. It is written in the form: 

T=Rp
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where # is the coefficient of friction which is 

assumed in most cases to be constant for a given set 

of conditions between the two surfaces in contact. 

2. Constant shear. The shear stress, in that case, at 

the surface of contact is assumed to be constant 

irrespective of the pressure on that surface and is 

related to the shear yield stress of the deformed 

material by: 

T= mk 

where k is the shear yield stress of the material at 

the surface of contact, 
o 

k= according to von-Mises yield criterion, 

3 
m is a friction factor which is taken as constant for 

a given set of conditions. For frictionless 

conditions, m= 0. For sticking friction, m=1 

since the maximum shear a material can withstand 

according to von-Mises yield criterion ist) / V3. 

The second type of shear is particularly useful in the 

case of hot working of metals where sticking friction is 

known to exist and the assumption of Coulomb friction is 

thus not valid since it leads to an overestimation of the 

friction losses. 

The concept of a constant shear stress at the surface 

of contact is adopted in the present calculations of 

friction losses. It should be emphasized that this concept 

of a constant shear stress is not realized in the actual 

rolling process since sticking friction does not prevail 

over the whole of the arc of contact and even in the case
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of rolling lead tubes it has been reported previously (2) 

that sticking friction does not occur. This finding coupled 

with the fact that the pressure distribution round the 

groove is far from being uniform, makes the assumption of 

a constant shear stress unrealistic. However, since the 

energy method requires average pressures and not the actual 

distribution, the assumption of a uniform pressure and hence 

a constant shear stress atthe contact surface is justified 

(also, the calculations of friction losses are made much 

easier by the adoption of a constant shear stress). 

The work done against friction per unit time, Wes is 

found by integration over the surface of contact S of the 

shear stress times the relative velocity between the two 

surfaces in contact: 

We =f Tov,.a8 (3-22.32) 

s 

where We is the relative velocity between the two surfaces 

in contact. The work done per unit volume of the 

deformed material is: 

  

Po Ae (322233)
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322 666k Work done against friction between tube and 

rolls W. 
fa 

From Figure (3.7), and at any angle of contact}, the 

equation of the contact surface was obtained previously as: 

does 5 
. lite (3.2.8) rr [> aay 2) 

and 2) = R, sing 

The tube velocity at any angle } is: 

U fee 
U 2 or ] = (342.23) 

1-5 a 

The tangential roll velocity V =4R, where wis the angular 

velocity of the rolls. 

The horizontal component of the tangential roll 

velocity is: 

Nadie (322.34) 

The relative velocity ve between tube and roll is: 

Vs een 

Uo 
by ria a (3.2.35) 

oe
 

  

i ¥2.,2 
From (3.2.8), y -\fo - (r Pax?)”)] mee 

From equation (3.2.13) the elemental length dL of the 

contact curve between tube and rolls is: 
2 

se | a + Z. ] + 
Toe eae) ee 

dL = Lo | ax (ceed) 

Cr =) g
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We i TeV,-ds 
s a 

where dS is the elemental surface area 

dS = dL RAO 

d 

  

m_ Xe oe eae z 
= F ole ee Ib Wp = Jiwyfe - 6 P94 a7 - ya- ® J A 

m 

Onn 

Pe ; 
ger Dat sess | z 

[b-(r -x°) a2 an ees =e dx Rudd (3.2.36) 
re -x 

where Kg is the distance in the X-direction which 

corresponds to Yor 

The double integration in equation (3.2.36) is 

solved by numerical metnods using a computer, see 

Appendix ( a-1). 

3.2.6.2 Work done against friction between tube and 
  

mandrel ton 

It will be assumed that the same peripheral contact angles 

Ye suspended between tube and rolls will apply also between 

tube and mandrel. 

The work done against friction between tube and mandrel 

per unit time can be written as: 

Me [o-m_28 

s



= ie 

where Tis the shear stressat the surface of contact,and 

is-equal to me from von-Mises yield criterion, 

V., is the relative velocity between tube and mandrel. 

Tube velocity at any angle of contacto : 

U 
= om Jd 
oe ee 

Mandrel speed is constant throughout the whole of the 

deformation zone and is equal to V. b: 

U 
= © Jo 

YY lng (3.2.37) 

The elemental surface area is: 

dS = ry.dy . R, dd 

On Ye 

a. = Ae fey, = oe CBee] ay. Rid oo Calms) Ou Oia S 
6 6 (30238) 

The solution to that integration is obtained by 

approximate numerical methods using a computer, see 

Appendix ( A-1)- 

The work done per unit ee ie ———— (342639) 

32.7 Work done by the applied front and back tensions 

In a production mill where the tube is fed through 

several stands, tension is sometimes maintained in the tube 

between stands by changing the roll speeds. Such tension
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has the advantage of reducing the pressure on the rolls 

and controlling the gauge size and uniformity. If front 

tension is applied, some power to nelp the rolls is 

associated with this tension. On the other hand, if back 

tension is appied, the roll power must increase to overcome 

the added resistance. Work done by the front tension per 

unit volume ,W., is: 

i. — 2 
We =O (3.2.40) 

Work done by the back tension per unit volume W, 

is: 

b (3.2.41) 

where on and Gy, are the front and back applied stresses 

respectively. 

3.2.8 Mean roll pressure Pn 
  

Having estimated the total work done in deforming 

the tube jw.» the mean roll pressure Py, can be calculated 

by equating Wy to the work done by the externally 

applied roll pressure. 

The pressure distribution rovnd the groove and 

along the are of contact is assumed to be uniform. 

Although this assumption does not describe the actual 

situation in the roll groove, it allows an easy assessment 

of the mean roll pressure Da to be made without the need 

for very complicated mathematical expressions which render 

any obtainable solution to be impractical. 

Since the tube inner surface is in contact with the 

mandrel during rolling, the inside pressure does not do



boas 

any work. For a close pass rolling, iee. no gap between 

the tube inside and the mandrel before rolling, the outer 

uniform pressure Bo is responsible for changing the tube 

wall thickness from ty before rolling to a mean thickness 

of ty after rolling. 

The increment of work done by the mean uniform pressure 

Pn is eaual to: 

aye = Pi,eSedt 

where S is the surface area of contact (or the contact area) 

and, dt is the change in tube wall thickness. 

The total work done by the external roll pressure ver unit 

volume is: 

t 
© 

ea p ededt/V 

th 

where V is the volume of the rolled material 
© 

a m V=AjUS: a 

t 
° 

Wy = PaeS([t ] Vv 

a 
= ppeSe(to-t,) / V (3.2.42) 

The surface area, S, has been determined in section 

en nt rg We 

3e2.9 Roll separating force, RSF 

Multiplying the mean roll pressure Pn by the 

horizontal projection of the area ofcontact on each roll 

will give the roll separating force.



ean 

3.2.10 Rolling torque 

The rolling toraue can be estimated by considering 

the moment of the resultant vertical force , i.e. the 

RSF, about the roll axis. If the roll separating force 

is assumed to act at a distance (a) from the roll axis, 

the total rolling torque qT, ean be written as: 

T, = 2Pa (3.2.43) 
t 

where P is the roll separating force. 

This method, which is called the lever arm method, is 

an approximate method since it neglects the contribution 

of horizontal forces which deflect the resultant force 

slightly from the vertical. The distance (a) is 

determined by a method which will be mentioned in 

section (7.12), chapter(7). 

3.2.11 New groove shapes 
  

Two new groove shapes, Figure (3.8), are examined in 

the present investigation apart from the groove shape shown 

in Figure (3.4). It is not intended here to repeat the 

previous steps in determining the different comnonents of 

the total work done per unit volume since it is sufficient 

to derive the equation of the groove surface and to



  

  

Groove(B) 

  

Groove (C) 

Fig.(3.8) Groove shapes



obtain the peripheral angle of contact y, at any contact 

angled. The rest of the calculations are included in a 

computer programme which can be found in Appendix (A). 

3.2.11.1 Groove (B) 

At any contact angleo, the groove can be divided into 

two parts; a circular part from 9= 0 to 8= SF and a 

straight part for 6 2 8g Or it can be written that the 

circular part extends from X = 0 to KX = rT, sin @. and the 

straight part extends for X 2T, sin® 5» Figure (3.9 ). 

For the circular part, the equation of the groove 

surface is the same as the equation for the previous groove 

shape, iec., 

ee . 5 
cece be (y2 42°)? ] = . 5% <0 ene (3-28) 

Z= Ry sing 

2 2 2 
y +2 =R 

| Contact is assumed to start when the instantaneous 

groove radius is equal to the tube outer radius. 

The peripheral angle of contact y at any angle of contacto 

was obtained previously from equation (3.2.5), 

2 2 2 2 2 Qeny, 
(c* - r.°-F)cos p, - 2D-Cecosy, + (Dv = Ty Pir 'F)=0 

x. = Yr. sin 
c Oo aie
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Miz a a sine”) the contact point must lie on the 

straight part of the groove and the calculation of the 

peripheral angle of contact has to be made using the 

equation of the groove surface for the straight part. 

For the straight part, Figure (3.9): 

e S fo ca R2 

2eew Rs sing 

Ce a ae geo Seo sine, +lr, cose, ~ (R, R +e,)] tan (5 =2on) 

x* [CR, + oe =e cose, ) tan g - oP - r sine, ] = 

T Bet Z- 8 an Bo 

putting A = [((R, oe) 2.) - rT. cose) tan g - 9,)-r,sing, ] 

7 
nd B = tan (5 - 8 al & E 

xX +A = BR 

: 2 2 = z 
X +A =Bly” +z) x 2r, sine (3.2.44) 

g & 

Equation (3.2.44) is the equation of the groove surface for 

the straight part. 

The contact point C is determined from the following 

equations: 

c ¢c 

Dia en ea 
2 aaa 

2 2 tee 
ae By r Yq) = 0 

where 3 = R, + e/2 

The above three equations are solved simultaneously to
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obtain the three unknowns a vig and Ro Arranging the 

three equations in one equation containing any of the three 

variables will result in an equation of the fourth degree 

which can be solved using a computer. 

3.2.11.2 Groove (C) 

This type of groove corresponds to the actual shape 

found in a production mill. It is of the same shape as 

groove (B), but the straight outlet is substituted by a 

circular curve of radius R,, Figure (3.10). 

The groove is divided into two parts, a circular part 

of radius R, and another circular part of radius R2 - 

For the first circular part, the equation of the 

groove surface is: 

ne
 

2 
m+ [bh -G° 42°) ] =n 0<*x <R, sinP (3.2.8) 

Zz = R,sing 

Tye = Rr 

b= R, st &, 

The peripheral angle of contact Yo at any angle of 

contact ¢ is determined from equation (3.2.5), 

2 2 2 2 es 2 me 
(C* - r,°.F) cos’ y, - 2D.C.cosy, + (D° = tos +r, +F)=0 

) xo siny, 

rf xX, > R,sinpP, the contact point must lie on the 

second cireular part. 

For the second circular part, Figure (3.10), it can be 

written: 

g=x = Rsin (8) +B) - (Ry = R,) sinB 

x + (Ry-R,) sinB =R, sin (0, +P ) 

[x+(Rp-R, sing’ = RB,” sin*(o, +P ) 
= R“[1 - cos*(@, +P) ] (3+2-45)
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cos (2) +P) [R, +e, - R + (Ry ~ R) cos p] ae 
= 

cos” (8) =e) =; tao e, + (Ry - Ry) cosp - R]° 
- 

putting A = (Ry - R, )sin p 

and B = R, + e + (Ro - R,) cosP 

2 
wt. cos?(8, +P) = G=8 (342-46) 

Ro 

oe from (3+2-46) in (3-2+45): 
2 

HA = aad 

(x + a)? = -(B-R)* 

bau yo 2 
; 2 2 eee hae 2 : ee (ere et EB aye tear) |) eos Xz R, sin (3.2.47) 

Equation (3.2.47) is the equation of the groove surface 

for the second part of the groove. 

The groove contact point C is determined from the 

following equations: 

2. ere 2 
(x, +A) + (B= Ro) = Ry 

Ye 2 hee = RB, 

2 2a 2 xen tow 2 

where By = R + e/2 

Arranging the above three equations in one equation 

which contains any of the three variables Xv and R, will 

result in an equation of the fourth degree which is solved 

by a computer, to obtain the contact point C at any angle 

of contact > .
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3.3 Theoretical predictions of tube and mandrel speeds in 
  

a multi-stand mill 

The calculations of tube and mandrel speeds follow 

closely the work by Pfeiffer (6). The presence of the 

mandrel inside the tube makes the velocity pattern in a multi- 

stand mill more difficult to analyse due to the interaction 

between roll, tube and mandrel speeds in any stand and to 

the fact that changing the velocity pattern in any stand 

affects the tube and mandrel speeds in all the stands. 

To understand clearly the velocity pattern which exists in 

a multi-stand production mill, only two stands are 

considered here, since the results from two stands can be 

generalized to include any number of stands. 

From Figure (3.11), it is assumed that the tube 

velocity, U, in any stand adapts itself to a mean value 

between the peripheral roll speed, V,,, and the mandrel 

speed, Vas according to the relationship. 

genta ets eal 
fine ike : 

where Ve is the peripheral roll speed which corresponds to 

the roll working diameter. 

E anaf, are the coefficients of friction between tube 

and rolls and between tube and mandrel 

respectively. 

Since the mandrel is free to move in the horizontal 

direction, its velocity can be assumed to be a function of 

the forces acting upon it which are transmitted from the 

tube, the coefficients of friction between tube and mandrel 

in the various stands, and the tube speeds. 

When the tube and mandrel enter stand 1, the outgoing 

tube and mandrel speeds can be assumed to be the same. On
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Fig.(3.11) Tube and mandrel speeds
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entering stand 2, the mandrel speed is increased which 

affects the tube speed in stand 1. The change in tube 

speed in stand 1 causes a corresponding change in mandrel 

speed which in turn changes the tube speed in stand 2. 

This chain interaction between tube and mandrel speeds 

continues until steady state conditions have been attained 

and the mandrel moves at a speed which lies between the 

final tube speeds Uy and Une At any instant, both stands 

will contribute to the mandrel velocity by amounts 

proportional to the roll force and coefficient of friction 

in each stand. The contribution of stand 1 to the mandrel 

speed, Vj}, can be written as: 

Eat 

Py Bo +Poho.2 

and the contribution of stand 2 is: 

Uy > 

Po Ho.0 U 

Pio. *Pabb.c 

where P, andP, are the roll forces in stands 1 and 2 

2 

respectively. The mandrel speed can be written as: 

Pa Pou ee Myo 
1 a 

Pre eeiat Hollsone Pa Mo. + Po Mo 
If only stand 1 is gripping the tube, it is seen from 

Vy Us -5(359.2) 

equation (3.3.2) that the outgoing tube velocity equals 

the mandrel speed which conforms to the assumption made 

earlier in this section. Also, if the conditions in 

stands 1 and 2 are identical, i.e. the roll forces and 

coefficients of friction are the same in both stands, the 

mandrel speed takes a mean value between Uy and Ups To 

determine the final tube and mandrel speeds, successive 

calculations are carried out as follows:
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First, V, is calculated from equation (3-352) 

using the peripheral roll speeds Vy and V5 instead of Uy 

and Us as a first approximation. Having calculated Ves the 

tube speeds Uy and Us can be determined from eauation 

(3.361) and then substituted in equation (3.3.2) to 

obtain Vy, again. The calculations are carried out until 

there is practically no change in tube and mandrel speeds. 

The calculations of tube and mandrel speeds in a multi- 

stand mill are made using a computer. The computer 

programme can be found in Appendix (4-7). 

3.4 Rolling oval tubes in oval grooves 
  

So far only the rolling of round tubes in oval grooves 

has been considered. Since in a production mill that 

situation is met only in the first stand while the 

remaining stands are rolling oval tubes, it is felt 

necessary to include the rolling of oval tubes in the 

theoretical treatment of the mandrel tube rolling process. 

The treatment of that subject is neglected in other works 

on tube rolling. 

Only the groove shape shown in Figure (3.12) will be 

examined here and the other two shapes are included in the 

computer programmes found in Appendix ( A). 

The equation of the tube outer surface before rolling 

should be known from a knowledge of the previous groove 

shape which it had passed through. The tube outer surface 

can be divided into two parts; the part which was in contact 

with the previous groove surface and a free part which is 

assumed to be circular of radius ry and extends from = 0 

to =a, Figure (3.12).
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With respect to the OX and OY axes, the equation of the 

circular part can be written as: 

2 
Rae (By = yy Ty O<x <rjsinx (3.4.1) i 

i] where Bo R, +e /2 

It should be noted that the axes of the present groove 

are set at right angles to the previous groove axes, or it 

can be said that the tube is rotated through a 90° angle. 

Since the tube axes are not transferred but are rotated, 

it is better to write the equation of the part, which was 

in contact with the previous groove surface, with respect 

to the tube axes O'X' and O'Y' and then change the old xX! 

dimension with the new Y' dimension and visa versa to 

account for the rotation of the tube axes. Finally, the 

O'X' and O'Y' axes are transferred back to the new OX and 

OY axes as shown in Figure (3.12), since the equation of 

the groove surface is written with respect to the OX and 

OY axese 

The equation of the tube outer surface as it emerges 

from the previous groove is: 

te (3.4.2) 

He aa 

x? + (b-y)? 

where b 
& 

Transferring the axes to O'X' and O'Y', equation 

(3.4.2) becomes: 

2 2 
2 = xt © +[b- (R, + e)/2 - y')] = oe 

where y= (Ry + e,/2 -y') 

and ey is the roll gap in the previous groove. 

2 2 2 
x + [Ror + Ca Rs = @,/2 + yy)" = rT,
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putting By = &, - @,/2 

+3 ie +ly! +B bis 3 ae 

Changing the X' dimension to the Y' dimension and vice 

versa, 

2 vi? [x1 + BP = 3,? 

Transferring the axes to OX and OY: 

ie=. 2 
[R, +e 2-y] +k oy 

Putting Bo = Rg +e /2, the equation of the tube outer 

surface becomes: 

2 2 2 e fxg Bul Pl By yl x ry sinx 3.4.3) 

The equation of the groove surface remains as: 

412 9. x? +[p- Gy? + 2°) Jer,” (342.8) 

where z = RL sing 

From Figure (3.12) at any angle of contact¢$, 

the contact point C between the groove and tube surface is 

determined by solving simultaneously either equations 

3e4.1) and (3.2.8)or equations (3.4.3)and (3.2.8) 

Using equation (3.4.3)or equation (3.4.1)depends on whether 

x is greater than or less than ry sine. Having calculated 

the coordinates of the contact point C, the corresponding per- 

ipheral angle of contact y, at any angle of contact @ can be 

obtained. The angle of contact, m, at which contact starts 

between the tube inside and the mandrel can be found from 

the following equation: 

R, cosp= R, cosd, + CG - T)) (Bete) 

After the start of contact between the tube inside and 

the mandrel, the peripheral angle of contact y, suspended 

between the tube and rolls at any contact angle¢, will be
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assumed to apply also between the internal tube surface 

and the mandrel. 

The deformation of the tube from the start of contact 

between the tube and rolls until the tube inside touches 

the mandrel will be considered as a sinking process 

followed by the mandrel rolling process. 

Once the surfacesof contact between tube and rolls 

and between tube and mandrel are determined, the rest of 

the calculations of the total work done per unit volume 

can be performed as previously outlined.
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4.1 Experimental roll stand 

The rolling trials were performed in a single stand 

experimental mill which was used previously in the 

investigations by Cole (11) and Haleem (12). The rolling 

stand was made by modifying an old milling machine for the 

purpose of rolling tubes, as shown in Figure (4-1) and plate 

(4.1). A removable upper shaft, for reasons of facilitating 

the calibration of pin-loadcells which were situated in the 

top roll, was connected to the original milling machine 

arbor by a cylindrical coupling. The coupling served also 

as the upper torauemeter. Since the lower shaft was 

suspended from the upper shaft by two loadcells, the roll 

gap could be altered by the adjustment of the screws holding 

the loadcells to the upper shaft. The lower shaft was driven 

by the upper shaft at the same rotational speed through a 

pair of helical gears, and in order not to affect the 

distance between the two gears when altering the roll gap, 

the lower shaft was made of two parts connected together by 

a flexible coupling. The coupling permitted the part of the 

shaft supporting the bottom roll to be moved in the vertical 

direction, to alter the roll gap, without changing the 

distance between the driving and driven gears. 

4.2 Rolls and groove shapes 

The same rolls used by Haleem in his investigation (12) 

were used also in the first part of the present work. The 

rolls were manufactured from steel EN24, but were not heat 

treated due to the relatively small rolling loads encountered 

in rolling lead tubes. The radius of the roll at the root of 

the groove was 94.55mm while at the shroud it was 113-4 5mm. 

Two groove shapes were examined. The first shape was of 

the single radius oval type, Figure (42a) , and can be
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General view of 

the rolling stand
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(a) Geometry of groove(A) 

All dimensions in mm 

  

  

(b) Geometry of groove(B) 

Fig(4.2) Groove dimensions
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considered as representing one of the later stands in a 

production mill. The second groove had the shape shown in 

Figure (4.2b) and was formed by machining the original 

rolls to that shape. The diameter of the roll at the root 

of the groove and at the shroud was kept similar to the 

first groove. Impressions using Plasticine¥ were made of 

the groove at different positions in the two rolls to check 

the groove dimensions and ensure that the groove shapes in 

the top and bottom rolls were similar. 

4.3 Front and back tension devices 

The front tension device, plate (4.2) consisted of a 

drum connected to an electric motor through a variable 

speed gearbox. One end of a wire rope was attached to the 

drum, while the other end was connected to a carriage which 

could slide inside two channel sections. The front end of 

the tube, after passing through the roll groove, was fixed 

to the carriage through a tension loadcell. By the 

adjustment of the rotational speed of the gearbox shaft so 

that the drum peripheral speed, and hence the rope spéed was 

higher than the tube exit speed, front tension could be 

generated in the tube. The front tension could be altered 

by changing the rotational speed of the gearbox shaft. 

4& helical slot was machined on the drum surface to keep the 

¥ Plasticine is formed by mixing together Acrulite- 

Microtech powder and liquid. At first the mixture is 

in the liauid state so that it can be poured to take 

the shape of the groove. After a short time, the mixture 

solidifies giving an impression of the groove shape.



aes 

  

ing stand showing 

the front tension device
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peripheral rope speed constant. Both the motor on/off 

foot switch and the gearbox speed regulator knob were 

conveniently situated in front of the roll stand. The 

back tension was applied by creating a braking force 

between a moving carriage connected to the end of the tube 

and a stationary surface. The carriage carried an auto- 

mobile brake cylinder with two friction pads fixed to the 

two pistons in the brake cylinder. The carriage covld move 

in a channel section which acted at the same time as the 

stationary surface against which the braking force was 

applied. The oil pressure acting on the two slave pistons 

was supplied by a piston in the master cylinder which 

in turn was acted upon by an L-shaped lever carrying a 

weight. By changing the position of the weight on the 

lever arm, the force on the pisten in the master cylinder 

can be altered and this consequently varied the pressure on 

the friction pads and the value of the braking force between 

the carriage and the stationary channel section surface. 

To change the position of the weight smoothly on the lever, 

an electric motor was used to rotate a threaded rod passing 

through the weight. The tube ends were fixed to the front 

and back tension devices through two similar gripping 

attachments. #ach gripping attachment consisted of a 

eollar with two serrated jaws which were screwed down on 

to the ovtside of the tube. The two attachments were 

connected to the front and back tension loadcells. 

4.4 Measuring equipment 

During the rolling trials, measurements were made of 

the roll separating force, rolling torque, pressure
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distribution round the groove, front and back tensions and 

tube and mandrel velocities. 

The loadcells used in the previous investigation (12) 

were checked and when found to be in good working order 

were used in the present work. 

The roll separating force was measured by means of the 

two loadcells which held the bottom shaft to the top shaft. 

The design of the loadcell can be seen in Figure (4.3). 

Eight foil strain gauges connected in a bridge circuit were 

mounted on the two faces of the loadcell. 

The torques on the top and bottom shafts were measured 

by means of four standard 45° electrical resistance toraue 

gauges connected in a bridge circuit. In the case of the 

top torguemeter, the toraue gauges were bonded round the 

cylindrical coupling which connected the removable part of 

the top shaft to the fixed part, Figure (4.1). The torque 

gauges in the bottom toraquemeter were bonded directly to 

the shaft itself, Figure (4.1). 

The design of the front and back tension loadcells can 

be seen in Figure (4.4). Eight linear foil strain gauges 

were mounted on each loadcell and connected in a bridge 

circuit to give the maximum sensitivity to the axial load 

together with temperature correction and insensitivity to 

bending stresses. 

Four pin-loadcells in the top roll were used to measure 

the pressure distribution round the groove perimeter and 

along the arc of contact. Four pins were used to transmit 

the radial pressure exerted by the tube on the roll to four 

cantilever type transducers [5], Figure (4.5). The pins 

were located radially in the top roll at planes making 0°;
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Fig.(4.3) RSF loadcell 
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Figure (4.5) 

Pin-loadcells 

(From Haleem and Sansome (21))
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22R5>. 45° and 67.5° with the root of the groove. Four 

strain gauges connected in a bridge circuit were mounted 

on each cantilever. 

The transducer assembly for the four loadcells was made 

as one unit, as shown in Figure (4.5), which facilitated 

removal of the loadcells for inspection without removing 

the upper rolle This facility is essential since in rolling, 

metal is extruded in the annular clearance between the pin 

and the orifice which necessitates regular removal and 

inspection of the loadcells in order not to affect the pin 

loadcells results. The pin itself was designed to 

accommodate provisionally any back-extruded fragments of 

metal. This was achieved by designing the pin with a relief 

which provided an enlarged clearance between the pin and the 

orifice. Any burr could be accommodated in that clearance 

without disturbing the performance of the pin-loadcell. 

Although making the transducer assembly for the four 

loadcells as one unit facilitated removal of the loadcells, 

difficulty was experienced in adjusting the individual pin 

heights above the roll surface since the pins were acting 

against one assembly for the loadcells. It took some time 

to adjust each pin protrusion by the system made for that 

purpose. The system consisted of two tapered bolts [2] and 

a supporting block [1] with split ends, see Figure (4.5). 

By turning either or both of the two tapered bolts [2], 

together with the adjustment of the tightness of the fixing 

bolts [10], it was found possible, after some effort, to 

adjust one pin height without disturbing the setting of the 

other pins significantly. Tests carried out by Smith et 

al (18) and Haleem (12) showed that pin protrusion of up to 

25 #m did not affect the pin-loadcells results significantly.
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But the results were affected if the pin was recessed 

below the roll surface. 

The inlet and outlettube speeds as well as the mandrel 

speed were determined by means of photo-electric cells. 

Two photo-electric cells at a known distance from each 

other were employed on the entry side and another two on 

the exit side of the roll stand. In the first rolling 

tests, only the tube inlet and outlet speeds were measured. 

Light falling on the exit side photo-electric cells was 

intersected by the tube front end so that two signals were 

provided on the UV recorder. sensitive paper. By measuring 

the distance between the two signals, and from a knowledge 

of the UV recorder paper speed, which was constant, and the 

actual distance between the two photo-electric cells, the 

speed of the front end of the tube, or the outlet speed, 

could: be determined. The two photo-electric cells on the 

entry side of the roll stand were activated by the rear 

edge of the tube, so that the tube inlet speed could be 

determined by the above mentioned method. However, the 

presence of the mandrel inside the tube meant that only the 

top part of the tube rear edge could be used to intersect 

the light falling on the photo-electric cells. This 

presented a problem as the tube did not remain completely 

horizontal as it travelled through the roll gap and con- 

sequently the tube rear end moved up and down by very small 

amounts. The intersection of light falling on the photo- 

electric cells by the tube rear edge was spoiled by such 

small movements and the tube inlet speed could not be 

measured by this method.
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In later rolling tests, tube and mandrel speeds were 

determined using a slightly different method. Light falling 

on the photo-electric cells was intersected by three small 

pins fixed by adhesives on the tube start, tube end and the 

mandrel. When any of the three pins intersected the light 

falling on one photo-electric cell, a signal was provided 

on the UV recorder sensitive paper. By measuring the 

distance between two consecutive signals provided by the same 

pin and from a knowledge of the UV recorder paper speed and 

the actual distance between the two photo-electric cells, 

the velocity of the pin, and hence the velocity of the part 

to which it was fixed, could be determined. The use of the 

small pins did not have any effect on the tube or mandrel 

speed or on any of the rolling conditions. 

When front or back tension was applied to the tube, the 

light source was fixed to the carriage to which the tube 

start or end was attached. The light source activated the 

two photo~electric cells as it travelled with the carriage 

and provided two signals on the UV recorder paper. Following 

the previous procedure, the carriage speed could be 

determined. 

4.5 Mandrel sizes 

Two mandrel sizes were used throughout the experiments, 

31.38 mm and 37.6 mm. The mandrels were machined from mild 

steel bars and finally were ground finished to the reauired 

size, all parallel. In the same mandrel size group, one 

mandrel was used for all the experiments which ensured that 

the same frictional conditions existed between the mandrel 

and tube throughout the tests.
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To achieve higher friction forces between tube and 

mandrel in some of the experiments, a 376 mm diameter 

mandrel was prepared with a groove machined along its 

surface. 

4.6 Tube Preparation 

Lead was selected in the rolling tests as an analogue 

material for hot steel. Lead, which is hot worked at room 

temperature, has the further advantage of being able to 

deform at lower stresses than hot steel and this assisted 

in reducing the mill loads. The use of lead as a model 

material will be discussed in more detail later on. 

From the start of the present investigation, it was 

difficult to obtain lead tubes, especially thin walled 

tubes which were used in the rolling tests. Since the 

introduction of copper tubes for domestic plumbing, demand 

for lead tubes hag decreased considerably so that fewer 

companies are manufacturing lead tubes and they tend to 

manufacture thick walled tubes. The quality of the tubes 

was not good enough ‘for research work; by quality is meant 

tube straightness, dimensional accuracy and eccentricity. 

The poor quality of the tubes was demonstrated when a small 

quantity of tubes, 1.75 in.outer diameter and 1.25 in.inner 

diameter, was ordered from a company. It was found that 

the tubes supplied, apart from possessing a certain degree 

of eccentricity, were not straight and it was extremely 

difficult to place the mandrel inside the tube without first 

straightening it. 

Due to the difficulty experienced in obtaining thin 

walled tubes and the fact that the quality of the available 

tubes was poor for ‘research work, it was decided to
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manufacture lead tubes in the laboratory. This also 

ensured the homogeneity of the test tubes before rolling. 

Pure lead was melted to form a billet which was ex- 

truded over a long mandrel to produce a tube of about one 

metre in length. The extrusion unit, which was designed 

and manufactured in the university, is shown in Figure 

(4.6). The unit was attached to the fixed and moving 

heads of a Denison testing machine which provided the 

pressing force necessary for extrusion. 

Two tube sizes were extruded, 44.45 mm outer 

diameter and 31.75 mm inner diameter tube, and 44.45 mm 

and 38.1 mm outer and inner diameter tube. 

It was inevitable that the extruded tubes would 

possess some degree of eccentricity since it was impossible 

to position the mandrel, which was fixed to the ram, and 

the die so that their centres coincided exactly with each 

other during extrusion. To overcome the problem of 

eccentricity in the unrolled tubes, the following procedure 

was adopted. Lead tubes, in the as-extruded form, were 

drawn on a mandrel through a ring die and then turned in 

a lathe to the required size. Plate (4.3) shows a lead 

billet and two tubes after the drawing process. The 

mandrel which was used in drawing was used also in rolling 

and this procedure therefore eliminated eccentricity and 

ensured a close pass tube rolling process. Lead tubes 

with diameter to thickness ratios, (d/t), of 7.9, 85,9 &10 

were rolled on the same mandrel having a diameter of 

31.38 mm. Thinner walled tubes with d/t ratios of 24 and 

30.4, were rolled on a 37.6 mm mandrel.
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Plate (4.3) 

Lead billet and tubes 

after the drawing process
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4.7 The use of lead as a model material 
  

It was impossible to use hot steel in the present 

rolling tests due to the limited capacity of the 

experimental mill and it was difficult to heat and 

maintain the tube temperature at a constant level during 

rolling. Therefore a model material was reauired which 

should satisfy the following conditions: 

1. simulates as closely as possible the stress-strain 

characteristics of the hot steel used in the 

production mill, i.e. a material which has a stress-~ 

strain curve of the same shape as steel, 

2. deforms under lower stresses than hot steel - to 

minimize the rolling loads. 

Lead is a typical model material which has been 

freauently used to simulate the behaviour of hot steel 

since it is hot worked at room temperature and deforms at 

low stresses. 

Loizov and Sims (19) carried out a full experimental 

investigation of the properties of pure lead as a model 

material. They determined the yield stress of pure lead 

in uniaxial compression under different conditions and 

their experiments led to the now well known conclusions 

that the yield stress of lead depends on the temperature, 

strain rate and magnitude of the current strain especially 

at high strain rates. All those .features are represent- 

ative of the behaviour of hot steels. The susceptibility 

of lead to strain rate is indicated by Figure (4.7). 

Ingham (20) obtained the yield stress of the same 

pure lead as that used in the present tests at different 

strain rates and his results will be used later in this 

work.
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It should be mentioned here that lead has a low 

coefficient of friction as compared with hot steel. But 

this problem can be overcome as long as the difference in 

the frictional conditions is taken into account when 

comparing the experimental results using lead with hot 

steel. In applying the proposed theory to either the 

rolling of lead tubes or hot steel tubes, the appropriate 

values of the coefficient of friction or the friction 

factor, m, should be substituted in the equations. 

4.8 Instrumentation 

Recordings of signals from the two roll separating force 

RSF) loadcells, the upper and lower torquemeters, the 

four pin-loadcells, front and back tension loadcells, and 

photo-electric cells were made using two ultra-violet, or 

UV in short, recorders. Both recorders were Southern 

Instruments type M1300 and each can record up to ten 

signals from ten different sources. 

The requirements for any loadcell or torquemeter 

circuit were, a D.C. voltage supply, a bridge balancing 

circuit and a galvanometer, and they were all connected 

together in the fundamental Wheatstone bridge circuit 

shown in Figure (4.8). 

The galvanometers, which were placed inside the UV 

recorder were of the mirror type, suspended coil, torsion 

filament. Ultra-violet light from a point source was 

reflected by the galvanometer mirror onto a photo- 

sensitive paper which provided the tracing of the applied 

signal to the galvanometer. 

The sensitivity of each measuring circuit depends on 

the magnitude of the applied D.C. voltage to the Wheatstone
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Fig.(4.8) Electrical connections 
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bridge circuit and the natural frequency characteristic 

of the galvanometer. The values of the applied voltage 

and the galvanometer natural freauency reauired for each 

individual circuit were determined from preliminary 

measurements and tests on the basis that maximum 

sensitivity was achieved while at the same time the 

galvanometer deflection was kept within the width of the 

recording paper. Table (4.1) shows the values of the 

applied voltage and the natural frequency of the 

galvanometer for each circuit. Since the applied voltage 

affected the sensitivity of the bridge circuit, its value 

was kept constant during the tests by using a stabilised 

D.C. power supply for every circuit. The voltage was 

checked frequently by a digital voltmeter. 

Initial balancing of all bridge circuits was very 

important to obtain accurate measurements. The balancing 

for each circuit was carried out by means of a variable 

potentiometer and a fixed resistance connected as shown 

in Figure (4.8). The potentiometers and fixed resistances 

for all the circuits were put together in one balancing 

box. 

The signals from the upper and lower torquemeters were 

too weak to give an adequate galvanometer deflection, even 

when using the most sensitive galvanometer and applying the 

maximum allowable supply voltage. Therefore two amplifiers 

were used to amplify the signals from the upper and lower 

torquemeters. The power supply and balancing circuit were 

built into each amplifier. 

The wires from the front and rear RSF loadcells and 

from the front and back tension loadcells were connected
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directly to the balancing box which in turn was connected 

to the different power supplies and the UV recorder. 

Since the upper and lower torauemeters and the four 

pin-loadcells rotated with the shafts, it was impossible 

to make the wire connections to them without using slip- 

rings on the upper and lower shafts. The four-lead 

screened wire from the bottom torquemeter passed through 

an axial hole in the roll and then through a central hole 

in the shaft which ran from its free end to a point between 

the roll and the front bearing. The wire was connected to 

a slip-ring which was axially attached to the end of the 

shaft through a flexible tubing. Finally, screened wires 

were used between the slip-ring unit and the amplifier. 

For the upper shaft, the number of wires that had to 

be accommodated inside a central hole in the shaft was 

great due to the presence of four pin-loadcells as well as 

the upper torauemeter. However, it was possible to cut 

down the number of wires needed by using the same value of 

supply voltage for all the four pin-loadcells. This meant 

that five twin-lead screened wires for the four pin- 

loadcells and one four-lead wire for the upper torquemeter 

passed through the central hole in the upper shaft to the 

free end of the shaft. The leads were connected to two 

slip-ring units which were coupled together to accommodate 

14 leads. Screened wires were used between the slip-ring 

units and the remaining circuits. 

The photo-electric cell circuit is shown in Figure 

(4.9). When light falls on the photo-electric cell, 

electric current flows in the circuit and the reed relay 

is activated so that current flows to the bridge circuit.
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Fig.(4.9) Circuit diagram of the 

photo- electric cell
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Since the bridge circuit is intentionally out of balance 

by a small amount, current also flows to the galvanometer 

causing it to deflect. If light falling on the photo- 

electric cell is interrupted, the galvanometer will return 

to its normal position providing a signal on the UV 

recorder paper. 

The four photo-electric cells were connected to one 

UV recorder together with the signals from the four pin- 

loadcells. The signals from the RSF loadcells, upper and 

lower torquemeters, and front and back tension loadcells 

were connected to the other UV recorder. 

4.9 Calibration 

4.9.1 Calibration of front and rear RSF loadcells 
  

Due to the difficulty in calibrating the RSF loadcells 

in situ, calibration was performed on a Denison testing 

machine. Simulation of the actual conditions on the 

testing machine was easily achieved since the loadcells 

were always subjected to a tensile force and the end fixing 

of the loadcells could be reproduced. Also, to simulate 

the actual conditions, the same leads were used for 

calibration. 

The range of loads expected during rolling was 

determined from preliminary tests and calibration was 

carried out up to the maximum expected load. The RSF 

loadcells were calibrated first at a supply voltage of 

4% volts. But unfortunately, when rolling thinner walled 

tubes, the galvanometer deflection was outside the width 

of the recording paper. Calibration had to be repeated 

using a smaller supply voltage of 3 volts to reduce the 

sensitivity of the measuring circuit. During calibration,
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readings from the loadcells were taken while increasing 

and decreasing the applied loads. The balancing of each 

loadcell was checked and rectified before calibration and 

also a warming up period of about 2 hours was allowed 

before calibration commenced. The calibration curves for 

the front and rear RSF loadcells at 3 and 4 volts supply 

voltages are shown in Figures (4.10) and (4.11). Both 

figures show straight lines through the origin with no 

hysteresis. Calibration was repeated once more toward 

the end of the rolling tests to check the accuracy of the 

calibration curves. 

4.9.2 Calibration of upper and lower toraquemeters 
  

The upper and lower torouemeters were calibrated by 

the direct application of moments to the end of the upper 

and lower shafts. These moments were provided by the use 

of a lever arm and weights. The lever arm was fixed to the 

end of the shaft by means of split block end fixing and a 

key which transmitted the moment from the lever to the end 

of the shaft. To counter-balance the weight of the lever 

arm, another arm of the same weight was fixed to the end of 

the shaft but pointing in the opposite direction. 

Torquemeter readings were taken during both increasing 

and decreasing values of torque. The gears of the milling 

machine were engaged to prevent the rotation of the shafts 

during calibration. The calibration graphs are shown in 

Figures (4.12) and (4.13) and both gave linear relation- 

ships between the load on the lever arm and the galvanometer 

deflection, but the straight lines did not pass through the 

origin. The deviation did not present any problem since it 

was very small and the measured torques were found by adding
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the appropriate intersect with the X-axis to the galvano- 

meter reading before multiplying by the gradient. 

4.9.3 Calibration of front and back tension loadcells 

The front and back tension loadcells were calibrated 

in exactly the same manner as the front and rear RSF 

loadcells except that instead of using a large capacity 

Denison testing machine, a smaller Denison, type TL6, 

2000 1b capacity, lever testing machine was used. This 

machine was selected since the values of the applied 

front and back tensions were low to ensure that the yield 

stress of lead was not exceeded. 

Figures (4.14) and (4.15) show the calibration curves 

for the tack ard front tension loadcells resvectively. 

Both curves show straight lines through the origin with no 

hysteresis. 

4.9.4 Calibration of the pin-loadcells 

The pin-loadcells were calibrated in situ by the direct 

application of load to each pin by means of dead weights. 

This method necessitated the removal of the upper shaft 

together with the top roll from the test rig. The slip- 

rings and all the wiring remained connected when the upper 

shaft and roll were removed. The shaft and roll were fixed 

as shown in figure (4.16) and were able to rotate about 

pivot (o) in a vertical plane, so that by the use of a 

spirit level with angle indicator, each pin could be 

located vertically where the load was applied through the 

loading pin. Calibration was performed several times at 

different supply voltages and every time the calibration 

curves showed straight lines passing through the origin 

with negligible scatter and hysteresis.
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Although this method of calibration involved the removal 

of the upper shaft and roll, it was preferred to the 

proving ring device, Figure (4.17), used by Cole (11) in 

his calibration of pin-loadcells. As shown in Figure 

(4.17), the load-applying pin is connected to a proving 

ring which can deflect by a small amount when subjected to 

load. Those small deflections are detected by a dial 

gauge which is mounted across the diameter of the preving 

ring. The use of the proving ring involves double 

calibration which means that the dial gauge itself has to 

be calibrated by dead weights. 

In the present investigation, since the loads on the pins 

during rolling were high, especially the loads on pins 1 

and 2, a dead-weight lever system was used to apply the 

loads. The effective load on tne pin was calculated by 

proportion. The calibration of the pin-loadcells was 

checked during the rolling tests and there were negligible 

changes in the calibration curves. 

The calibration curves for the four loadcells are shown in 

Figures (4.18) to (4.21) and all show straight lines with 

negligible scatter of points.
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Chapter (5) Experimental Procedure 

The objective of the experiments was to examine the way in 

which roll separating force, rolling torque and pressure 

distribution round the groove varied with the different 

rolling parameters, e.g. reduction of area, tube diameter 

to thickness ratio, front and back tensions. 

In the following sections, the experimental procedure will 

be described starting with tube preparation and ending with 

the methods used for determining the tube cross-sectional 

area after rolling and the yield stress of lead which was 

used in the rolling tests as an analogue material for hot 

steel. 

5.1 Preparation of test tubes 

Great care was taken in preparing the tubes for rolling in 

order to provide homogeneity of the tube wall thickness in 

all the test tubes. The metnod used for preparing the 

tubes was described in the previous chapter and due to the 

long time taken in the preparations, every effort was made 

to minimize any waste during the rolling tests. This 

included making the tubes just long enough to reach steady 

state conditions. The reauired tube length was determined 

from preliminary tests which showed that a length of about 

350 mm was sufficient to reach steady state conditions. 

The tubes were longer when applying front and back tensions 

to allow for the gripping of the tube ends in the front and 

back tension devices. Tests showed that small differences 

in tube lengths had very little effect on the rolling 

forces and toraues. 

Care was taken also in machining the tubes to the required 

outer diameter to ensure that all tubes had as closely as 

possible the same surface finish. This was achieved by



= 1238s 

using two similar cutting tools and the same turning speed, 

depth of cut, and feed when turning the different tubes. 

Two mandrels were used in all the experiments and both were 

ground in the same manner to ensure identical conditions 

on the two mandrel surfaces. The surface finish of the 

two mandrels was measured by the Talysurf and both mandrels 

nearly had the same surface finish. Before inserting the 

mandrel inside the tube, both the tube inside and the 

mandrel were cleaned with trichlorethylene to remove any 

dirt or grease that might affect the surface conditions 

between tube and mandrel. The tube was drawn on the 

mandrel through a ring die and then turned in a lathe to 

the required size. For each mandrel size, the tube diameter 

to thickness ratio, d/t, was changed sy varying the outer 

diameter. This method of varying the d/t ratio meant that 

for each mandrel size, the d/t ratios chosen were close to 

each other since the tube outer diameter could not be 

varied much. The tube inside was in contact with the 

mandrel during the whole process of tube rolling, i.e. 

close pass rolling, and this meant that before rolling, 

the tube inner diameter was the same as the mandrel 

diameter which was either 31.38 mm or 37.6 mm. 

5.2 Preparations before each test 

Before each test session, the balancing of all the load- 

cells bridge circuits was checked by a highly sensitive 

optical galvanometer and any out of balance was rectified 

using the potentiometers in the balancing circuits. Also, 

the supply voltage for each loadcell was checked by a 

digital voltmeter. The rolls were cleaned and degreased 

withtrichlorethylene before each test.
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Due to the high loads encountered in the mandrel rolling 

process, the roll rotational speed was set at its lowest 

value. The roll rotational speed was the same throughout 

the tests at 0.33 rev/min. A warming up period of about 

2 hours was allowed before the commencement of each test 

session to ensure the stability of all the strain gauge 

eircuits. 

5.3 Process Parameters 

The following parameters were examined in the present 

investigations: 

1. Reduction of area 

The reduction of area was altered by changing the roll 

gap. The maximum reduction of area was restricted to 

15%, due to the limited capacity of the experimental 

mill and the fact that rolling loads in the mandrel 

rolling process are high, especially when rolling thin 

walled tubes. The maximum angle of bite and the 

prevention of fin formation were other reasons behind 

the low values of reduction of area. 

Although the roll stand was rigid, some spring back 

of the rolls was observed during rolling. This meant 

that the measured roll gap before rolling was not the 

actual roll gap during rolling. To overcome this 

problem, the actual roll gap was determined from the 

measurement of the rolled tube minor axis, which was 

the tube dimension corresponding to the root of the 

groove, and from the geometry of the groove as shown 

in Figure (5.1). 

2. Tube diameter to thickness ratio, d/t 

Two different mandrel sizes were used throughout the
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Fig.(5.1) Geometry of tube and 

groove at the exit plane
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experiments. Lead tubes with diameter to thickness 

ratios of 7.9, 8.5, 9 &10 were rolled on the same mandrel 

having a diameter of 31.38 mm. Thinner walled tubes, 

with d/t ratios of 24 and 30.4 were rolled on a 

37.26 mm mandrel. 

For each d/t ratio, a series of experiments was 

carried out, by changing the roll gap, to determine 

the effect of varying the reduction of area, J, on the 

roll separating force, the rolling torque and the 

pressure distribution. Graphs eould be drawn for the 

effect of varying both the reduction of area, J, and 

ad/t ratio. 

3. Mandrel surface conditions 

Thin walled tubes with d/t ratios of 24 and 30.4 were 

rolled, at different reductions of area, on a 37.6 mm 

mandrel having the following surface conditions: 

a. Dry conditions. The mandrel surface was smooth 

but dry. 

b. Lubricated conditions. The same mandrel used in 

(a) was lubricated by Duckham's graphite grease 

type ADMAX LM2. Owing to the method adopted in 

preparing the tubes for rolling, some lubricant 

was squeezed out when the tube was drawn on the 

lubricated mandrel through a ring die. This 

reduced the effect of lubrication on the rolling 

loads and torques. 

ce. Rough conditions. A 37.6 mm mandrel with a 

groove machined along its surface was used to 

provide the rough conditions between the tube 

inside and the mandrel.
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4. Front and back tensions 

The front and back tensions were applied through the 

front and back tension devices described in the 

previous chapter. 

Tubes with a d/t ratio of 24 were rolled on the 37.6 mm 

mandrel under various degrees of reduction of area. 

The rolling tests involving front and back tensions 

were divided into three groups. Tubes in the first 

group were rolled with only back tension applied to 

them, while tubes in the second group were rolled 

with front tension applied to them. Both front and 

back tensions were applied to the tubes in the third 

group. 

The presence of the mandrel inside the tube presented 

a problem in fixing the tube ends to either the front 

or back gripping attachment since the mandrel should 

be free at both its ends. The method adopted here 

for fixing the tube end to the back gripping attach- 

ment involved taking the tube off the mandrel and 

re-inserting the mandrel again inside the tube but 

leaving a short length of tube at one end to be free 

from the inside. A short steel plug was pushed into 

that end of tube and the back gripping attachment was 

clamped onto the tube end. The same method was 

carried out when only front tension was applied to 

the tube, with the exception that the front gripping 

attachment was clamped onto the tube front end after 

it had passed through the roll groove. 

Applying both front and back tensions at the same time 

required that the tube should be longer than the
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mandrel. This was achieved by welding a piece of tube 

to the original tube so that the tube became longer 

than the mandrel. Attaching the tube ends to the 

front and back tension devices was carried out as 

described previously. 

From the above description, it is clear that in all 

the tests which involved applying front and back 

tensions to the tube, the tube was first taken Ore 

the mandrel and then the mandrel was inserted back 

again inside the tube. So that the same conditions 

should apply when comparing the rolling tests using 

front and back tensions with the free rolling tests, 

i.e. without front and back tensions, the tube was 

taken off the mandrel and then the mandrel was in- 

serted back into the tube for some of the free 

rolling tests. 

The mandrel speed could not be measured during the 

application of front and back tensions to the tube 

due to the attachment of the front and back tension 

devices to the tube ends. 

5. Mandrel speed 

To simulate the actual conditions existing ina 

production mill where the mandrel speed exceeds the 

tube speed in some of the stands, the mandrel in the 

experimental mill was pulled through the roll groove 

at a higher speed than that occurring in free rolling. 

This was accomplished by connecting the front end of 

the mandrel to the front tension device through the 

front tension loadcell. By varying the rotational 

speed of the drum, the speed of the mandrel could be 

altered.
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Tubes with a d/t ratio of 24 were rolled on a 37.6 mm 

mandrel under various degrees of reduction of area 

and with an increase in the mandrel speed. 

Groove shape 

Two groove shapes were examined in the present 

investigation and these are shown in Figure (4.2). 

The results of rolling tubes with a d/t ratio of 24 

through the two grooves were compared with each other. 

Rolling oval tubes 

Some thin walled tubes which were rolled once on a 

37.6 mm mandrel, were rotated 90° about their axes 

and rolled once more through the two grooved rolls. 

Measurement of tube cross-sectional area 

The tube cross-sectional area can be measured by any of the 

following methods: 

1. The weighing method in which a specimen is cut from the 

tube and faced in a lathe. From measurements of 

specimen length and weight and from a knowledge of the 

density of lead, the cross-sectional area of the tube 

can be determined. 

Tracing the image of the cross-section on a sheet of 

paper using a shadowgraph. The area of the image is 

determined by a planimeter. 

The method used by Haleem (12) which consisted of 

photographing the cross-section of the specimen and 

projecting the image on a screen where it could be 

traced and measured. 

In fact this method could be considered as a version 

of the second method.
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4. Making an impression of the cross-section on a piece 

of paper where it can be traced by a planimeter to 

determine the cross-sectional area. 

In all the above methods, a specimen is cut from the tube 

and its ends machined. The weighing method was preferred 

in the present investigation since it is accurate and 

quicker and less expensive than the photographing method 

used by Haleem. Also, the weighing method is not subjected 

to any image distortion that can occur when using an 

optical system in determining the cross-sectional area. 

The disadvantage of the weighing method was that it 

provided information on the cross-sectional area only 

without any indication of the variation of tube wall 

thickness across the cross-section. However, this problem 

was solved when considering that most of the tube outer 

and inner surfaces were constrained by the groove and 

mandrel surfaces respectively. The tube outer and inner 

surfaces were clearly marked after rolling so that the 

contact angles between tube and rolls and between tube 

and mandrel could be measured. By measuring also the 

eross-section major and minor axes and from a knowledge 

of the groove geometry, the tube outer and inner surfaces 

could be drawn accurately to indicate the variation of 

tube wall thickness across the cross-section. This 

method was checked by tracing the image of some tubes 

cross.sections using a shadowgraph and both methods gave 

very close results. 

It was impossible to hold very thin walled specimens in 

the lathe chuck to face the specimen ends without 

distorting the specimen shape. Therefore, a short mandrel
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was turned down to the same dimension as the original 

mandrel and inserted inside the specimen so that one end 

of the short mandrel could be gripped inside the lathe 

chuck. A very small length of specimen was left free of 

the other end of the short mandrel. 

By using a wide strip of adhesive tape to hold the specimen 

to the mandrel, the free end of the specimen could be faced 

without distorting the specimen shape. 

The density of pure lead, whicn could be taken from any 

material reference, was checked in the present investigation 

to make sure that the published value was similar to the 

density of pure lead used in the rolling tests. Specimens 

were taken from rolled and unrolled tubes and weighed in 

air and water. By applying Archimedes principle, the 

density of lead could be found as: 

Specimen weight in air 

Density of lead = =   

Specimen weight _ Specimen weight 
in air in water 

The density of lead was checked also by comparing it with 

the value obtained from a knowledge of an unrolled 

specimen length, cross sectional-area and weight. 

From experiments, the density of lead was established at 

11.36 grm.cm7. This value was very close to the density 

of lead found in several references. 

5.5 Yield stress of lead 

As mentioned in the previous chapter, the results of 

Ingham's (20) tests on the determination of yield stress 

of pure lead were used in this investigation. 

Before Ingham, Loizou and Sims (19) obtained the yield 

stress of pure lead at different strain rates and
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temperatures, but it was decided to use Ingham's results 

since he carried out his experiments on the same pure lead 

as that used in the present experiments, and at similar low 

strain rates. Uniaxial compression tests were performed on 

pure lead cylindrical specimens 20 mm diameter x 20 mm 

height. Three lubrication grooves were machined on each end 

face of the.specimen to minimize friction between the 

compression machine platens and the specimen during 

compression. The compression tests were carried out with 

constant platen speed and the curves in Figure (5.2) were 

plotted between the true stress and true strain at. different 

platen speeds. During the compression of each specimen, the 

strain rate increased as shown by the lower curve in Figure 

(5.2). The strain rate figures attached to each test curve 

were the initial values. Ingham stated that the results of 

compression tests conducted at constant platen speeds could 

be assumed to apply for compression tests at constant strain 

rates without any significant effect on the values of the 

yield stress. It was shown from the lower curve in Figure 

(5.2) that even at a reduction of 50% the strain rate was 

only twice the initial value and this change in the strain 

rate did not have any significant effect on the value of the 

yield stress. Therefore, the stress-strain curves at 

constant platen speeds, Figure (5.2), were considered to 

represent the yield stress of pure lead at constant strain 

rates. 

To obtain the mean yield stress from the true stress-strain 

curves, the strain rate in the actual rolling process 

should be estimated. In the mandrel rolling process the 

strain rate varies from entry to exit and from point to
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point on the surface of contact between tube and rolls. 

This variation coupled with the fact that contact between 

tube and rolls varies from entry to exit, made the 

estimation of a mean strain rate very complicated. 

However, it is possible to estimate the maximum mean strain 

rate Xp? which exists at the position corresponding to the 

root of the groove. By considering that the strain rate 

at a point outside the contact zone between tube and rolls 

is zero, it can be assumed that, at any section along the 

tube axis in the deformation zone’, the strain rate varies 

from a maximum value at the root of the groove to zero at 

a point just outside the contact zone. 

Following this argument, the total mean strain rate can 

be taken as the mean value between the maximum mean strain 

rate at the root of the groove and zero, i.e. 4/2 

Aas 
r ai

s 

where r is the instantaneous tube radius. 

From Figure (5.3), the strain rate at the root of the 

groove and at any point on the are of contact is: 

  

ve ae 
L dt 

dr r 
where r = (Rot e/2) - R, cos, and aia ee sind 

ne wR, sing 

e (R,te/2) - R,cos ¢ 

The mean strain rate >, at the root of the groove can be 

written as:
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Fig.(5.3) Section at the root of the 

groove
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Pn 
2 fe dob On wR, sing 

aX 2 ae = h —_—_—_——_—_—————— db 

z Pm m oo (R, + e/s) - R,cos® 

em 
Ee z= ‘i sind Acs 

° (R, te/2 )-R,,cos 

Pry 

-¢[ ] = @ lin (R, + 6/2 — 8, cose) 
m ° 

a dn Bg ee (5.501) 
m Re + e/2 = R, 

The total mean strain rate }= = (5.5.2) 

Having estimated the total mean strain rate, the corres- 

ponding stress-strain curve can be chosen from Figure (5.2). 

The mean yield stress), is determined from that curve as 

the stress corresponding to the generalised strain Ene It 

can be written that: 

CaaS ee (505-3) 

where g is the generalized homogeneous strain 

eed is the redundant strain corresponding to the 

redundant work | 

oe =f \e + ee (5.564) 

where e is the longitudinal strain 

ce is the radial strain 

€g is the circumferential strain



S197 = 

bo £ € 
oso ra oe ee i > e=- (e, + €,) 

where Ay and A, are the tube cross-sectional areas 

before and after rolling respectively 

t_. is the tube wall thickness before rolling 

ty is the mean tube wall thickness after
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Chapter (6) Results 

Tables (6.1) - (6.5) contain the results of the rolling 

tests. The roll separating forces and rolling torques 

are listed in table (6.1), while the measurements taken 

from the pin-loadcells are given in table (6.2). Table 

(6.3) contains the tube measurements, roll gaps, 

percentage reductions of area and the peripheral contact 

angles between tube and rolls and between tube and 

mandrel. 

The mean tube wall thickness, together with the 

different homogeneous and redundant strains and the mean 

yield stress are included in table (6.4). The tube cross. 

sectional areas were determined by the weighing technique 

and the corresponding values are given in table (6.5) as 

well as the calculated contact areas and the horizontal 

projection of the contact areas. Also, the inlet and 

outlet tube speeds and the mandrel speed are listed in 

table (6.5). In some of the tests the inlet or outlet 

tube speed measurement was not successful and therefore 

the corresponding value was calevlated from the known 

outlet or inlet tube speed by applying the constant 

volume concert, i.e. A.U = const. When the tube was 

tight on the mandrel before rolling due to the drawing 

process which was performed on the tube, the mandrel 

speed was the same as the inlet tube speed. 

The rolling tests were conducted under the following 

conditions: 

1) Tests from 1 to 8 were initial tests to determine the 

range of loads, torques and pressures. 

2) The rolling tests from 9 to 29 were performed using 

the 31.38 mm mandrel. These tests were free rolling
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5) 
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8) 
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tests with a dry smooth mandrel. The roll gap and 

d/t ratio. were varied during the tests. 

Tubes in the tests 30 to 33 and 40 - 42 were rolled 

on the 37.6 mm mandrel which was dry. The roll gap 

and d/t ratio were changed in the tests. 

Tests 34 - 36 and 43 - 45 were the same as the tests 

in (3), but with a lubricated mandrel. 

The mandrel with the very rough surface was used in 

tests 37 - 39 and 46 - 48. 

Tests 49 - 56 were similar to the tests in (2), but 

the mandrel was removed from the tubes and re- 

inserted back again before rolling commenced. 

In tests 57 - 59, the 37.6 mm mandrel was pulled 

through the roll groove at a higher speed than that 

occurring in free rolling. 

Oval tubes were rolled in tests 78 - 80 on the 

37.6 mm mandrel. 

the above tests, i.e. tests 1 - 59 and 78 - 80, were 

made in groove (A). 

9) Groove (B) was used in tests 60 - 77. In tests 

60 =- 61 and 63 - 65 the roll gap was changed. 

The mandrel was removed and re-inserted back into the 

tube before rolling in tests 62 and 66 - 77. These 

tests were divided as follows: 

a - Tests 62 and 66 - 68 were free rolling tests. 

b - Front tension was applied to the tubes in tests 

69 - 71. 

c = Back tension was applied to the tubes in tests 

72 - 74.
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d - Front and back tensions were applied to the tubes 

in tests 75-77. 

The following symbols are used in the tables of results: 

RSF 

O.D. 

a/t 

e 

Roll separating force 

Tube outer diameter 

Tube diameter to thickness ratio 

The actual roll gap 

Reduction of area 

Tube major axis after rolling 

Peripheral contact angle between tube and roll 

at the exit plane 

Peripheral contact angle between tube and mandrel 

at the exit plane 

Mean tube wall thickness after rolling 

Homogeneous radial strein 

Homogeneous longitudinal strain 

Homogeneous circumferential strain 

Generalized homogeneous strain 

Redundant strain 

Total generalized strain 

Mean strain rate 

Mean yield stress 

Tube cross-sectional area after rolling 

Tube inlet speed 

Tube outlet speed 

Mandrel speed
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Roll separating force. and rolling torque. 

  

  

              

Test] Front | Rear Total | Upper Lower Total 

No. RSF,KN| RSF,KN} RSF,KN| Torque Torque Torque 

Nem N.m Nem 

1 14.753 | 15+333| 30-09 | 393.449) 377.973] 771.422 

2 19.832 | 20.373] 40.2 536.798| 513.595 |1050.393 

3 17.8 20.315| 38.12 | 509.355) 492.444/1001.799 

4 | 18.767] 20.896] 39.66 | 537.782) 492.444]1030.226 

5 15.382 | 14.201] 29.58 | 451.402] 399.094] 850.496 

6 21.476 | 19.483] 40.96 | 543.918] 504.698 |1048.616 

7 21.186 | 19.406] 40.59 | 543.918] 475.797 |1019.717 

8 21.96 | 21.67 | 43.6 563-215] 507.787 |L071 .002 

9 2.676} 3.032| 5.708) 62.037 60.03 | 122.067 

10 4.237| 414 8.377| 89.670 83.376 | 173.046 

11 2.07 1.838 | 3.908} 26.230 41.354] 67.584 

12 10.293 | 9.771 | 20.064] 262.3 229.448 | 491.748 

13 11.048 | 11.299 | 22.343]295.85 277.472 | 573-322 

14 11.575 | 11.547 | 23.122] 309.105 | 270.135] 579.14 

15 16.987 | 15.594 | 32.581) 445.3 425.546 | 870.846 

16 13.769 | 13.092 | 26.761] 391.418 | 354.622] 746.04 

17 16.091 | 16.542 | 32.633/480.883 | 424.656] 905.539 

18 16.852 | 16.291 | 33.143] 538.02 394.864 | 932.884 

19 4.295] 4.063] 8.358] 88.817 81.908 | 170.725 

20 6443 | 5,882 | 12.325/154.94 131.4 286.34 

21 6.125 | 5-947 | 12.072 1150.25 137.402 | 287.652 

22 9.035} 8.997 | 18.032 /230.580 | 196.766 | 427.346 

23 9.229] 9.539 | 18.768/239.120 | 171.420] 410.54 

24 11.628 | 10.622 | 22.250|289.14 272.698 | 561.838 

25 5.611 | 5.321 | 10.932 |128.710 | 120.727 | 249.437 

26 7.004% | 60733 | 136737|174-460 | 151.41 | 325.87  
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Table. (6.1) continued 

Test] Front Rear Total Upper Lower Total 

No. | RSF, kN] RSF, kN | RSF,kKN| Torque Toraue Torque 

Nem Nem Nem 

27) 7235 7.573 | 14.923] 175.294] 154.744] 330.038 

28 9.345] 8.821 | 18.226] 236.679] 202.768} 439.447 

29 9.829] 9.848 |19.677] 257.42 | 236.118] 493.538 

30 | 14.67. | 24.15 9126.2 - - - 

Bi (23638 nance 46.5 527.363| 480.24 | 1007.603 

32 $19.95 | 21.0% | 40.99 | 431.746] 421.766] 852.964 

33 115.55 | 76.45 | 32 329.337 | 300.251| 629.588 

34 | 11.365] 12.987 | 24.352 | 277.673] 232.783] 510.456 

35 | 15.125] 16.64 | 33.765] 355.881] 334.390] 690.271 

36 117.25 | 18.96 | 36.21 | 399.648, 383.523| 783.173 

37 | 19.373] 20.934 | 40,309] 377.406] 362.848] 740.254 

38 | 22.775] 25.494 | 48.269] 457.766] 441.554] 899.320 

39 | 21.175] 23.334 | 44.509] 435.523] 382.191] 817.714 

4o 9.292] 9-867 |19.159| 197.921 | 167.306 | 365.217 

41 | 12.375] 13.52 |25.895] 261.888 | 226.113] 488.001 

42 117.575] 18.694 | 36.269] 367.361 | 340.17 707.531 

43 904751 9.654 119.129] 200.183 | 170.085} 370.268 

ub 111.625] 12.107 | 23.732 | 259.736 | 216.108] 475.8hy 

45 115.725] 17.92 | 33-645] 370.231 | 312.823 | 683.054 

46 8.375} 8.747 117.122 | 170.766 | 132.733] 303.499 

47 112.2 12.747| 24.947 | 233.906 | 201.434] 435.340 

481 17.55 19.147] 36.697 | 345.118 | 312.823] 657.941 

49 11.594] 11.867) 23.461 | 269.063 | 218.443 | 487.506 

50 |10.825} 10.4 |21.225] 226.443] 209.520] 435.483 

5L 714.325) 14.24 128.565] 320.723 | 288.144] 608.867 

52 [15.525] 15.334) 30.859] 362.340 | 337.680] 700.0 1        
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Table (6.1) continued 

Test Front Rear Total Upper Lower Total 

No. RSF,kN| RSF,KN | RSF,kN| Toraue | Torque Torque 

Nem Nem Nem 

53 92525] 9.947] 19.472 | 234.623] 188.094 | 422.717 

ou 11.575| 12.267 | 23.842 | 282.696] 240.787 | 523.483 

55 13.29 | 13.92 | 27.21 | 320.006] 276.805} 596.811 

56 15.625] 16.907] 32.532] 390.321] 328.164] 718.485 

57 13.15 | 14.64 | 27.79 53.46 56.16 109.62 

58 10.45 | 11.734) 22.184] 40.838 2.16 42.998 

59 9.725| 10.533 | 20.258] -16.335| -9.36 -25.695 

60 8.30 | 10.907] 19.207] 301.95 | 191.763 | 494.713 

61 11.9 14.667 | 26.567] 253-996] 281.474 | 535.470 

62 12 15.867 | 27.867] 321.442 | 276.805] 598.246 

63 15.75 | 16.907] 32.657] 381.424) 316.158 | 697.582 

64 16.525] 17.867] 34.392] 443.416] 342.838] 786.254 

65 16.95 | 18.347] 35.297] 449.156) 355.311] 804.667 

66 10.15 | 11.12 | 21.27 | 195.161] 199.433] 394.894 

67 1557, 17.12 | 32.82 | 353.011} 300.817] 653.82 

68 18.875] 20.374] 39.249] 420.456] 369.518} 789.974 

69 10.95 | 12.507] 23.457] 190.856] 145.406] 336.262 

70 16.475] 18.214] 34.689] 293.458] 241.454) 534.912 

71 17.05 | 18.48 | 35.53 | 320.005] 298.149] 618.155 

Te 10.675] 11.44 | 22.115] 280.543] 225.447] 505.990 

73 12.9 14.24 | 27.14 | 350.858] 268.801] 619.659 

yn 18.525] 19.627] 38.152] 440.547] 392.196] 832.743 

75 17.325] 18.307] 35-832] 3972496] 371.519| 769.015 

76 14.75 | 15.822| 30.572] 343.204] 265.689] 608.893 

77 11.271] 11.889] 23.160] 249.929] 206.214] 456.143 

78 11.650] 11.974] 23.624! 259.731] 213.745] 473.476    
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Table (6.1) continued 

Test Front Rear Total Upper Lower Total 

No. RSF,kKN]} RSF, KN | RSF, kN Torque | Torque Toraue 

Nem Nom Nem 

79 11-5 11. 627 | 23.127 259.731] 233.45 493.181 

80 11.85 | 12.214 | 24.064 | 283.345]242.121 | 525.466     
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Table (6.2) Average Pin Load. and Mean Pressure 

a Mean pressure 

SO a — 3 Pq» Nemm™= 

i 254.41h | 211.731 73.868 42.973 

2 301.319 252.048 99.062 45.166 

3 246.812 234.293 123.091 40.655 

4 | 289 712 257.255 | 124.666 4h. 7 

5 2516156 205.256 86.602 43.212 

6 284.757 241.969 100.204 49.897 

7 269.144 216.737 82.974 45.268 

8 309.126 254.251 65.516 50.046 

9 94.285 39.249 - 14.168 

10 133-724 72.491 - 21.88 

ae - - - - 

12 158.364 155-594 38.68 28.062 

13 154.834 | 162.67 58.176 29.951 

14 | 151.78 129.829 - 29.88 

1s 266.225 228.285 68.46 44.80 

16 249.595 199.382 48.264 39.569 

17, 218.031 228.085 88.177 42.518 

18 258.962 209.595 76.47 43.372 

19 90.891 93.317 - 19.545 

20 129.311 95-519 - 23.855 

21 110.169 7723 = 19.884 

22 189.114 | 131.297 28.206 27.742 

23 220.542 164.873 42.993 34.367 

24 214.976 122.553 42.993 30.281 

25 98.901 117.01 29.575 19.541 

26 112.545 | 107.534 - 23.351            



Table (6. 
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2) continued 

  

Average Pin Load,N 
  

Mean pressure 

  

          

Oey NS apis Pin 2 Pin 3 P aN mm? 

27 127.275 110.338 - 25.212 

28 157.006 148.452 40.39 27.522 

29 187.485 156.262 41418 30.65 

30 370.489 238.364 7.188 49.023 

31 577 15 341.58 20.661 75.906 

32 509.915 280.231 20.121 64.816 

33 430.902 230.688 - 53.078 

34 «| 274.778 220.208 17.868 40.812 

35 373.001 240.53 16.088 47.674 

36 418.955 250.42 14.24 54.367 

37 492 .673 2756344 15.54 62.354 

38 560.282 346.833 20.196 73-793 

39 496.067 283.821 19.58 63.621 

4O 295.142 95.052 - 41 LOL 

ua 348. 360 141.11 - 51.934 

4 481.201 220.809 22.523 57.657 

i) 265.139 121.085 - 40.980 

uh. 344.830 140.976 5-956 390135 

4s 404.972 261.794 12.597 54.062 

46 280.684 67.618 - 362956 

47 366.552 111.606 - 50.734 

48 489.347 192.841 20.743 552938 

Lo 334.988 188.102 7941 42.258 

50 293-717 169.946 23.961 38.804 

51 356.913 181.56 12.5323 43.831 

52 282.856 186.099 12.254 38.293 

93 210.767 156.128 - 38.929  



Table (6. 
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2) continued 

  

Average Pin Load,N 
  

Mean pressure 

  

          

Test No pin T Pin 2 Pin 3 P Nema? 

54 289.848 | 199.783 - 516952 

55 310.415 | 200.25 - 54.183 

56 367.163 | 181.093 - 58.172 

57 343.133 | 149.987 = 52.322 

58 217.08 LL7S0L3 - 35.448 

59 278.308 | 106.8 - 40,861 

60 250.885 | 40.718 - 30694 

61 331.662 85.307 - Wb 2he 

62 357-117 | 101.06 - 48.614 

63 410.946 | 109.806 - 550253 

64 383.568 | 115.077 - 52.908 

65 410.946 | 142.374 - 58.710 

66 - - = = 

67 416.715 | 227.684 - 68.373 

68 440.813 | 271.406 - 75-569 

69 326.503 | 149.453 - 50.501 

20 452.828 | 227.751 - G2 oNe 

71 420.720 | 245.907 - 700731 

72 293.445 | 182.161 - 50.463 

73 319.783 | 225.749 - 57 .883 

7 445.021 | 301.243 - 790181 

75 385.898 | 265.198 - 69.083 

76 392.550 | 231.689 - 66.234 

oi 252.989 | 161.468 - 43.975 

78 335-056 | 134.635 - 49.836 

79 290.798 | 130.855 - 46.861 
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Tube dimensions, roll gap., percentage 

reduction. of area and peripheral contact 

  

  

                

angle -. 

Test|0.D. | d/t | e 3% qa Wer 4 Bey 
No- | mm mm mm measured |calculated 

1 | 41.98] 7.92] 1.23] 12.09] 44.08] 64.5] 55 Beto 

2/42.52] 7.64) 1.42) 17.55) 44.47] 69 58 59077 

3142.75] 765 | 1.38] 19614] 44.6 69.5 | 64.5 | 62.2 

4142.76] 7.5 | 141] 18.83] 44.68) 71 61 62.13 

5 Wie 55 |-S617| Wee2i 13.31 143.931 6305 1) 52 51.48 

6 | 42.58] 7-61] 1.43] 17-96] 44.69] 70 60 60.3 

7142.44) 7.68] 1.43] 16.95] 44.54) 69 Die oLeoo 

8} 42.39) 7.7 | 1.48] 15.54) 44.68) 70 56 58.16 

9 | 39.19 |10 0-52} 0.69] 40.12] 32.75) 28.75| 28.901 

10 | 39.18 |10 0.38] 1.33] 40.5 35651 2705 1 30875 

11 | 39.14/10 0.82; O42] 39.14] 21 Ou 22.53 

12 | 41.99] 7-9 | 2 5.31 | 44.64] 63.5] 50.5 | 50.09 

13 |41.97| 7.9 | 1.65] 7.87] 44.64) 67.5] 5b 52.7 

14] 42.01] 7-9.| 1.67] 8.72) 44.56} 67.25) 54.25] 52.94 

15 | 41.97] 729 | 1.34] 10.74] Wok] 65.5 | 54.5 | 54.98 

16 | 41.9 | 7.9 | 0.92] 12.4 | 44.52] 73 57.5. | 57.04 

17 | 41.98] 7.9 | 1.03] 13.21] 44.24] 67 55.5 | 57.08 

18 | 41.95] 7.9 | 067 | 14.89] 44.46] 73 5755 || 58.81 

19 | 40.39] 9 1.39)" 1.2 |/.70 - - 35047 

20 | 40.38] 9 0.95] 2.09] 42.76] 48.5] 40.5 | 40.47 

21 | 41 8.5] 1.71] 2.76] 42.58] 44.5] 38 40.323 

22 | 40.36] 9 0.88) & 43.34] 58.5| 48 40.95 

23 | 40.36] 9 0.85) 5-29) 41.97] 47.5] 47.5 | 41.23 

24 | 40.37] 9 0.3 5.841 44.20] 66.4] 48.9 | 46.38 

251 40.99] 8.5 | 1.68] 2.17] 42.9 - - 4o.48 

26] 41.01] 8.5] 1.49] 3.46] 43.10] 51 43.5 | 42.92  
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Table (6.3) continued 

Test]}O.D. |d/t | e J% qa Yor Boy ae 

No- |mm mm mm measured |calculated 

27 140.98 |8.5 | 1.51] 3.59 | 42.92] 49 43 42.48 

28 | 41 8.5 | 1.06] 5.07 | 43.94] 63 46 46.75 

29 142.03 18.5 | lel | 5-32 | Ye14! 65.75 147.25) 46.80 

30 | 41.02 124 | 2.02] 5.21 | 44.54] 65 40.5 | 36.70 

31 |40.99 ;24 | 1.6 f12.08 | 45.441 79.5 | 44.75) 41.47 

32 | 40.99 ; 24 1.824 8.57 | 44.92] 71 41.5 | 38.87 

33 | 41.00 | 24 2.089 4.94 | 44.92) 66.5 65 | 35.6 

34 141.001) 24 TO 5507 45.22) 72.75 3905 | 37-56 

35 | 421.00 | 24 1.87 | 7-68 | Y8 | 67.5 4 3 | 38.498 

36 | 40.99 1.62 foe | 44.98) 72.5 | 42075] 41.249 

37 |u2.00 }24 | 2.24] 0.46 | 45.7 7765 | Noes | 330272 

38 | 40.995]24 | 2.11] 0.63] 46.2 | 79 | 42 35.105 

39 |4ao1y}24 | 2.19] - 46.12| 79 | 43.5 | 34.255 
4o {40.28 | 30.4] 1.71 | 2.9 ut 45 31.5 | 28.801 

Wa | 40.25 | 30.4) 1.54) 4.09 | 41.66] 4725, 34.5 | 31.025 

42 140.25 | 3004] 1.36] 5639 | 43.24! 57613} 3825 | 33-732 

43 | 40.26 | 30.4] 1.69} 1.81 | 40.78] 42.63} 31 28.892 

Wh 140.26 | 3004] 165 | 4.38] 41.1 46.75 35.25] 31.905 

45 | 40.23 | 3004] 1.34] 8.55] 42.16] 54.5 | 38 33-796 

46 | 40.24 | 30.4) 1.89] - 40.50} 36.5] 27.5 | 26.51 

47 140.24 | 30.4] 1.6 | 0.502! 41.08] 41.25 28.25] 29.927 

48 140.25 | 30.4] 1.57] - 43.38] 51.63} 33-75] 30.51 

49 | 4a 24 | 1.92 | 6.07 | 4.66] 67.25) 39675] 37476 

50 | 41 2u 1.88] 7.06} 44.3 | 65 39.5 | 38627 

51} 40.99 | 24 | 1.77] 8.81 | 45.381 75.5| 41.5 | 39.52 

52{41.05] 24 | 1.52]11.21] 45.52] 74.5] 44.5 | 43.1                    
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Table (6.3) continued 

  

  

  
  

Test|O.D. | d/t = 3% a You to Bea 

No-+ |mm mm mm Imeasured |calculated 

53 [41.07] 24 1.85; 8.41 | 45 | 67 39 39.69 

5u 42.02] 24 | 1.68! 9.01 45.3 | 74 ul 40.92 

55 |40.97| 24 | 1045/21.35) 45.44) 75 | we | ue.82 
56 | 4 2h 1.55|10.2 | 45.58) 78 48 42.07 

57 |uaet| 2% | 1.46 [13.23 
58 |42.02/ 24 | 1.65! 8.21 

59 [41.08] 24 | 1.86) 6.5 
60 | 41.02} 24 1.841 4.15 

61 |41.02| 24 | 1.73] 6.28 

45.2 | 77.25) 42.25) We. 

45.18) 70.75| 40.75) 41.32 

44.78] 67.25] 38.75] 39.63 | 

45.2 | 54.75] 38.75) 39.02 

47.28} 61.1 | 3761 | Yond | 

  
62 141.03] 24 | 1.76] 8.312 | 45.82) 59 39 40.21 | 

63 |u1.o1) 24 | 1.69| 7.38) 47.46) 62.75] 42.5 | 40.72 | 
| 

64 | 41.01} 24 1.59| 7.59} 48.64 64 Wwo.5 |] 41.8 | 

65 | 40.99] 24 1.60 7.83 | 48.32) 62 uy 41.37 | 

66 [40.99] 24 | 1.88 7-93 | 44.781 5765 | 4D 38.14 | 

67 | 41.03] 24 1.85] 9.27} 44 57 Lo 39.0% | 

68 |}41.0 | 24 1.68 9.79 | 47.09! 60 40.5 | 40.7 

69 | 40.99] 24 | 1.92] 8.23] 4.22] 53 3645 | 37676 | 
70 |¥1.o1] 24 | 1.89|10.75] 44.91) 56.75] 38.75] 36.38 | 

71 |41.00] 24 1.61|12.55 | 46.36) 59.25] 41.75] 41.48 | 

72 \41.01) 24 1.90] 8.14%] 43.7 | 52.75) 37.25 38.21 | 

73 |40.99| 24 1.74] 8.71 | 44.88] 55 40 39.92 | 

74} 41.00) 24 1.66/10.19 | 46.38] 60 a) 40.9 

75 |41.04] 24 1.61]13.03 | 45.56) 59 - 41.92 

76 | 41.00) 24 1.81/10.38 | 43.66] 55 39 39.18 | 

77 | 41.02): 24 1.92] 9.42) 43.04 53 38 38.14 |     TO fam - 1.93] 9.18] 45.96) 55 37-5 -               
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Table (6.3) continued 

  

° ° ° 

  

Test} O.D. a/t S j% q Yor Boy Bo 

No- mm mm mm measuredicalculated 

79 - - 1.67 11.78 | 46.20 57. 43 - 

80] - - 1.39 13675) 46.59) 57-25/41.25| -                      



Table (6.4) 

ison 

Strains, mean strain rate, yield stress and 

mean tube thickness after rolling 

  

  

                      

No. * = i *e ®n ered, ex Rahs 
mm 

12 4.99 | 0.061 ]0.055]0.00710.067|0.00410.071] 0.007] 10.01 

as 4.86] 0.08710.082 ]0.005]0.098 |0.005}0.102|0.008] 11.16 

14 4,82 | 0.096]0.091]0.005]0.108 |0.004]0.113]0.007)11.5 

15 4.72 | 0.114]0.114]0.001]0.132 |0.006]0.138]0.009/12.21 

16 4.60 | 0.134]0.132 ]0.001]0.154]0.006 ]0.159]0.007/12.74 

aT 4.59] 0.144 10.142 |0.003]0.165 [0.006 |0.171| 0.009) 13.03 

18 4.50 | 0.161 ]0.161 ]0.000]0.186 |0.006 |0.192|0.009]13.47 

19 4.45] 0.013]0.012|0.001]0.014 10.002 |0.016]0.005} 6.45 

20 4.36 | 0.033 ]0.021]0.012]0.033 |0.003 |0.036]0.006} 8.16 

21 4.69 | 0.032 |0.028 |0.004]0.035 10.002 |0.037]0.006] 8.25 

22 4.22 | 0.063 10.041 10.002 ]0.064]0.004]0.068]0.007| 9.87 

23 4.422 | 0.061 ]0.05410.00710.067 |0.003 |0.071}0.007)10 

2h 4.15] 0.08 [0.06 |0.02 |10.08 |0.005/0.0%2|/0.008/10.68 

25 4.67 | 0.029 |0.022 |0.007|0.031 |0.002 |0.033}0.006] 7.97 

26 4.61 | 0.044]0.035/0.009}0.047 0.003 |0.049/0.006] 8.99 

20 4.59 | 0.044]0.037]0.008}0.047 10.003 ]0.05 |0.006] 9.01 

28 4.51 | 0.065}]0.052]0.013]0.07 |0.004|0.072]0.007|10.07 

29 4.5 | 0.07 |0.055}0.015|0.072 |0.004}0.077|0.007}10.27 

30 1.58| 0.08 |0.054]0.026]0.081 ]0.003 ]0.085| 0.007] 10.56 

31 1.45] 06155]0.129]0.027]0.166]0.005]0.171] 0.008] 13.02 

32 1.51] 0.117]0.09 |0.02710.122 |0.00410.126]0.007/ 11.89 

33 1.57] 0.08 }0.051]0.029]0.081]0.003|0.084! 0.007] 10.54 

34 1.56| 0.087]0.059]0.029]0.089]0.003 |0.092] 0.007} 10.93 

35 1.53] 0.106]0.08 |0.026|0.111]0.00% {0.115} 0.008} 11.57



Table(6-4) Conte 

LS Sao 

  

Test 
Noe 

Ep 
Ey € 

red, 

  

  

36 

af 

38 

4o 

ua. 

i056 

1.60 

1.54 

0.135 

0.038 

0.039 

0.037 

0.055 

0.081 

0.021 

0.052 

0.108 

0.008 

0.089 

0.097 

Ose 

0.142 

0.11 

0.120 

Oolbh 

0.133 

0.167 

0.114 

0.097 

0.068 

0.103 

1.525 0.118 

1.52 

1.51   1.50 

0.116 

0.123   0.125)     
0 

510.116]0.002 

0 

lo. 44 0.005 

10.041 }0.004 

10.041 10.005 

0.039 |0.002 

0.057 |0.003 

0.083 J0.004 

0.023 ]0.002 

0.056 {0.003 

0.116 }o.00% 

0.008 |0.002 

0.091 0.003 

0.101 10.003 

0.127 |0.003 

«153]0.004 

2126] 0.003 

+10.155| 0.004 

5]0.141] 0.005 

0.181] 0.004 

0.120] 0.004 

0.101] 0.003 

0.068] 0.003 

0.104} 0.005 

0.122] 0.004 

0.118] 0.00% 

1 0.124) 0.004       3] 0.127| 0.004 

+10.006 

810.006 

581 0.007 

9} 0.008 

0.008 

0.008 

0.008 

0.005 

0.006 

0.008 

0.006 

0.007 

0.007 

0.006 

0.006 

0.008 

0.008 

0.006 

0.007 

0.004   0.004 

0.007)1 

0.007] i 

0.007 1    



SiGe 
Table (6-4) Cont. 
  

Test| t, € € 
h red m 

No- mm sec N.mm 
  

  

66 }1.52 10.11 |0.083 }0.027 |0.116 ]0.004 J0.120 ]0.007 11.71 

67 {1.52 |0.119]0.097 ]0.021 |0.126 |0.004]0.13 ]0.007/12 

68 J1.48 [0.141 10.103 J0.038 0.146 10.004]0.15 |0.007}12.52 

69 11.53 10.108 ]0.086 |0.022 ]0.114 10.003 {0.117 0.006|11..62 

70 [148 J0.142]0.114]0.08 ]0.15 ]0.004]0.15410.007}12.62 

TL | Le 10.168 10.134 10.034]0.178 10.005 0.182 10.008 }13.26 

72 | 1.54]0.104 [0.086 |C.018 |0.111 10.003 ]0.113 |0.006|11.52 

73 | 1.510.116 ]0.091 |0.025]0.122 0.00% ]0.126 |0.007/11.87 

74 | 1.48]0.141]0.108 }0.034]0.148 0.004 0.152 |0.007]/12.56 

75 | 1.45|0.168]0.140]0.029]0.18 |0.004]0.18410.008]13.31 

76 | 1250/0.128]0.110]0.01910.139|0.003 J0.142 |0.006}12.31 

77 | 1453|0.113|0.099 |0.015}0.123 |0.003 ]0.126 ]0.006]11.885 

78 | 1.42|0.107/0.096|0.011|0.118|0.006|o.124] - {11.8 

79 210.125}0.00710.14910.007|0.156] - 112.66 

80 0.148 ]0.007]0.175|0.007|0.182| -                         
 



= 55 = 

Table (6.5) Tube Cross-sectional area after rolling, 

contact area between tube and rolls, 

horizontal projection of the contact area, 

tube and mandrel speeds 

  

Test Ay Contact |Horizontal Uy Uy Vy 
2 Area Projection 

No. mm mm mm> ee ae a 

sec sec sec 
  

wel 578.98 | 267.251" 52806 | 3.15 | 3.337) 3.15 

13 | 562.04] 1384.38] 605.68 | 3.07 | 3.34 | 3.07 

14 | 558.77 | 1283.66] 563.81 | 3.04 | 3.38 | 3.0% 

15 544.42 | 1518.12] 674.32 |3 3.45 | 3 

2 16 | 530.20] 1855.03] 769.94 |2.97 | 3.4 97 

17 529.7%] 1897.93] 787.68 |2.95 | 3.4 269 

18 | 518.02} 1650.12| 705.73 |2.97 | 3.48 | 2.97 

19 | 501.31 Fogel 265.35 41 363 365 B08 

20 | 496.32 Fo5089| =358.18° 13.33 | 3.4 | 3533 

21 531.24 Foret | 328.79 | 303 364 3.0 

22 485.48 935.02] 429.97 | 3.29 |] 3.45 | 3.29 

23,| 478.81 B60.H6) 415550) | Biel S|) S033 173.25   2u | 476.64) 1334.77] 9592-71 | 361 

25 | 5aele 754.69| 353671 | 343 

26 | 528.61 79759) 3B7Let2 193619 | 3-3 3.19 

27 | 525.72 822.10] 380.94 | 3.29) 3.41 | 3.29 

28} 518.74! 1072.20! 481.44 | 3.14] 3.32 | 3.14 

LW
 H i=
 

29] 519.49 1160.34 517.60 | 3014] 3.331 

30 | 200.05/ 1060.84 477.30 | 3.24] 3.42) 3.24 

31} 184.19] 1550.67] 649.87 | 2.97] 3.4 2.97               32] 191.49] 1200.46] 528.47 | 3.15] 3-44] 3.15
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Table (6-5) Cont. 
  

  

  
  

Test Ay Contact Horizontal US Uy Vy 
No. ue Bree es eer er “iy nm. ni 

ig ant sec™' | sec | sec 

33 199.64] 1036.90} 463.45 | 3.25 3.42 | 3.25 

34 197299 | 1152.40] 501.30 | 3.23 3.43 | 3.23 

35 193.94 | 1278.52! 568.30 | 3.2 305 3.2 

36 187.57 | 1479.69] 639.29 | 3.09 3.45 | 3.09 

37 208.99} 1411.67] 600.96 | 3.34 3.35 | 3-34 

38 208.25] 1620.58] 681.09 | 3.37 304 3°37 

Lo 159.03] 555.63) 264.74 | 2.3 3.4 3.3 

uw 155.08) 75953 356679 | Seay RG e327 

Fe} 153-42 | 904.23] 460.91 | 3.23 3.41 | 3.23 

43 159-71 | 57723 276.67 | 3.34 3.4 3.34 

4h 155-54| 700.25] 332.72 | 3.26 3.41 | 3.26 

4S 147.19] 891.42} 415.96 | 3.15 3.45 | 3.15 

4g 160.40] 528.42) 253.54 | 3.37 3.39 | 3-37 

4g 197.16| 945.61} 421.10 | 3.22 3.45 

50 194.95 | 1001.67} 446.07 | 3.19 3.41 

51 190.74 | 1257.94] 540.09 | 3.18 3049 | 3.23 

52 189.29 | 1451.56] 616.61 | 3.07 3.46 | 3.2 

53 196.84] 952.56] 423.48 | 3.16 Boole 3020 

5k 192.04] 1123.89] 487.43 | 3.16 3.6 Bee 

55 184.52 | 1242.81 536.13 | 3.05 3.6 Ball) 

56 188.32] 1610.81] 673.56 | 3.08 3.6 Bels 

57 187.55} 1299.57| 599.8 3.21 - 4.09 

58 193.25] 1376.80] 633.24 | 3.47 - 4.25 

59 199.68] 1603.42] 724.69 | 3.50 - 4,12 

60 202.10| 934.17] 426.01 | 3.18 3051 | 3018              
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Table (6-5) Cont. 

Test Ay Contact Horizontal Us U, Vy, 
No- Area Projection = 

fn mm* vane mm. it mm. a mm a 

sec sec sec 

61 198.10} 1260.98] 571.69 3209 [=3-3 | 3.09 

62 194.17] 1244.13] 519.09 3 304 13.01 

63 195.24) 1128.64| 521.94 3.05 252 13.05 

64 194.56] 1131.47] 512.24 3.03 | 3.65 | 3.03 

65 192.74) 1184.41] 534.62 S28 |13.65 | 322 

66 192.66| 1128.80] 514.37 3-09 | 3.65 | 3-16 

67 191.89] 1123.96 S1V 616 3.06 [seco | sel7 

68 189.34} 1085.42] 495.39 3e0l |) 3637 [o.18 

69 192.56 828.99] 385.59 2025 1 soy toece 

70 187.91} 1047.08) 480.31 3013, | 3-64 | 3.15 

7 183.54] 1189.95] Sh2.u2 S07 mle 3657512 

VE 3-08 173.25 = 

03 3.03 oe = 

7 2.91 361! - 

75 2.86 <i 

76 2.96 - 

77 3618 7 

78 3.12 = 

no) 3.05 | 3.46 = 

80 169.78| 1131.35| 484.82 3202 (93.5 a     
  

      
  

     



CHAPTER (7) 
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The effect of changing the rolling conditions (e.g. reduction 

of area and tube diameter to thickness ratio) on roll 

separating force, rolling torque and pressure distribution 

round the groove will be discussed first, followed by a 

comparison between the proposed theory and the experimental 

results and other theoretical approaches. 

7el Effect of changing the reduction of area, J, and d/t 

ratio 
Figure (7.1) shows the effect of changing J and d/t ratio on 

the roll separating force. It was found that a linear 

equation in the form y = A + Bx described accurately the 

relationship between the roll separating force, RSF, and the 

reduction of area, J, for the different d/t ratios. The 

equation of the best fitted line for each d/t ratio was 

obtained using the least square method. 

The increase of roll separating force with the reduction of 

area, J, may be explained by observing that reducing the 

roll gap to achieve higher reductions increases both the 

work required to deform the tube and the work done against 

fric ct
 icn since the contact area between the tube and the 

rolls and between the tube and the mandrel is increased. 

Also, by reducing the roll gap the amount of redundant work 

is increased due to the increase in the amount of shear 

which the material suffers as it enters the deformation 

zone. This can be seen clearly from equation ( 3+2-29) 

wnich indicates that the redundant work is proportional to 

the maximum angle of contact, 2 As on increases, when 

the roll gap is reduced, the redundant work will increase 

conseauently.
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For each of the two mandrel sizes used in the experiments, 

the d/t ratio covld not be changed by a substantially 

great amount. This was due to the fact that the tube outer   

diameter could not be reduced, to increase the d/t ratio, 

below a limit at which the tupe would have passed through 

the groove without being rolled. The effect of changing 

the d/t ratio on roll separating force can be seen in 

  

re (7.1). For the same reduction of area, as the tubes 

were reduced in thickness, i.e. with increasing d/t ratios, 

  

t 

  

roll separating force dve to the increase 

  

in the proportion of the friction 

  

to the total work 

required in the rolling process. This is one reason why 

  

most of the be reduction in an actual mill should be   

carried out in the stands where the d/t ratio is 

    

th the ratio in later stands 

when the wall is thin. 

It should be noted when comparing the two sets of experiments 

using the two mandrels, 31.38 mm and 37.6 mm in diameter, 

that three variables were involved in the experiments. 

The variables were the reduction of area, d/t ratio and 

mandrel diameter. It was very difficult to examine the two 

variables, mandrel diameter and d/t ratio separately, since 

they were interrelated. To examine the effect of changing 

the mandrel diameter at the same d/t ratio would entitle 

either having a large diameter tube on the 37.6 mm mandrel, 

which would be impossible to roll inside the groove, or 

having a small diameter tube on the 31.38 mm mandrel, which 

would pass through the groove without being rolled. There- 

fore, it was inevitable that when the mandrel diameter was 

changed, the d/t ratio was changed also and it is clear
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from Figure (7.1) that increasing both increased the roll 

separating force. 

The change in rolling torque with J and d/t ratio, Figure 

(7.2), followed exactly the same trend as for the variation 

of roll separating force. It may be reasoned that in the 

absence of front and back tensions and provided that the 

frictional conditions are constant, the rolling torave will 

be directly proportional to the roll separating force. 

The linear relationship between rolling load and toraue. , 

Figure (7.3), shows this to be true and is a measure of the 

accuracy of results. 

The pressures round the groove perimeter were not uniformly 

  

distributed and the maximum pressure occurred in all the 

tests at the root of the groove. This result was expected, 

since due to the ovality of the pass, the maximum 

reduction occurred at the root of the groove. Figure (7.4) 

shows some typical examples of the pressure distribution 

curves obtained from pin-loadcell measurements. Pin number 4 

which was situated near the roll shroud, did not touch the 

tube surface excent in very few tests where the reduction 

of area was high. Since the reductions of area were chosen 

to be low to avoid exceeding the mill capacity and to prevent 

fin formation, the groove was not filled completely, and so 

the tube surface did not make contact with pin 4. The 

pressure on pin 3 was very small compared with the 

pressures on pins 1 and 2, and sometimes the pressure was 

too small to be registered by the pin-load cell. The low 

values of pressure associated with pin 3 were not due only 

to its situation in a low deformation zone, compared with 

pins 1 and 2, but also to the fact that at this part of the
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groove the tube inner surface was free. In other words, 

tube sinking occurred in the region of pin 3 while mandrel 

rolling occurred in the region of pins 1 and 2. By com- 

paring the results of tube rolling on a mandrel with tube 

sinking (12), it was found that the pressures in the mandrel 

rolling vrocess were much higher than those in the tube 

sinking process; tis explains the very low valves of 

pressure picked up by pin 3. The presence of pin 3 in the 

sinking region of the groove was verified from the clear 

markings on the tube inner surface which indicated the 

extent of contact between the tube and mandrel. 

In order tc assess the effect of changing J and the d/t 

ratio on the pressure distribution, the mean values for the 

pressures were calculated and compared with each other. 

4& planimeter was used to trace the area under each pressure 

distribution curve and a mean value for the pressure corres- 

ponding tc each pin position was thus obtained. The mean 

pressure for these mean values was calculated. Since it 

was known that near the roll shrouds the tube was touching 

the rolls very lightly and therefore the pressure was 

negligibly small, a zero value was included in the mean 

pressure calculation. This was thought to give a more 

representative value of the mean pressure in the groove. 

The mean pressure was plotted against J and d/t ratio in 

Figure (7.5). A trend similar to the roll separating force 

and the rolling torque can be detected for the mean 

pressure curveSe
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7.2 Effect of changing the fricticnal conditions on the 

mandrel surface 

Friction on the mandrel surface has a direct effect on the 

rolling loads and toraues. The increase in frictional 

forces between the tube inner surface and the mandrel 

increases the work done by the rolls to overcome friction 

and subsequently leads to an increase in the rolling loads 

and torcues.e 

Reducing friction between tube and rolls is as important 

as reducing friction between tube and mandrel, but in a 

production mill a lubricant is used only on the mandrel 

surface, iee. the rolls are unlubricated since this helps 

to increase the angle of bite enabling higher reductions 

to be attempted. 

Figure (7.6) shows the effect on roll separating force of 

lubricating the mandrel with graphite grease for two 

different d/t ratios. A considerable change in RSF could 

be detected as a result of lubricating the mandrel and the 

change was greater for the thinner walled tubes having a d/t 

ratio of 30.4 since the effect of friction on them was more 

critical than for the tubes with a d/t ratio of 24, 

When a very rough mandrel was used in the experiments, very 

small reductions of area were observed, while the rolling 

loads and toraues were very high. Sometimes the reductions 

of area were too smail to be measured accurately. The 

results meant that due to the roughness of the mandrel 

surface, the tube material was prevented from flowing in 

the longitudinal direction and under the radial pressure 

from the rolls the material flowed circumferentially. The 

spread of the tube material in the circumferential direction



- 168 - 

  

  
  

  

  

     

  

          
  

50 

D 

d/t=24 

40 dry mandrel = w 

Zz 
om 

5 © 

2 d/t=24 
° ° 

2 d/t=30.4 
3 30 

5 
a 

‘ lubricated 
- mandrel 

3° 
a 

20 d/t=30.4 

10 

0 Reduction jof area, J% 

0 5 10 

Fig.7.6)Effect of lubricating the 

mandrel on RSF



- 169 - 

is confirmed by considering table (6.3) of the results 

in which the peripheral contact angle between tube and rolls 

is shown for the different conditions on the mandrel surface. 

Also shown in this table are the different values of strain 

associated with each tube. It is clear that for the tubes 

which were rolled on the rough mandrel, the peripheral 

contact angles between tube and rolls were greater than 

those for the tubes which were rolled on a dry smooth 

mandrel although the roll gaps were greater in the case of 

a rough mandrel. Also, the circumferential strain, €g , 

was greater than the longitudinal strain, €, , when a 

rough mandrel was used in the rolling tests. The opposite 

was true when a dry smooth mandrel was used. This 

indicates that if friction is high between tube and 

mandrel, the material will flow more in the circumferential 

direction than in the longitudinal direction. 

The effect of changing the frictional conditions on the mandrel 

surface on rolling torque and the mean pressure is the same 

as for the effect on RSF as can be seen from tables (6.1) 

and (6.2) of the results. 

73 Effect of pulling the mandrel through at a high speed 
  

In a production mill, when the tube is situated in all stands 

the mandrel in most cases takes the mean velocity between 

the tube speeds in the first and last stands of the mill. 

In other words, the mandrel speed is higher than the tube 

speeds in the first stands, while its speed is lower than 

the tube speeds in the last stands of the mill. 

To investigate the effect of increasing the mandrel speed on 

rolling loads and torques, the mandrel was attached to the



  

ely 

front tension device through the front tension loadcell and 

the mandrel was pulled through the roll groove at a higher 

speed than that occurring in free rolling. Since the mandrel 

was connected to the front tension device through the front 

tension loadcell, the horizontal force acting on the 

mandrel could be measured. The speed of the mandrel was 

measured so that the work supplied by the mandrel per unit 

time could be estimated by multiplying the horizontal force 

on the mandrel by its speed. 

When the mandrel was pulled through the roll groove at a 

higher speed than that occurring in free rolling, only a 

small reduction was noticed in either the roll separating 

force or the mean pressure, but very substantial changes 

were observed in the values of rolling torques. Table (7.1) 

shows the reduction in toraue for increasing values of 

reduction of area. 

Table (7.1) Effect of pulling the mandrel through at a 

higher speed 

  

  

  

Free Rolling Pulling the mandrel through 

Test) J% Rolling Toraue Test 3% Rolling Torque 

No Nem No Nem 

50 | 6.7| 435.983 59 6.5 - 25.695" 
51 | 8.6 609.975 58 8.2 42.998 

poet 700.02 oF 13.2 109.62               
  

za the negative sign indicates that the tube is driving the 

rolls, ise. drawing takes place as well as rolling
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Since the mandre]..can be considered to be a roll of infinite 

diameter ( 8.) , any change in its speed causes a correspond- 

ing change in the tube speed. The increase in tube speed 

leads to a re-distribution of friction between tube and 

rolls as can be seen from equation (3.2.32for the calculation 

of frictional work per unit time between tube and rolls, i.e. 

Wp = [t V,° as (322-32) 

Ss 

where Wp is the frictional work per unit time between tube 

and rolls, 

is the shear yield stress at the surface of contact, 

Vis the relative speed between tube and rolls, 

is the surface area of contact (or the contact area). 

From table (7.2) it is obvious that the increase in mandrel 

speed led to an increase in tube speeds. 

The work done by front tension, which was generated in the 

tube due to the increase in mandrel speed, reduced the work 

done by the toraue so that the total power required by the 

rolls to deform the metal was reduced. To demonstrate this 

point, the powers supplied by the rolls and by the mandrel 

were calculated and compared with the power supplied by the 

rolls in the case of free rolling. Table (7.2) shows such 

comparison and it is clear that the reduction in the power 

required by the rolls to deform the tube was balanced by 

the power supplied through the mandrel so that the total 

power required in the process remained the same. 

In the case of small reductions of area, i.e. test No 59 in 

table (7.1), where rolling loads were low, the power 

supplied through the mandrel became higher than the power
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Table (7.2) Power supplied by the rolls and through the mandrel 

  

  

  

Test| Total Toraue} Mandrel| Horizontal} Power Power 
No- Nem Speed Force on supplied] supplied 

mm/sec | the by the through the 
mandrel rolls mandrel 

kw Nem/sec_ | Nsm/sec 

50 435.983 - - 15.04 - 

51 609.975 - - 21.04 - 

52 700.02 - - 24.15 - 

57 109.62 4.09 4.79 3.78 19.61 

58 42.998 4.25 4.27 1.48 18.135 

59 25.695 4.12 4.2 -0.887 17.23               

supplied by the rolls and this led to a negative toraue 

being applied by the rolls. Conseauently the process 

changed from one of rolling to one of drawing. 

In a production mill the mandrel assumes a mean speed 

between the tube speeds in the first and last stands of the 

mill which means that the mandrel speed is higher than the 

  

tube speeds in the first stands. This leads to a reduction 

of the rolling power supplied by the first stands, while the 

power supplied by the last stands is increased so that the 

total rolling power in all stands remains unchanged. 

It should be mentioned that the measurements of the horizon= 

tal force acting on the mandrel while pulling it, provided an 

approximate method for estimating the friction factor, m, 

between the tube and the mandrel. Since the only horizontal 

force opposing the mandrel results from the friction between 

tube and mandrel, the following relationship can be applied: 

R= 25 P (7.341) 

where F is the pulling force,
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es is the coefficient of friction between tube and 

mandrel, and 

P is the roll separating force. 

The factor 2 was used in the above equation to account for 

the two rolls. 

To relate the coefficient of friction to the friction factor, 

m, Kudo (22) suggested that the shear stress of a Coulomb 

type of friction can be equated to that of a constant shear 

type of friction, i.e. 

S 
em ae (7.3.2) 

3 

where Pay. is the average pressure. 

Applying the above method to test No. ( 58) , 

where F= 4,27 kN, P= 22,164 KN, Po) = 37 N/am® 

Therefore, a value of 0.6 for the friction factor was used 

u 0.097 and m = 0.565. 

in the theoretical predictions of the mean pressure and the 

RSFe 

7.4 Effect of applying front and back tensions 
  

Applying front. and back tensions to the tubes presented a 

problem since because the tubes were thin, the yield stress 

of the tube material could be easily exceeded. Selecting 

an appropriate value of the back tension was not as 

difficult as for the front tension since the ingoing tube 

was relatively thicker than the outgoing tube. Very small 

changes in the speed of the carriage to which the front end 

of the tube was attached, brought a considerable change in 

the value of the applied front tension. After some trials, 

it was thought that the correct value of front tension was 

reached. Unfortunately, after a few tests it was discovered



ae 

from measurements of the tube cross-sectional area at 

different positions along the rolled tube axis, that the 

area was not the same. This indicated that the tube was 

extended outside the roll gap under the action of the 

applied front tension and necking of the tube wall took 

place. The front tension was adjusted and the trials were 

repeated again. To be able to draw curves of the effect of 

applying front and back tensions, the rolling tests were 

conducted under various degrees of reduction of area by 

changing the roll gap. However, it was impossible to 

maintain the same value of the applied tensions for all the 

tests. Varying the roll gap resulted in changes in tube 

speeds and the stresses in the tube. Due to these changes, 

the values of the applied tensions differed from one test to 

another in the same group, but since the differences were 

small, the curves in Figures (7.7) and (7.8) were drawn as 

if the applied tensions were the same for any one group of 

experiments. 

As expected, both front and back tensions helped in reducing 

the RSF, but the effect was much more pronounced by the 

application of front tension as can be seen from Figure 

(7.7), which covld be attributed to the value of the front 

tension being higher than the back tension. When ouoting 

the values of the front and back tensions, it is common to 

associate them with the yield stress of the material being 

rolled. The ratio of the front tension or back tension to 

the load to cause yielding is called the stress coefficient 

or the stretch coefficient which is the term used ina 

production mill. Generally this ratio should not exceed 

0.8, and if it exceeds unity deformation will take 

place outside the roll ¢       PD» Taking the yield
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stress of lead to be 10 Nemm7-, the range of the stress 

coefficient when applying back tension was 0.29 to 0.34, 

and when applying front tension only the range was 0.71 to 

0.82. The difference in the value of the stress coefficient 

between the back and front tensions was not due only to the 

difference in the applied tensions, but also to the difference 

in the inlet and outlet cross-sectional areas of the tube. 

The effect of front and back tensions on the rolling toraue 

was great, but predictable, Figure(7.8). As expected, back 

tension increased the rolling torcue while front tension 

reduced it. From consideration of table (7.3) wrich 

contains the values of the different powers associated with 

the process, it is clear that when back tension is applied 

to the tube more power is required by the rolls to overcome 

the added resistance due to the back tension. On the other 

hand, when front tension is applied, some power to help the 

rolls is associated with this tension which reduced the 

torque supplied by the rolls. 

Figure (7.9) shows the effect of front and back tensions on 

the mean pressure which was similar to the effect on RSF. 

7.5 Effect of changing the groove shape 
  

Two groove shapes were investigated in the present work and 

these are shown in Figure (7.10). The only difference 

between the two grooves was that the sides of groove (B) 

were opened more than groove (A). The groove side opening 

is important especially in the first few stands of a 

production mill for the following reason: 

Due to the groove oevality, which is defined as the distance 

between the centre of the circle forming the root of the 

groove and the centre of the pass, the tube



Table (7.3) 

- 178 

Power values when rolling with 

front and back tensions 

  

  

    
  

          
  

    

Test| Total Front Back Power Power Power 
No-| Torque Tension] Tension Supplied] Supplied|Supplied 

ae ! a cil ieeston a eeton 
N.m/sec |N.m/sec |N.m/sec 

66 | 394.594 - - 13-614 - - 

62 | 598.246 - - 20-614 - - 

67 | 653.828 - - 22.557 - - 

68 | 789.974 - - 27.254 & = 

72 | 505.990 - 724.5 17.457 - ~2.2 

73 | 619.659 - 598.5 21.378 - -1.784 

Ge) 832.742 S 630 28.730 - -1.833 

69 336.262 1370 - 11.601 4.896 - 

70 534.912 1548 - 18.455 5.635 - 

7. 618.155 1316 - 215326 4.698 - 

95 456.143 598.5 150737 | 2.449 |-2.269 

76 | 608.893 | 503 787.5 21-007) | 1.801 | =25333 

a7 769.45 729 714 26.531 1.50 -1.711       
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material at the root of the groove is deformed more in the 

radial direction than the material at the groove sides. 

Tne tube cross-section can be divided into two parts; the 

first part which is under external and internal constraints, 

and the second part which is without internal constraint, 

Figure (7.10). The radial deformation of the material in 

the first part causes the material to flow longitudinally 

and circumferentially. The circumferential flow of the 

material from the first part to the second part leads to an 

increase in the circumference of the tube in the second 

part. At low reductions of area,the increase in the 

circumference in the second part is achieved through an 

increase in the tube major axis which also means an increase 

in the peripheral contact angle between tube and groove 

surface, Figure (7.10). This is shown to be true from 

consideration of table (6.3) of the results which shows the 

peripheral contact angle between tube and groove surface 

and the length of the tube major axis at different 

reductions of area. By increasing the reduction of area, 

the peripheral contact angle and the tube major axis 

increase and this will continue until most of the tube 

surface is constrained by the groove surface, or in other 

words until the peripheral contact angle becomes nearly T/2. 

On further increase of the reduction of area, the 

circumferential flow of the material to the second part of 

the groove leads to a radial flow of the material and 

thickening of the tube wall and an increase of pressure 

on the groove sides take place. Consequently, overflow 

occurs in the groove which results in fin formation on the
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tube surface. To avoid this happening to the tube in the 

first stands of a production mill where the reduction of 

area is great, the groove sides are opened. It is clear 

from Figure (7.10) that by using groove (8) more reduction 

of area can be achieved than by using groove (A) without 

overfilling the groove. 

Figure (7.11) shows the effect on RSF of changing the groove 

shape. At lower reductions of area, the rolling loads in 

groove (B) were lower than those in groove (A) since the 

peripheral contact angles between tube and groove (B) were 

lower than the angles between tube and groove (A) as can be 

seen from table (6.3) of the results. This meant that at 

the same reduction of area, friction between tube and groove 

(a) was higher than the friction in groove (8). At higher 

reductions of area and as the contact area between tube and 

rolls was increased, it was expected that, since the 

circumference of groove (B) was greater than that of groove 

(A), friction between tube and rolls would increase more 

rapidly when rolling in groove (B) than when rolling in 

groove (A). This explains the higher values of RSF reached 

in groove (8) than that in groove (A) at higher reductions 

of area. But it should be emphasized that a limit on the 

reduction of area will be reached when rolling in groove 

(A) after which overfilling of the groove will take place. 

This limit on the reduction of area is higher for groove 

(B) than for groove (A). 

The change in rolling torque and mean pressure with the 

groove shape followed the same trend as for the variation 

of RSF as can be seen from the tables of results.
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7.6 Effect of removing the mandrel and re-inserting it 

again inside the tube before rolling 

This point was not intended to be examined as a variable, 

but when the effect of front and back tensions was examined 

and the mandrel had been removed from the tube and re- 

inserted again inside the tube as expiined in chapter (4), 

it was suspected that this might have an effect on the 

rolling loads and torques. 

Free rolling tests, i-e. without front and back tensions, 

were performed after removing the mandrel and re-inserting 

it again inside the tube. The results were compared with 

the tests where the tubes were tight on the mandrel due to 

the drawing process as mentioned previously. Figure (7.12) 

shows such comparison for the two groove shapes (A) and (3). 

It is clear that when the tube was slightly loose on the 

mandrel, the RSF was lower than when the tube was tight on 

the mandrel. When the tube was tight on the mandrel, the 

mandrel travelled at a speed which was equal to or very 

close to inlet tube speed. This was because the mandrel was 

held back by the undeformed part of the tube. The slow 

speed of the mandrel opposed the longitudinal flow of the 

material and inereased the work done by the rolls to over- 

come friction between tube and rolls since the work done 

against friction per unit time is proportional to the 

relative speed between tube and mandrel. 

7.7 The are of contact and the free zone 
  

The use of pin-loadcells allowed measurements of the length 

of the are of contact at different positions round the 

groove to be made. The maximum length of the are of
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contact occurred at the root of the groove as can be seen 

from plate (7.1). The two specimens in plate (7.1) were 

obtained by rolling two tubes to half their lengths and 

withdrawing them from the roll groove. The surface 

markings on the two tubes show clearly that the length of 

the are of contact is not constant round the groove and the 

longest length occurs at the root of the groove. This was 

expected since as the groove surface narrows down from the 

inlet plane to the exit plane, more contact between tube 

and rolls occurs which also takes place due to the spread 

of the tube in the circumferential direction as the tube 

undergoes deformation. 

When the length of the are of contact at the root of the 

groove was estimated, it was found that the actual length 

obtained from pin-loadce!1 measurements was greater than 

the theoretical length calculated from the geometry of 

the tube and groove. The measured length of the are of 

contact was corrected for the finite width of the pin by 

substracting twice the 2mm pin diameter from the measured 

length. The calculated angle of contact, n> at the root 

of the groove was obtained from equation (3.2.14): 

ae ees - e,) - e/2 
  cos oe =1 -————_—__ (3.2.14) 

R r 

where r, is the tube outside radius , 

r, is the groove radius , 

eis the groove eccentricity, i.e. the distance 
g 

between the centre of the circle forming the 

groove and the roll shrouds, 

e is the roll gap, and 

R., is the radius of the roll at the root of the 

groove



    

yontact
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The calculated length of the are of contact at the root of 

the groove is: 

Le = Ry Om (e7eL) 

where L, is the calculated length of the arc of contact. 

The table in Appendix (B) shows a comparison between the 

calculated and measured values of the length of the are of 

contact at the root of the groove. In all cases, except 

when rolling oval tubes, the measured value was greater 

than the calculated value. This might be due to the 

elastic compression of the rolls or the presence of a free 

zone, i.e. the tube might start to deform before entering 

the contact zone between tube and rolls. To investigate 

this point, measurements were taken of the change in 

height along each of tne two specimen surfaces shown in 

plate (7.1). The measurements indicated that the outer 

surface of the tube rose gradually before the contact zone 

until it touched the roll surface at the start of the contact 

zone. Although this indicated the presence of a free zone, 

the possibility of elastic compression of the rolls 

occurring could not be discounted. An estimate was made a 

roughly of roll flattening by considering a simple roll, 

jee. a cylindrical roll, subjected to the loads measvred 

during the tests. By applying Hitencock's ( 24) 

equation for roll flattening, the change in the roll radius 

under the applied load could be determined. The eauation 

can be written as: 

R' 

a 2 
R Sh (70702) 

' 

where R is the roll radius under load 

R is the initial roll radius
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M re for steel rolls "C = 0.216 x 107 

P/W is the roll senarating force per unit width, and 

Ah is the change in thickness between the ingoing 

and outgoing material. 

Wowas taken as the groove width, while Ah was considered 

as being the difference between the inlet and outlet tube 

t 

wall thicknesses. The maximum calculated value of R /R 

was 1.06, while on average it was 1.03 for thin walled 

tubes and 1.01 for thicker tubes. As can be seen from 

these values, the change in roll radius was small and 

weuld account for a small change 

  

n the length of the are 

of contact. Thus it is concluded that the presence of a 

free zone was the main reason for the increase in the 

length of the are of contact. 

The existence of a free zone has been observed in the 

drawing process by many investigators including Lloyd (25) 

Wistreich (26) and Fill (27). «Johnson and Rowe (28) 

provided an interesting study of the bulge formation, 

  

the die angle enhanced bulge formation. Hill (27 

  

the bulge formation to the high value of die 

  

w reductions of area. He treated bulge 

formation by analogy with the pile-up round an indentation. 

The presence of a free zone was reported also in the 

redrawing process. In an extensive investigation by 

Walters (29) on the redrawing of cups, he showed that due 

to the bending of the cup as it enters the die, a system 

tensile circumferential stresses will develop in the cup
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wall outside the contact zone between cup and die. Under 

the action of the tensile stresses a bulge can develop just 

outside the contact zone. As the cup rim approaches the 

die, the length of the entering portion of the partially 

redrawn cup becomes shorter. As the redraw proceeds a stage 

is reached where this shortened length of the entering cup 

is unable to sustain the circumferential tensile stresses. 

The entering cup wall then vroceeds to deform radially out- 

wards causing the effect known as “splaying" shown in 

Figure (7.13). 

The above discussion of the free zone in the drawing and 

redrawing processes led to the following two factors as 

being the likely causes of the free zone formation in the 

process of tube rolling on a mandrel: 

(1) Bulging of the tube before the contact zone 

Bulging can be explained by a similar mechanism as that 

occurring in the redrawing of cups process. At the start 

of contact between tube and roll, a bending moment is 

required to bend the tube along the are of contact. This 

bending moment demands an opposing bending moment of equal 

magnitude to be supplied by the tube outside the contact 

zone, Figure (7.14.a). The opposing bending moment is 

supplied by circumferential tensile stresses in the tube 

outside the contact zone and is accomranied by shear 

stresses in the tube wall before the contact zone. The 

effect of the bending moment diminishes gradually away 

from the contact zone in the longitudinal direction so that 

tee circumferential tensile stresses are generated over a 

short distance outside the contact zone. 

The tensile stresses can lead to a small bulge forming in
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the tube just outside the contact zone. When the tube end 

comes near the rolls, the tube material ovtside the contact 

zone will be insufficient to sustain the circumferential 

tensile stresses and the tube proceeds to deform radially 

outwards. This effect was observed in the rolling tests 

where the tube end at the end of rolling expanded before 

finally being rolled through the roll groove. 

(2) Material pile-up due to longitudinal compression 

at any section transverse to the rolling axis, the tube 

cross-section can be divided into two parts; the first part 

which is in contact with the groove surface and the mandrel, 

and the second part which is free from the inside. Since 

the tube material in the first part is rolled between the 

roll and the mandrel, which is similar te the case of flat 

rolling, it will be elongated in the longitudinal direction 

and will be subjected to longitudinal compression. The tube 

material in the second part will be elongated in the 

longitudinal direction by the elongation of the first part, 

which means that it will be subjected to longitudinal 

tension. Due to the groove ovality, the maximum deformation 

of the tube material occurs at the root of the groove, and 

it is expected, therefore, tc find the maximum longitudinal 

compressive stress at the root of the groove. 

Since different parts of the roll groove have different 

linear speeds according to their distances from the roll 

axis at any section along the tube axis, the tube material 

at the root of the groove tends to move slower than the 

tube material near the roll shrouds. 

The longitudinal compressive stresses and the tendency of 

the tube to move slowly at and near the root of the groove,
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lead to the material piling-up just outside the contact 

zone between tube and roll as shown in Figure (7.14.b). 

The amount of material pile-up in the free zone varies 

round the tube circumference. The maximum material pile-up 

can be found at a position corresponding to the root of the 

groove where the maximum longitudinal compressive stress 

exists and the roll speed is lowest. The variation of the 

material pile-up in the free zone round the tube circum- 

ference was confirmed from the measurements taken from the 

specimens in plate (7.1). It is clear also from plate (7.1). 

by considering the deformation of the grid which was 

engraved on the specimen surface, that longitudinal 

compressive stresses existed in the tube at and near the root 

of the groove. However, at the groove sides, the longitudin- 

al tension ir the tube tends to eliminate the occurrence of 

material pile-up. Similarly, if the mechanics of bulging 

are considered, it is concluded that the tendency to bulge 

formation is reduced by the longitudinal tension in the 

tube at the sides of the groove. 

When oval tubes were rolled, with their major axes directed 

towards the root of the groove, no increase was detected in 

the length of the arc cf contact. On the contrary, a 

decrease in the length of the are of contect was observed 

and this result agreed with the work of Haleem (12). He 

reported that in tube sinking the measured length of the 

are of contact is less than the calculated length. In 

tube sinking, since the tube is not internally supported, 

the tube in the pre-contact zone tends to bend downwards 

under the influence of the radial forces acting onthe tube
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at the ‘start of contact between tube and roll. This results 

in the measured length of the arc of contact being less than 

the calculated length. In rolling oval tube on a mandrel 

with the tube major axis corresponding to the position of 

the root of the groove, a certain amount of sinking takes 

place before the tube inner surface comes into contact 

with the mandrel. Therefore, the measured length of the 

are of contact was less than the calculated length. 

7.8. Torcue sharing and the are of contact 
  

From consideration of table (6.1) of the results, it is found 

that in most of the rolling tests, the upper torque was 

greater than the lower torque. Although the difference was 

not great, with the ratio of the upper toraue to the total 

torque being 0.54 on average, this caused some concern. 

It is known that the torque is affected by the frictional 

conditions on the roll and the contact area between tube and 

roll. Since great care was taken in preparing the tubes and 

in cleaning the rolls before each test, it is very unlikely 

that the difference between the upper and lower torques was 

caused by variation in friction between the top and bottom 

rolls. Hven when the rolls vere machined to change the 

groove shape, the difference between the upper and lower 

torques was similar to that prior to machining. 

Having discounted friction as being the cause for the 

observed difference between the upper and lower torques, 

other factors, i.e. the contact area, have to be considered 

as being responsible for the difference. As the upper torque 

was greater than the lower torque, it may be deduced that the 

contact area between the tube and top roll was greater than 

that between the tube and bottom roll. Since the contact
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area is proportional to the length of the are of contact, 

the difference in torques indicates a difference in the 

length of the are of contact between the two rolls. The 

increase in the length of the are of contact on the top roll 

could have been caused either by a slight misalignment 

between the centres of the two rolls, or by a slight ~ 

inclination of the tube and mandrel common axis to the 

pass axis as they travelled through the roll gap. The 

second cause is most likely to have occurred during rolling 

since there was no appreciable misalignment between the 

centres of the two rolls. To confirm this point, a tube 

was rolled for half of its length under normal conditions 

and, then, the mandrel was pushed downwards, from the entry 

side, to increase the area of contact setween the tube and 

bottom roll. By comparing the torques in the two cases, it 

was found that as a result of pushing the mandrel downwards 

the lower torque became higher than the upper torgue since 

the contact area between the tube and bottom roll was 

greater than that between the tube and top roll. 

It was noticed that in some of the tests involving the 

application of front and back tensions the upper torque 

was very close to the lower torque since the tube and 

mandrel were forced to travel through the roll gap with 

their common axis coinciding with the pass axis. 

The measured length of the are of contact corresponded only 

to the top roll where the pin-load cells were situated. To 

determine an average value for the length of the arc of 

contact a correction factor should be applied to take 

account of the difference between the upper and lower 

torques. In his work, Haleem (12) used a toraue sharing
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factor T to correct the value of the measured length of the 

are of contact. The toraue sharing factor, T, was defined 

as; 

Total toraue 

oe 2 x Upper torque 

The corrected length of the arc of contact becomes: 

aad = Li xo 

where Lia is the measured length of the arc of contact. 

Table C1) in Appendix (Cc), shows the torque sharing factor T 

and the corrected length of the arc of contact for all the 

rolling tests. 

The fact that the upper and lower torques can differ is an 

important factor when designing a rolling mill and an 

allowance should be made to account for more than half of 

the total torque being transmitted by either rolls, other- 

wise the variation of the upper and lower torcues could 

lead to one of the rolls wearing more rapidly than the 

other. 

© In a production mill, the roll stands should be perfectly 

in line with each other, or variation between tne unper and 

lower toroues will occur in the individual stands and also 

the mandrel covld be bent and subseauently damaged if the 

stands are not lined-up accurately. 

7.9 The roll gap 

It is well known that the loaded mill distorts elastically 

so that the initial roll gap changes during rolling according 

to the rolling loads and the rigidity of the mill. For every 

mill, depending on its rigidity, a relationship exists between 

the rolling load and the change in the roll gap. Sims (23)
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examined this relationship and found that it could be 

graphically represented. The graph consists of a non- 

linear portion at low loads, and a portion which is 

essentially linear at high loads. The slope of the linear 

part is termed the mill modulus. 

The relevance to the present work of determing the mill 

modulus was to evaluate accurately the actual roll gap from 

a knowledge of the initial roll gap and the rolling load. 

The mill springback, M, was determined from the following 

ecuation: 

M=a-2H- ey 

where a is the tube cross-section minor axis after rolling, 

H is the groove height 

e, is the initial roll gap 

The mill springback was evaluated for a wide range of rolling 

loads and the corresponding values are shown in Appendix (D). 

The values of the mill springback are plotted against the 

rolling load in Figure (7.15). A straight line in the 

following form could be fitted between the points: 

P = 62.68 xM - 1.47 kN 

where P is the roll separating force, and 

M is the springback measured in mm 

The correlation coefficient for this line is 0.98, which is 

considered a good standard of fit. 

Since the linear relationship between the mill load and 

springback covered the whole range of rolling loads 

encountered in the rolling tests, the relationship was used 

to determine the actual roll gap in the tests.
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7.10 Mean tube thickness after rolling 
  

Due to the irregular shape of the rolled tube cross-section, 

it was important to find means of calculating the mean tube 

thickness after rolling. Plate (7.2) shows some cross-— 

sections of the rolled tubes. The mean tube thickness, th 

was essential for the calculations of the radial strains 

and the work required in the rolling process. To calculate 

the mean thickness, the following method was adopted. 

Since most of the cross-section outer circumference was in 

contact with the groove surface at the exit vclane, and the 

cross-section major axis could be measured easily, it was 

figured that the cross-section outer area could be 

calculated accurately. The cross-section outer surface was 

divided into two parts; the first part which was in contact 

with the groove surface and the second part which was free, 

Figure (7.16a). The peripheral angle of contact ,¥o4, was 

measured by tracing the cross-section on a piece of paper 

and transferring the positions of the surface markings, 

which were found on the tube inner and outer surfaces, see 

figure (7.16b), to the traced cross-section. The angle 

1 determined the extent of the first part. 

The first part had the same equation as the groove surface, 

i.e. 2 2 

x +[y + (e,-e/2)] =r (7410 1) 

where ep is the groove eccentricity, and 

e is the roll gap.y =\P,° =e 

To determine the point of separation, A(%py Yo), between 

  

- (e,-e/2) 

the two parts, the instantaneous radius of the groove at 

an angle 41 was estimated from the following equations:



  

  



 



  

    

    

  

  

Fig(7.16a) Tube cross-section at the exit plane. 

  

  
Fig(7.16 b) Measuring the peripheral angles of 

contact from the tube cross-section.



Eo0ln= 

Ty, sin@ =r sinYo, 

eu =r° sin¥cy + [r cosyg, + oS e/2]° 

ss ae singe, ae C08 ty + 2r COS Hc; (e,-2/2) 

+e, - e/2)* 

re! 22° 4 op COSY (e, - 0/2) + (e, = 6/2 )- 

r +2 cosy, (e,-e/2). roe (e,-e/2) - : =0 

eo Cosy, (e,-2/2) + \Fe - (e,-e/2)° sin“yo, (7.10 2) 

The negative sign was not considered since it led toa 

negative value of r. 

It can be written that: 

X=? siny,,and Yo =P cosycy C7063) 

From measurement. of the cross-section major axis, the co- 

ordinate X of point B(X3,0) 162 

X35 major axis/ 

The surface of the free part was assumed to be parabolic 

having the equation: 

yx =- 4p (x - x3) (7.10.4) 

where p is a constant determined by substituting the co- 

ordinates of point A in the equation: 

Yoo = - 4p (X= ¥3) 

2 
¥. 

it ae. 
3 2 

The equation of the free part becomes: 

y 2 
Dee 2 f 8 

y = co x3) (7.10.5)



The area of the outer surface of the cross-section was 

calculated as: 

Outside area = 4 /f(x).dx 

x. 
eo 

uf i Cyr, ee (e, ~ 0/2)) dx 

oO 

ase a 
+ Sean eee (-(-x3))* ax | 

(3 - X)° 

2B 

22a 2 2 re ele = 4 x Vly - X2 oy San te - (e, 22/2 )x5 

2 
+ 3 Yo (x3 - x] (7.10 .6) 

The area of the inside surface of the. cross-section was 

determined by subtracting the tube cross-sectional area 

from the area of the outer surface. 

Having estimated the outer and inner areas of the cross- 

section, the diameters of the circles corresponding to the 

two areas were determined and hence the mean tube thickness 

could be calculated. 

7.11 Comparison between the proposed theory and the 
  

experimental results,and other theoretical approaches 
  

In applying the proposed theory to the experimental results, 

modifications had to be made in the theory to account for the 

presence of the free zone which led to an increase in the 

length of the are of contact. The modifications concerned 

mainly the calculations of the contact area between tube and 

rolls and between tube and mandrel. The modified theory
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results in an increase in the work done against friction 

between tube and rolls and between tube and mandrel, since 

the contact areas are increased. 

To calculate the modified areas of contact from knowledge 

of the maximum angle of contact oes the peripheral contact 

angles between tube and roll and between tube and mandrel 

at any angle of contact 6, should be estimated first. 

Having determined these angles, the contact area between 

tube and rolls, the horizontal projection of the contact 

area and the frictional work can be calculated as outlined 

in chapter (3). The following calculations of the 

peripheral contact angles are made for groove shape (Ae 

The calculations for groove (4) and (B) are included in 

the computer programms in Appendices (A-J)and (A-3). 

At any section in the deformation zone having the contact 

angle », Figure (7.17), the tube section can be divided into 

three parts; the first part which is under internal and 

external constraints, the second part which is under 

external constraint only, and the third part which is free. 

The peripheral angle of contact, &cs of the first part 

defines the contact angle between tube and mandrel, while 

contact between tube and roll is defined by the peripheral 

angle of contact, see Figure (7.17). The third part is 

not used in the calculations since it is free. The 

angle Bq at the exit plane can be determined accurately 

from the following equations: 

From Figure (7.17), 

ro (e, - 2/2)° | 
& 

cos 9 = 5 

(7.11.1)
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ry sin 8q= r, sine 

r, singe 
+ 4) (761L 62) 

° 
Ber = sin 

where 6,; is the peripheral angle of contact between tube 

and mandrel at the exit plane. 

The calculated angle 8,; at the exit plane agreed well with 

the measured value taken from the rolled tube cross-section. 

The calculated and measured values of §, are shown in the 

tables of results, chapter (6). 

From observation of the change in& .withd, plate (7.1), 

the angle&§, starts from zero at the entry plane and as } 

decreases,U¢ increases sharply at first and then by a small 

amount until it reaches the value ci at the exit plane. 

It was noted when the original theory was applied, that 

the relationship between m and&>< can be represented by a 

curve in the form Bc= BO ae o>, where A and B are 

constants determined from a knowledge of any two points 

lying on the curve, and Ores is the maximum measured and 

corrected angle used in the 

    

modified theory to obtain the relationship between 8. and 

gp.» Two points are chosen on the curve so that the con= 

stants A and B can be determined. The first point lies in 

the exit plane and has the co-ordinates (0,8, )e The 

second point is assumed to lie in a transverse plane 

making an angle o of 1° with the line joining the centres 

of the two rolls. The second point has the co-ordinates 

(1,8¢5), where Soo is an assumed value close to&,,- The 

following expressions allow the constants A and B to be 

evaluated: 

B= Aub, -O)8 (7.1163)
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At ® i 0, &=8cr 

8, = Ae 9)? (7e11 64) 
Taking the natural logarithm of both sides: 

in§, =1n A+B 1n mec 

in A =1n8¢;-Bi1nd , (7.11.5) 

At o=1, 8 =8., 

~ B Bop = Ay, - 1) 

in8co = in A + Bln (@, - 1) (7.11.6) 

Substituting in (7.11.6) from (7.11.5)¢ 

1n6,5= in§,- Bing, , +B in @,, - 1) 

89 eo + ine= =Bi1n (#¢—) 
Sor One 

Bs Inpro acts 1)/aou) (7.11.7) 
= oe aN ase Mec ao 

Substituting from (7.11.7) in (7.11.4): 

A Oye B (7sdbe8) 
salen o1/@,) 

Equations (7.11.7) and (7.11.8) determine the constants A 

and B in equation (7.11.3), and hence the peripheral contact 

angle Be between tube and mandrel can be calculated at any 

angle bs. 

The peripheral angle of contact,¥o4, between tube and rolls 

at the exit plane is measured from the rolled tube ercss- 

section. Since the change of Y> with » can be considered to 

follow the same trend as for the variation of Be withg, it 

is reasonable to assume that the difference between the two 

angles, Wo-%&), is linearly related to the angleo, i.es 

(Ye-Be) = C + FH (7.11.9) 

where C and F are constants determined from a knowledge of 

any two points lying on the line. At the entry plane,
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(We -8c) = 0, since the contact between tube and rolls is 

just a point, while at the exit plane % =, and ®,.=8, « 

C and F are determined from the following calculations: 

At =O) 05 5, = 0 

Cm: Fone =e 

een Ales (7.11.10) 

At = 0, YH. B= 

Yoq ~Boy =a (7ellwlL) 

Substituting in (7.11.10), 

F = -(¥o, -8) 1/9. (7.11.12) 

The above calculations are included in the computer 

programme, Appendix ( A-ljand are used in the evaluation of 

the surface or contact area, horizontal projection of the 

surface area and the frictional work. It should be 

mentioned that the modified theory can be used also in 

the absence of the free zone by substituting the 

appropriate value of the maximum angle of contact Pn in 

the calculations of mean pressure, RSF and total work done 

per unit volume. 4 complete example of the calculations 

is given in Appendix @). Since the calculations are 

contained in the computer programme the example should 

clarify the construction of the computer progranme. 

The mean yield stress, Cys was determined from Figure 

(arse ) according to the calculated mean strain-rate. 

The mean strain rates were found to lie between 0.005 and 

0.009. It can ve seen from Figure (5.2) , that between 

these limits of the strain rates and at low values of the 

total generalised straia, ens which did not exceed 0.19 in 

the rolling tests, the change in the shape of the stress-
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strain curve with strain rate is very small and can be 

neglected. Therefore, it was decided to use the stress- 

strain curve corresponding to a strain rate of 0.008 in 

the estimation of the mean yield stress. Between zero 

and 0.2 strains, the equation of the chosen stress-strain 

curve can be described accurately by the following 

equation: 

Gy = 16427 (€ 90298 (7-11 13) 
SB 

where oy is the yield stress of lead in ton.in~< 

corresponding to the strain € » 

The mean yield stress was calculated from equation 

(7.11.13). The values of the mean yield stress are shown 

in the tables of results, chapter (6). 

In the theoretical calculations of the mean pressure and 

roll separating force, the friction factor, m between 

tube and rolls was taken to be unity, i.e. sticking friction 

was assumed to exist between tube and rolls. This 

assumption is justified for a hot workins process as the 

mandrel tube rolling process. A value of 0.6 was assigned 

to the friction factor, m, between tube and mandrel for 

the rolling tests with a dry mandrel. This value was 

taken from the experimental measurements as mentioned in 

section (7.3) of this chapter. For the case of a 

lubricated mandrel, m, was taken as 0.4, while for the 

mandrel with the very rough surfacem, was unity. The 

mentioned figures of the friction factor are only rough 

approximations since determining the actual values with 

accuracy is extremely difficult. 

Table @1) in Appendix (F) shows the calculated total 

work done per unit volume of the material, together with a
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comparison between the measured and calculated values of 

the mean pressure and the roll separating force. The 

relationship. between the measured and calculated values 

are shown in Figures (7.188) and (7.18b). 

It can be seen from Figure (7.18) that there is, in most 

tests, a very good agreement between the measured and 

calculated values of the roll separating force and mean 

pressure. This shows clearly the advantage of using the 

energy method in the prediction of rolling loads. 

Within acceptable limits, the calculated mean pressure was 

higher than the measured value, while the calculated RSF 

was lower than the measured one. The trend between the 

measured and calculated RSF should have existed also 

between the measured and calculated mean pressure. The 

departure from that ideal situation can be attributed to 

small differences between the calculated and actual values 

of the contact area and the horizontal projection of the 

contact area. If the calculated contact area is slightly lower 

than the actual value , this will lead to the calculated 

mean pressure being higher than the measured value while 

the calculated RSF will be lower than the measured value. 

The calculated total work done per unit volume was most 

representative of the changes which occurred in the 

rolling conditions. By using the proposed theory, and 

minimizing the total work done the appropriate conditions 

which will increase the efficiency of the process can be 

chosen. 

As mentioned in chapter (2), three different theories were 

examined in the present work, and all three involved the 

use of equilibrium approaches.
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The theoretical analysis provided by Okamoto and Hayashi (10) 

is useful mainly in judging the filling of the groove perimeter. 

If overfilling or underfilling of the groove is predicted by 

their theory, the calculated vdues of stresses and strains, 

which are based on the assumption of complete filling of the 

groove, are not valid. Since, in the present work under    ling 

occurred in most tests, there was no point in carrying out 

the calailations for all the tests and the theory was applied 

to two test results. Okamoto and Hayashi neglected friction 

in their theory which is considered a serious drawback. 

Difficulty was experienced in applying the theory to the two 

test results, since the authors not clear about the 

  

determination of some of the variables in the process. In 

both tests, the theory predicted that overfilling occurred 

and since it is 

  

hat underfi a i f-
 

Db aq
 occurred in both 

cases, this suggests that either the calculations were not 

earried out properly through misinterpretation of the 

    

conditions as 

applied in the present theory were used also in the two 

Russian theories. Vatkin and Druyan's predictions of the 

average pressure were compared th the measured mean 

  

pressures. Fomichev and Kirichenko did not provide cal- 

culations of the average pressure and, therefore, their 

theory was used to predict the pressure at the root of the 

groove and the results were compared with the measured 

pressure at the root of the groove. 

  

ble (Gel) in 

Apsendix (G) shows the comoarison between the measured
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values of pressure and the predictions based on the two 

Russian theories. 

Fomichev and Kirichenko's predictions underestimated the 

pressure while those of Vatkin and Druyan were better. It 

is believed that Vatkin and Druyan's predictions of the 

average pressure were not too inaccurate since the 

frictional conditions, the mean tube wall thickness after 

rolling, the yield stress and the length of the arc of 

contact were taken from the measurements and calculations 

performed in the present investigation. Although Vatkin 

and Druyan provided an equation for the estimation of the 

tube wall thickness, this equation was not accurate since 

it assumed that the whole of the tube inner surface was in 

contact with the mandrel at the exit plane which is not 

the case. Therefore, the mean wall thickness was taken 

from the present work. Finally, it should be mentioned 

that the dimensions of the equation for the average 

pressure provided by Vatkin and Druyan are not correct. 

712 Calculation of the rolling torque 

The lever arm method provided an easy way of assessing 

the rolling torques in the tests. In this method, the 

roll separating force is assumed to act at a distance (a) 

from the roll axis. In flat rolling, the distance (a) 

is usually taken to be some fraction €of the length of 

the are of contact . The fraction $ is called the lever 

“arm and has the value of 0.5 for hot rolling. 

Since in mandrel tube rolling, the length of the are of 

contact is not constant round the groove as mentioned 

previously, the lever arm method was applied in the present
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work in a slightly different manner. It was established 

that in the absence of front and back tensions, the rolling 

torque was linearly proportional to the rolling load as can 

be seen from Figure (7.3). The following relationship was 

obtained between the total rolling toraue, T., and the 

rolling load, P (kN) +: 

aS 22.53 x P Nem (7el3eL) 

If the value of the RSF is substituted in the above 

equation, the rolling torque can be estimated. Naturally, 

the calculated rolling torque will follow the same pattern 

as the calculated roll separating force.



  

CONCLUSIONS
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Chapter (8) Conclusions 

The following conclusions have been reached in the present 

investigation : 

(1) 

(2) 

(3) 

(5) 

The roll separating force, rolling torque and mean 

pressure have been shown to increase with the 

reduction of area and d/t ratio. The increase was 

dramatic when changing from thick tubes to thin tubes; 

this suggests that the higher reductions should be 

confined to the first stands in a production mill 

where the tube thickness is higher than the thickness 

in later stands. Also, when designing a new rolling 

mill, the calculations should be carried out with 

respect to rolling the thinnest tube where the worst 

conditions are known to exist. 

The pressure distribution round the groove perimeter 

is extremely irregular; the highest pressure occurs 

at the root of the groove. 

Friction on the mandrel surface greatly influences 

the rolling loads and torques. The effect is even 

greater as the tube gets thinner. Increasing friction 

between tube and mandrel hinders the flow of the 

material in the longitudinal direction and this leads 

to lower reductions of area at higher rolling loads 

and torques. 

In the absence of front and back tensions, the rolling 

toraue varies linearly with the rolling load. 

Both front and back tensions reduce the rolling load. 

While front tension reduces the rolling torque, back 

tension increases it. Spread of the tube material is 

reduced by the application of front and back tensions, 

or alternatively, more of the radially displaced



(6) 

(7) 

(8) 

(9) 

(10) 
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“material flows in the longitudinal direction. 

Consequently, higher reductions of area can be 

attempted with tension without increasing the 

rolling loads. 

Pulling the mandrel through the roll groove ata 

higher speed than that occurring in free folling 

produced a significant reduction in the rolling 

torque. This means that in a production mill the 

last stands reduce the rolling power supplied by the 

first stands so that it is preferable to shift most 

of the tube reduction to the first stands. 

Opening the groove sides allows the reduction of area 

to be increased and prevents overfilling of the 

groove, but the rolling loads will be higher. 

It has been shown that a free zone, where deformation 

takes place prior to the tube contacting the rolls 

can occur in mandrel tube rolling. Due tothe 

presence of the free zone, the length of the are of 

contact was higher than the theoretical length 

calculated from the geometry of the tube and the 

groove. 

The upper toraue differed slightly from the lower 

torque, and corrections in the length of the are of 

contact, measured by the pin-loadcells which were 

situated in the top roll, accounted for the 

difference in the torques. 

A good agreement has been shown to exist between the 

theoretical predictions based on an energy approach 

and the experimental results. Through the use of the 

developed computer programmes, it is possible to
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arrive at the right combination of rolling parameters 

that will yield the minimum total work done per unit 

volume. 

Three different theories were compared with the 

experimental results and only the Russian theory by 

Vatkin and Druyan (3) led to results which 

approached comparability.
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Chapter (9) Suggestions for Further Work 

(1) 

  

The familiar method for determining the redundant work 

in a process by fitting together the stress-strain 

curves of the material before and after deformation, 

is suitatle only for cold working processes where 

strain hardening is known to exist. This method was 

used, for example, by Blazynski and Cole (30), te 

determine the redundant work in tube drawing. In the 

mandrel rolling process, which is a hot working process, 

determination of the redundant work experimentally is 

difficult, especially because the material flow is 

ct
 

quite complicated. It is suggested that the material 

flow can be assessed experimentally by the use of grids E y J 

engraved on the tube surface. By rolling the tube for 

  

ndrawing it from the roll 

taken from the deformed grid can 

assessment of the material flow. 

the redundant    ately. Since lead 

is very soft, the engraved grid after deformation is 

not clearly defined and is therefore of little use. 

  

Another material, possibly an alvminium elloy, 1 ah 

does not strain harden under deformation can be used 

instead of lead, but the RSF will be very much higher 

than when rolling lead. It should be mentioned that, 

since the grid is engraved on the tube surface, the 

information it reveals will be related to the tube 

surface. Therefore this method is suitable only for
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analysing deformation of thin walled tubes where the 

deformation of an element on the tube surface can be 

assumed to be the same as that for an element near 

the mandrel surface. 

In a production mill, changing the conditions in one 

stand has an effect on all the stands. If the 

conditions are made favourable in one stand so that 

    the work done in that stand reduced, %: aces not 

mean that the total work done in all the stands is 

reduced also. Therefore, the proposed theory in the 

Aeuld be 2: present investigation plied to all the     

stands to give the net effect on the total work done 

of changing any of the rolling conditions in a 

particular stand. 

A computer programme will be most helpfu 

the total work done in a multi-stand mil 

sequently the effect of ch 

  

ry
 olling conditions 

in one stand, on the total work done in all the stands 

can be evaluated. 

    

a producticn mill, a 

should be employed inthe rolling tests. Such a 

mill can provide a clearer picture of the interaction 

between the rolling parameters in all the stands. 

More important, a 3-stane mill can assist in 

establishing the correct mandrel and tube speed 

pattern in a production mill. The mandrel speed 

changes on entry of the tube and mandrel to the mill 

and also during the run-out from the mill. The



- 221 - 

change in mandrel speed covld lead to the formation 

of a rear belly as suggested by Pfeiffer (32), 
i]
 he phenomenon of belly formation and its origin can 

be investigated in a 3-stand experimental mill. 

also, the method suggested in the present work for the 

calculation of tube and mandrel speeds can be checked. 

It was not possible to test this method in a single 

stand mill as the one used in the present investig 

  

tion.
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Appendix (A) 

Computer Programmes 

The computer programmes which were developed in the present 

investigation are given on the following pages. The 

language is BASIC and the correlation between labels used in 

the programmes and the nomenclature used elsewhere is given 

below: 

Programme Symbol Programme Symbol 
Label Label 

RO Be ML my 

RR R, M2 Mo 

RS Rg ER = 

EG ee EL € L 

E e ET Eg 

He a Bo Ered. 

RG ry EH & . 

g te EM cr 

TL ty EF = f 

Ag Ay AB ey 

Al Ay MP D a 

PM ee P P 

TS %1 YY Gy 

oB Yo BE p 

GA 8 RL Ry 

OM Y R2 Ry 

ud U, H H 

VB Vy X3 X3 

LL U X7 Xo 

LE Vw Vay 

Qu Ky Ql Py
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In the case of rolling oval tubes in groove (c), the 

ingoing tube shape corresponds to a groove shape having 

the 

the 

general dimensions Ryo Bo» Hy e, and Pi. X7 is half 

major axis of the ingoing tube cross-section, while X3 

is nalf the major axis of the outgoing tube cross-section. 

The 

Ra: 

The 

the 

The 

geometry of groove (c) is represented by the symbols 

Ry» Hoy @5 and Poe 

angles in the computer programmes are in degrees, while 

rotational speed,w, is in radians per second. 

symbol (A) which appears in the computer programmes 

indicates a power calculation, i.e. (A)AB means (ENE: 

The 

The 

symbol ( f@) is an exponent, iee. E 3 means 103, 

computer programmes are given in the Appendices from 

(A-L) to (4-7).
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Appendix (A-1) 

Computer programme for the case of rolling round tubes in 

groove (A) 

10 

20 

45 

50 

60 

70 

80 

85 

88 

90 

100 

110 

120 

130 

140 

150 

160 

170 

180 

190 

REM MBAN PRESSURE, RSF, TOTAL WORK - ROUND TO OVAL 

TUBE = GROOVE (A) 

INPUT RZ, R, OM, B, VB, US, PM, M1, M2, X3, TH, RB 

RR 94.55: RS = 113.45: EG = 4.49: RG = 23.39 

MA = 0: NA = 0: SA = 0: TA =0 

REM OBTAIN THE RELATIONSHIP BETWEEN GAMMA, OBTHI 

AND PHI 

L = ACS ((RG#RG - RO*RZ+(EG-E/2 )n2)/ (2*RGR(EG-E/2 ) )) 

Cl = ASN(RGXSIN(L)/RO): BS=(LN(CL/INT (C1) )/LN 

(PM/ (PM-1) )) 

FOR 1=0 TH PM 

AS 

gB 

Z = RRXSIN(INT(PM)-I) 

C1/(PM)ABS: GA=AS#(PM-INT (PM)+I )aBS 

GA + (TH - C1)x(1-(INT(PM)-I)/PM) 

REM CALCULATE THE X-COORDINATE OF THE CONTACT POINT 

AT OBTHI 

A 0.001: C = RRXCOS(INT(PM)-1) 

u C: GASUB 800 Xx 

Y = Bz: X=A+C: G@SUB 800 

D =C: C = D-AxY/(8-Y) 

a hy
 ABS (D-C)>= G-4+ Gg TZ 100 

XC i) TAN (0B )#(RS+B/2-C ) 

Tay UQ/ (1-R)#(1-Rx (INT (PM )-1)/PM) 

0
 u 0 

ny
 tI 5+2eT: B = (XC-D)/2/F 

0: X=D: G@ SUB 900 cad
 i 

Y+h: X=X+B: GYSUB 900 r ty
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200 A Yxt+i: X=X+B: GPSUB 900 

210 A = Y+A: F=F-1 

220 IF F<70 Gf TS 190 

230 LE = AxB/3 

235 REM CALCULATE FRICTIONAL WORK, CONTACT AREA, HORZ. 

PROJECTION 

240 HM = ABS (LL-VB )#RB2GART/180 

250 De=nO 

260 F = 542%I; B = (XC-D2/F 

270 A = 0: X=D: GZ SUB 1000 

280 A = Y+A: K = X+B: GO SUB 1000 

290 A = Yeu+A: X = X+B: GM SUB 1000 

300 A = Y+A: FeF-1 

310 IF F<>0 GG TA 280 

320 FR = AxB/3 

330 IF I> 0 GO TH 385 

335 Sl = (SIN(PM)-SINCINT (PM) ) )#RR 

340 M = LE/2xS1 

350 N = XC/2xS1 

360 S = FR/2xS1 

370 T = HM/2xS1 

380 GZ TAZ 430 

385 s2 = (SIN(INT(PM)-I+1) - SIN(INT(PM)-I))x RR 

390 M = (LE+LA)/2xS2 

400 N = (XC+XA/2xS2 

410 S = (FR+FA)/2«S2 

420 T = (HM+HA)/2xS2 

430 MA = MA+M: NA = NA +N: SA=SA+S: TA = TA + T 

uo LA = LE: XA = XC: FA = FR: HA = HM



450 

455 

460 

470 

480 

490 

500 

510 

219 

570 

975 

580 

590 

600 

610 

620 

625 

630 

635 

640 

= a2 a= 

NEXT T 

R&M CALCULATE TH# MEAN TUBE THICKNESS AFTER ROLLING 

Ra = = CQS(TH)*(EG-E/2)+ V (RGRRG~ ((G-H/2 )XSIN (TH) a2) 

RAXSIN(TH) : B = RAxCOS(TH) u A 

W = A/2x V RG *RG-AxA )+RGHRG/22ASN (A /RG )* 11/180 i 

= (EG-E/2 )#A+2/3%Bx (X3-A ) 

AQ =x (ROXRZ-RBXRB ) 

Al age(1-R) + AT='ew-41 

VGix wm) -Y(aI/T) 
ReaM CaLCULATE RADIAL, LONGITUDINaL ,CIRCUMFERSNTIAL 

a 

STRAINS 

ER = LN ((RO - RB)/T1) 

BL = LN (1/(1-R)) 

ET = BR - EL 

REM CALCULATE TH TOTAL GHNERALIZsD STRAIN 

EB = V(2/3 % (ERRER+ELX+HTRST)) 

ED = (RG-RB)/(12% \3xAdx(1-R) )xRRe (PMHTV120) A 2 

x (3-22R) 

  

REM CALCULATE MEAN STRAIN RATS 

AB=(fM/ (PM¥ 11/180 )XLN ( (RS+E/2-RRXC OS (PM) )/ 

(RS+B/2=RR)))/2 

PRINT "TOTAL GaNSRALIZED STRAIN =", EM 

PRINT "MEAN STRAIN RaTE =",4B 

INPUT Y Y¥ 

EF = 4/3 *(M1RSA + M2 % TA)/(aGavd) 

REM CaLCULATS THE TOTAL WORK DONE PER UNIT VOLUME 

WI = (SM+EF) * YY 

REM CaLCULATE THE MEAN PRESSURE AND RSF 

MP = WIA @2UQX*PMXTI/18 Of 4xvdx (RO-RB -T1 29M)
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P =2 x Na % MP 

PRINT "TOTAL WORK DONE =", WT 

PRINT "MiaN PR&SSURE =", MP 

PRINT "RSF =", P 

aND 

B = (TaN(GB)X(RS+B/2-X))a2 + (RS+HG)n2 - RGRRG 

- 2x (RS+HG )*( KRK+Z4Z ) ) +XAK+Z0Z 

RETURN 

  

WL = 2*Z/((RS+EC- (RGHRG -X2KX) )n2 -Z2Z) 

¥ = (48K. &(1 +01 )/ (RGRRG-XRX) 41) 

  

1030 RET
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Appendix (A-2) 

Computer programme for the case of rolling oval tubes 

in groove (A) 

5 REM MEAN PRESSURE, RSF, TOTAL WORK - OVAL TO OVAL 

TUBE -GROOVE (a) 

10 INPUT R, OM, E, Ud, VB, PM, Ml, M2, X3, TH, BB, E1, 

AO, X7, TO 

94.55: RS= 113.45: BG = 4.49: RG = Ie}
 

° wy
 

nO
 W nh
 

w
 ww
 

‘O
o 

30 Ma = 0: NA=O: Sa=O0: TA=0: HaA=0 

40 REM OBTAIN THE RELATIONSHIP SETWSEN GAMMA. OBTEI AND 

PHI 

4 A = EG+B1/2: B=RS+B/2: C=RS+EG 

U8 oF = le(axat+(C-B)a2) 

50 G = 4e((B-C)e@xC - A¥A-BRB) - 22Cxn2A) 

54 K = (CXC-Ax*A-BRB)A2 - UseAtARGHRG +A tA CRC 

\(iGea-bxF xk) )/ (28F) 

(C-¥2 )a2 ) 

  

Vac 
ATN (X2/(RS+E/2 -¥2 )) sBS=(LN(CL/INT (CL) )/LN(P M/ 

wn
 co
 

ee
 

nN
 i) 

  

oD oO
 

Q hs
 W 

65 FOR I = 0 TO PM 

  

70 AS = C1/(PM)aBS :GA=AS% (PM-INT (PM) +1)sBS 

80 $B = GA+(TE-Cl)x(1- 

85 Z = RRXSINCINT(PM)-1) 

oo
 

co
 REM CaLCULAT# THE X- CO-ORDINATE OF THE CONTACT POINT 

aT OBTHI 

90 A = 0.001: C = RRXCOS(INT(PM)-1) 

100 X = Cz G#SUB 800 

110 Y =B: X = a+C: GASUB 800 u
d



320 

330 

339 
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D=C:C =D = Ax¥/(B-Y) 

IF ABS(D C) >= B& - 4 GM TP 100 
BS

 
Q
 " TAN ($B )# (RS+8/2-C ) 

e
 

ie 

i Ub/ (L-R)®(L=Rx (INT (PM )-1)/PM) 

0
 i 0 

bs
) i 54+2eI: B=(XC-D)/2/F 

h = 03 X = D: GO SUB 900 

A =Y¥ +aAs X = X+B2 GO SUB 900 

A = Yetta: X = X+B: Gd SUB 900 

a = Ytas F Fel 

IF F<720 GP TZ 190 

LE = 4xB/3 

REM CaLCULAT# FRICTICNAL WORK, CONTACT sRiA 

  

PROJECTION 

D=10 

  

R = Ax5/3 

IF I70 GO GP 385 

S1 = (SIN(PM) - SIN (INT(FM)) * RR 

M = LB/2xS1 

N = XC/2xS1 

M)-I+1)-SIN (INT (PM)~-I) )=RR 

 



400 

410 

430 

LO 

buy 

4h3 

UL8 

450 

455; 
460 

470 

480 

500 

  

570 

975 

580 

N = (XC+Xa)/2%52 

S = (FR+FA)/2xS2 

MA = MA+M: NAsNA+N: SA=SA+S 

LA = LE: XA=XC :FA=FR 

IF (INT (PM)-I) > (ACS(COS(PM) + (X7=-RB)/RR))GZ TS 450 

HM -= ABS (LL-VB)xRBxdax 1/180: T = (HM+HA)/2%S2 

TA = TA+T: HA=HM 

NEXT I 

REM CALCULATE THE MEAN TUBE THICKNESS AFTER ROLLING 

RA = ~COS (TH 2 (ECG-#/2 )+ (RGARG-((EG-#/2 )*SIN (TE) )a2) 

A = RAXSIN(TH): B=RAxCOS (TH) 

W = 4/22\(RGRRG-ARA )+RGRRC/2RASN (A/RG 21/180 

- (EG-E/2 )%A+2/3%Bx (X3-A) 

Al = Age(1-R): AI=bxW-Al 

tl =VGrew/m -(GIsm) 

REM CALCULATE THE RaDIAL, LONGITUDINAL, CIRCUMFERENTIAL 

STRAINS 

ER = LN(T@/T1) 

EL = LN(1/(1-R) ) 

  

TCTAL GENET 

EH oe TELXEL+ETRET ) ) 

Pl = ACS (CS (PM )+(X7-RB )/RR ) 

ED = uk % (1-R)2A~)XRR*(LN(PM /P1) 

REM CaLCULATE THs £N STRAIN RATS 

  

= (OM/ (PM#T/180 )x#LN ( (RS+B/2 =RRXCOS (PM) )/ 

(RS+E/2-RR)))/2



900 

910 

920 

1000 

1010 

1020 

1030 

- 237 = 

PRINT "TOTAL GENERALIZED STRAIN =", EM 

PRINT "MEAN STRAIN RATE =", AB 

INPUT YY 

EF = 4/y3 * (MLeSA+Hi2xTA)/ (AQXUQ) 

REM CALCULATE THE TOTAL WORK DONE PER UNIT VOLUME 

WI = (EM+SF)xyy 

REM CALCULATE THE MEAN PRESSURE AND RSF 

MP = WTxAGXUG#PMRT/180/ (LaMar (TO-TL )2e0M) 

P = 24NAxMP 

PRINT “TOTAL WORK DONE =", WT 

PRINT "MEAN PRHSSURE =", MP 

PRIN’ “RSF =", P 

END 

B = (TAN(@B)x(RS+H/2-X) )a2 + (RS+EC2-RGRRG 

= 2%(RS+HG xt (\/(HK4ZRZ) MRK 4Z¥Z 

RETURN 

WL = Z28Z/((RS+EG-\(RGRRG-KeX))a2 - Z*Z) 

¥ = (cee (1H )/ (RORRG-2RX )+1) 

RETURN 

Wl = \(RGaRG-x2X) 

WA = JC (Keke (1+2"2/((RS+EG-W1 )a2~-22Z) )/ (WILRWL))+1) 

Y = ABS(GMe Y((RS+EG-W1)s2 - Z*Z)-LL)#WA 

RETURN
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Appendix (A=3) 

Computer programme for the case of rolling round tubes in 
  

Groove (3B) 

5 REM MEAN PRESSURE, RSF, TOTAL WORK- ROUND TO OVAL TUSE 

- GROOVE (B) 

10 INPUT RG, R, OM, E, UP, VB, PM, Ml, M2, X3, TH, BB 

20 RR = 94.55: RS = 113.45: EG = 449: RG = 23.39 

30 MA = 0: NA = 0: SA=-0: TA = 0 

45 REM OBTAIN THE RELATIONSHIP BETWEEN GAMMA, OBTHI AND 

PHI 

50 L = ACS ( (RG#RG-RORRO+(EG-E/2)n2K2"RGH (EG-E/2 ))) 

60 Cl = ASN(RGRSIN(L)/RO): BS = (LN(CL/INT(C1))/LN (PM/ (PM-D) 

65 FOR I = 0 Td PM 

70 AS = C1/(PM)aBS: GA = AS#(PM-INT(PM)+I)aBS 

80 ¢B GA+(TH-Ci)¥ (1- (INT (PM)-1)/PM) 

85 Z = RRXSIN(INT(PM    =). 4) 

88 R&M CALCULATE THE X-CO-ORDINATE OF THE ( 

  

OBTHT 

90 A 0.001: C = RR&COS (INT(PM)-I) 

100 x X = C: Gg suB 800 

110 Y =B: X = A+: GM SUB 800 

120D =C:C = D-AxY(B-Y) 

130 IF ABS(D-C)>= -4 Gg TH 100 

140 XC = TAN(@B)*(RS+H/2-C): XD=XC 

144 IF XC < (RGt SIN45) GB TP 150 

148 XD = RGXSINGS 

150 LL = U@/(1-R)%(1-Rx (INT (PM )-J/PM) 

160 D 0 

£70 ty
 I 5+2xI: B = (XD-D)/2/F



180 

190 

200 

210 

220 

230 

250 

260 

270 

280 

290 

292 

294 

296 

207 

298 

299 

300 

302 

304 

306 

308 

310 

312 

314 

SEP 

316 

318 

320 

oe 

A = 0: X =D: G% SUB 900 

A ul Y+A: X = X+B: GO SUB 900 

A Yetta: X = X+B: GZ SUB 900 

A = Y+A: F=F-1 

IF F<>0 GZ TY 190 

LE = AxB/3 

D=0 

F+5+2"1: B = (XD-D)/2/F 

A = ©: X =D: Gg SUB 1000 

¥ +A: X=X+B: GZ SUB 1000 A 

it A = Yesta: X = X+B: GP SUB 1000 

A = Y+s: F = F-1 

IF F<>0 GG TP 280 

FR = AxB/3 

IF XC < (RGRSING5) GB TH 329 

BA = (((RS+EG)-RGXCOS45 )#TAN (90-45 )-RGRSINYS ) 

B = ((BARBA)-(RS+H/2 )a2-Z#Z )#(1-1/( (TAN(@B) )n2)) 

A = BA+(RS+8/2)/(TAN(@B)): D = RGXSINGS 

XD = (-A+\(AxA-B) )/ (1-1/ (TAN (ZB) a2) 

F = §+241: B =(XD-D)/2/F 

A = 0: X=D: Gg SUB 1200 

A = Y+h: X = X+B: GY SUB 1200 

A =yalei:X.= X+B: GO SUB 1200 

A = Yt: F = F-1 

IF F<>0 GZ TA 308 

Ll = AxB/3: LE=LB+L1 

i D RGXSINY5 

F Mt 542"1: B=(XD-D)/2/F 

A = 0: X =D: Gg suUB 1400



480 

490 

500 

2c 

“A = Y +4: K = X+Bs GY SUB 1400 

Pr ut Yeita: X = X+B: GZ SUB 1400 

A = Y+A: F = F=F-1 

IF FeyO GO TY 322 

Fl = AxB/3: FR = FR+F1 

HM = ABS (LL-VB )*RBXGAXTI/180 

IF I70 GO TP 385 

Sl = (SIN(PM)-SIN(INT)PM) ))*RR 

M = LB/2x81 

N = XD/2xs1 

S = FR/2xS1 

T = HM/2xS1 

Gg TZ 430 

S2 = (SIN(INT(PM)-I+1 )-SIN(INT(PM)-T1) )x#RR 

M = (LE+LA)/2xS2 

N = (XD+KA)/2xS2 

= (FR+FA)/2xS2 

  

iS} 

if M+HA )/2%S2 

MA = MA+M: NA=NA+N: SA=SA+S 24. =TA+T 

LA = LE: XA = XD: FA=FR: HA=HM 

REM CALCULATE THE MEAN TUBE THICKNESS AFTER ROLLING 

X1 = RGRSINYS: Y 1 = RGXCOS45-(EG-E/2) 

Y2 = (X1+¥1)/(1+TAN(@B)): X2 = Y2xTAN (QB) 

WB = X1/2\(RGRRG-X1RX1) + RGXRG/2*ASN(XL/RG)x 

TYV180-(HG-E/2 )#X1+(X2=-X1 )x (Y14+X1/2-X2/2 ) 

+ 2/32%Y2% (X3-X2 ) 

Ag 

Al 

i (ROX#RO-RBXRB ) 

AQ¥(1-R): AI = 4seWB-Al



950 

560 

590 

600 

610 

620 

625 

630 

635 

640 

650 

660 

670 

680 

690 

800 

Sei 

m = VOxwesr) - Vrs) 

REM CALCULATZ THE RADIAL, LONGITUDINAL, CIRCUMFERENT- 

IAL STRAINS 

ER = LN((R@-RB)/T1) 

LN(1/(1-R)) 

ET = ER-EL 

EL 

REM CALCULATE THE TOTAL GENERALIZED STRAIN 

BH = \(2/3x (GRRER+ELREL+2T87) ) 

ED = (R@-PB)/(12% y3#AGK1-R) )#RRx (PMR/180) a 2 

#(3-2R) 

EM=EH+ED 

REM CALCULATE THE MEAN STRAIN RATE 

AB=(Q@M/ (PMX1/180 )*LN ( (RS+E/2 -RRXCOS (PM) )/ 

(RS+E/2=RR)))/2 

PRINT "TOTAL GENERALIZED STRAIN =", EM 

PRINT "MEAN STRAIN RATE =", AB 

INPUT YY 

EF = 4/V3 x(MLxSA+M2RTA)/ (AdxUd) 

REM CALCULATE THE TOTAL WORK. DOME PER UNIT VCLUME 

5 = (BM+EF yy 

REM CALCULATE THE MEAN PRESSURE AND RSF 

MP=WExaxU PATI 80/ (4xeMAX(RO-RB-T1 ROM) 

P = 2x%NAXMP 

PRINT "TOTAL WORK DONE =", WT 

PRINT "MEAN Pressure =", MP 

PRINT "RSF =", P 

END. 

B = (TAN(GB)#(RS+H/2-K)))A2 + (RS+EG)s2 - RGXRG 

22 (RS +EG ae ( \((KRK+Z8Z ) )4XRK+Z8Z



Sieber 2 

810 RETURN 

900 W. =Zx€Z/(RS+EG- \ (RGXRG-X¥X) )n2 — ZZ) 

910 ¥ = \(Xexx(1+1)/ (RGRRG—XxX) +1) 

920 RETURN 

1000 w= \(RGxRG-Xxx) 

LOLO WA = /((KRK*(1+Z*Z/((RS+EG-W)A2 - Z*Z)) Wei) )+1) 

1020 ¥ = ABS (PMxe\/((RS+EG-W) 42-22 )-L Deva 

1030 RETURN 

1200 ¥ = V(1+1/(1~(2/(X+BA) 2) 
1210 RETURN 

1400 Y2ABS(@M* ( (X#BAW2=-(Z*Z))-LL YL +1/ (1-(Z/ (X+BA ) )n2)) 

1410 RETURN



alae 

Appendix (A-4+) 

Computer programme for the case of rolling oval tubes in 
  

groove (B) 

5 REM MEAN PRESSURE, RSF, TOTAL WORK - OVAL TO OVAL 

TUBE = GROOVE (B) 

10 INPUT R, QM, EB, U®, VB, PM, Ml, M2, X3, TH, RB, El, 

AM, X7, TO 

20 RR = 94.55: RS = 113.45: EG = 4.49: RG = 23.39 

30° MA = 07 NAT] Os SA = 0: TAS= 02 HA = 0 

42 REM OBTAIN THE RELATIONSHIP BETWEEN GAMMA, OBTHI AND 

PHI 

45 C = RS-RR+/2: A = 0.001 

50 X = C+ Gf SUB 800 

55 Y= B: X=A+C: GM SUB 800 

60 D =C: C=D-AkY/(B-Y) 

65 IF ABS(D-C)>= E-4 Gf TZ 50 

70 XG = \(RGRRG-Cxc) - (EG -E1/2) 

75 %IF XG > (RGXSING5)GS TS 95 

80 IF XG <(RGXCOS45-(EG-E1/2)) Gf TH 125 

85 Cl = ATN (XG/C) 

90 GO TH 150 

95 B= (BG-E1/2)-(2*RG#SIN4U5-(EG-E/2 )) 

100 C = (EG-E1/2)a2 + (2#RG*SING5-(EG-E/2))a2 = RGXRG 

105 XG = (-B+V(BxB-2xc))/2 

110 YG = (2*RGxSINY5-(EG-B/2 ) )-XG 

115 Cl = ATN(XG/YG) 

120 Gg TZ 150 

125 B = (EG-E/2)+(2*RGRSINY5-(EG-E1/2 ) ) 

130 C = (2 ®RGRSIN45-(EG-B1/2 )+(EG-E/2 ) )A2-RGRRG 

135 XG = (B -\KBxB-2xc))/2



140 

145 

150 

155 

160 

180 

185 

188 

190 

200 

210 

220 

230 

240 

24h 

248 

250 

260 

270 

280 

290 

300 

310 

320 

330 

350 

360 

“YG 

2 okk 

= (22RGXSINY5-(EG-E1/2 ) )-XG 

Cl = ATN (XG/YG) 

BS = (LN(C1/INT(C1))/LN(PM/(PM-1)) ) 

FOR I = 0 TH PM 

AS = C1/(PM) ABS: GA = AS#(PM-INT(PM) + I)aBS 

QB = GA+(TH-C1 )*(1-(INT(PM)-I)/PM) 

Z = RRXSIN(INT(PM)-1) 

REM CALCULATE THE X-CO-ORDINATE OF THE CONTACT POINT 

AT OBTHI 

A 0.001: C=RRXCOS (INT (PM)-I) 

X = C: GP SUB 850 

Y=B:X=A+C: G% SUB 850 

D=C:C u D-AxY/(B-Y) 

IF ABS (D-C) >= .E-4 G@ TP 200 

XC = TAN(@B)*(RS+B/2-C ): XD=XC 

IF XC (RGXSIN45) GP TP 250 

XD=RGXSINU5 

LL=U@/ (1-R)* (1-Rx (INT (PM)-1)/PM) 

D=0 

F=5+2%1: B=(XD-D)/2/F 

0: X =D: G@ SUB 900 A 

A = Y+tAs X=X+B: G@ SUB 900 

A = Yxi+A: X=X+B: G@ SUB 900 

A = Y+A: F = Fel 

IF F<>0 Gé TP 290 

Tbie= Bees BY 3) 

D=0 

F = 5+2e1: B=(XD-D/2/F 

370 A=0: X=D: GP SUB 1000



380 

390 

392 

39% 

396 

397 

398 

399 

4.00 

4o2 

hole 

405 

408 

410 

42 

uk 

“5 

416 

418 

420 

422 

wok, 

426 

427 

428 

430 

5 

4kO 

450 

460 

=e 

A=¥+A: X=K+B: GZ SUB 1000 

A=Yal+A: K=X+B: G® SUB 1000 

A=¥+A: F=F-1 

IF Fz70 GP TS 380 

FR = AxB/3 

IF XC < (RGRSING5) GO TS 430 

BA = (((RS+EG)-RG#COS45 )xTAN (90-45 )-RGXSINY5) 

B = ((BAMBA)-(RS+B/2 )a2~ZxZ )x%(1-1/ ( (TAN (¢B) )a2)) 

A = BA+(RS+B/2)/(TAN(@B)): D=RGXSINY5 

XD=(-A+V(AxA~B) )/(L-1/ (TAN (GB) a2) 

F=5+2"1: B=(XD-D)/2/F 

AsO: X=D: G@ SUB 1200 

A=Y+A: X=X+B: G@ SUB 1200 

A=Yxit+h: X=X+B: GG SUB 1200 

A=Y+A: F=F-1 

IF F<>0 GZ TH 408 

LI=AxB/3: LE = LE + Ll 

D = RGXSINGS | 

F = 54+2%I: B = (XD-D)/2/f 

O: X= D: GZ suUB 1400 A tt 

A = Y+A; X = X+B: GO SUB 1400 

A = Yeita: X = X+B: GZ SUB 1400 

A + YtA: F=F-1 

IF F<pO0 GG TP 422 

Fl = AxB/3: FR=FR+Fl 

IF I70 GZ TP 485 

Sl = (SIN(PM) - SIN(INT(PM)))#RR 

M=LE/22S1 

N=XD/2x%S1 

S=FR/2xS1



480 

485 

490 

500 

510 

930 

540 

Sul 

543 

54S 

548 

250 

555 

560 

570 

580 

600 

610 

615 

620 

630 

640 

645 

650 

655 

ele 

GZ TP 530 

S2 = (SIN(INT(PM)-I+1 )-SIN(INT(PM)-I) )#RR 

M = (LE+LA)/2xS2 

N = (XD+XA)2%S2 

S = (FRtPA)/2xS2 

MA = MA4M: NA = NA+N: SA=SA+S 

LA = LE: XA = XD: FA = FR 

IF (INT(PM)=I) > (ACS(COS(PM) + (X7-RB)/RR) GP TP 550 

HM = ABS (LL-VB)*RB&CAxT/180 

T = (HM+HA)/2*S2 

TA = TA+T: HA=HM 

NEXT I 

REM CALCULATS THES MEAN TUBE THICKNESS AFTER ROLLING 

XI=RGRSINUS: Y1= RGXCOS45-(EG-#/2) 

y2 = (XL+¥ 1)/(1+TAN(@B)): X2 = Y2 x TAN(@B) 

WB = X1/2 #/(RGRRG-X1XX1) + RGRPG/2XASN(X1/ROR 

TV180- (& G-E/2)X1 + (X2-K1)*(¥ 1xx1/2-x2/2 ) 

+ 2/3%(X3-X2 )ev2 

Al = Agx(1-R): AT=hxWB-Al 

Ti=VGxiB/m) -VGI/m) 

REM CALCULATE THE RADIAL, LONGITUDINAL, 

CIRCUMFERENTIAL STRAINS 

ER = LN(TQ/TL) 

EL = LN(1/(1-R)) 

ET = ER-EL 

REM CALCULATE THE TOTAL GENERALIZED STRAIN 

BH = \(2/3x (SRRER+ELREL+ETXET) ) 

Pl = ACS (COS(PM) + (X7-RB)/RR)



660 

670 

675 

680 

690 

700 

710 

720 

730 

735 

740 

750 

760 

770 

780 

790 

800 

810 

850 

860 

900 

910 

920 

eh 

ED = (X3-X7/(J3x(L-R)#A¢ )#RR# (LN (PM/PL) 

- R/PMx*(RM-P1 ) ) 

EM = EH+ED 

REM CALCULATE THE MEAN STRAIN RATE 

AB = (Q@M/(PM#T/180 )*LN ( (RS+8/2-RR*COS (PM) )/ 

(RS+E/2-RR)))/2 

PRINT "TOPAL GENERALIZED STRAIN =", EM 

PRINT "MEAN STRAIN RATE =", AB 

INPUT YY 

EF = 4/\3x(M1xSA+/2xTA )/ (ADRUD ) 

Wr = (EM+EF )xvy 

REM CALCULATE THE MEAN PRESSURE AND RSF 

MP = WIXxAS*USXPM#T/180/ (4xMAx (TS-T1)29M) 

P = 2xNAXMP 

PRINT "TOTAL WORK DONE =",WT 

PRINT "MEAN PRESSURE ="*, MP 

PRINT “RSF =", P 

END 

B= ((\(RGRRG-XxX)) - (EG-B1/2))n2 + (X+EC-B/2)2 

- RGx#RG 

RiTURN 

B = (TAN((B)#(RS+H/2-X) a2 + (RS+EG )a2 = RG#RG 

= 2% (RS+HG x ( WKRX+Z8Z ) )+KEX+Z42Z 

RETURN 

W = ZRZ/((RS+EG-\(RGRRG-K#X) )A2 -ZxZ) 

¥ = Otek (L+W)/ (RGRRG-XXK) +1) u 

Ru TURN



1000 

1010 

1020 

1030 

1200 

1210 

1400 

1410 
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W= VRGRRG-xxx) 

WA = \C(teme(142%Z/((RS+EG-W)a2 -Z*Z)) AileW))+1) 

Y = ABS(Me VC(RS+EG-W) a 2-2%Z)-LL )2WA 

RETURN 

Y = VQ+/(1-(2/(K+BA)) a 2)) 

RETURN 

y = aps(die (CCBA) a2 - (ZZ) )-1L)* V0 41/ (1-(2/ 

(X+Ba ) )a2)) 

RETURN
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Appendix (A~-5) 
  

Computer programme for the case of rolling round tubes 

in groove (C) 

5 

10 

20 

30 

4o 

REM MEAN PRESSURE, RSF, TOTAL WORK - ROUND TO OVAL 

TUBE - GROOVE (C) 

INPUT RG, R, OM, E, WO, VB, PM, Ml, M2, X3, TH, RB, RR, 

RS, BE, Rl, R2, H 

BG = Rl -H 

MA = 0: NA = 0: SA = 0: TA = 0 

REM OBTAIN THE RELATIONSHIP BETWEEN GAMMA, OBTHI AND 

PHI 

L = ACS ((RLRR1L-ROXRO+(HG-B/2 )a2)/ (2¥R1L(EG-B/2 )) ) 

Cl = ASN(RLXSIN(L)/RO) 

X1 = RP*SIN(C1) 

AA (R2-RL)XSIN(BE): BB = RS + BG + (R2-R1)#COS (BE) 

i BL RS + H/2 

IF X1 <= (RLXSIN(BE)) G% TZ 60 

" Bl - RIXCOS(BE) - (EG-H/2): A = 0.001 

C: Gg SUB 800 

K
M
 

a 

" 

B: X= A+C: GP SUB 800 

ty 0 =C: C = D-AxY/(B-Y) 

IF ABS(D-C) y= E-4 GO TD 54 

x1 (RORRM - (B1-C)A 2) 

cl ATN (X1/ (RS+2/2-C ) 

(LN(CL/INT (C1) )/LN(PM/ (PM=1) ) ) 

FORT =OTP PM 

i BS 

AS 

¢B 

Z = RR¥SIN(INT(PM)-I) 

C1/(PM)ABS: GA = AS#%(PM=INT (PM) +I )aBS 

u GA + (TH-Cl)x(1-(INT(PM)-I/PM)



88 

90 

100 

110 

120 

130 

140 

Loy 

148 

150 

160 

170 

180 

190 

200 

210 

220 

230 

250 

260 

270 

280 

290 

292 

294 

295 

297 

298 

299 
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REM CALCULAT# THE X-CO-ORDINATE OF THs CONTACT POINT aT 

OBTHI 

A = 0.001: C = RRXCOS(INT(PM)-1) 

al
 u C: GP SUB 850 

Y=B: X =A+C: Gf SUB 850 

D=C: C = D-AxY/(B-Y) 

IF ABS(D-C) > = B-4 Gg TP 100 

XC = TAN(@B)x(RS+8/2-C): XD = XC 

IF XC < (RIXSIN(BE)) GO TS 150 

XD = RIXSIN(BE) 

LL = U@/(1-R)x(1-Rx (INT (PM)-I)/PM) 

D0 

F = 5421: B = (XD-D)/2/F 

4 =0: X =D: Gg SUB 900 

A =Y¥+ti: X =X +B: GP SUB 900 

A = Yalta: X = K4+B: GY SUB 900 

WW Y+As F = Fel 4 

IF F<70 GY TH 190 

LE = AxB/3 

=0 

my 
oO 

W 542%: B = (XD-D)/2/F 

0: X =D: GP SUB 1000 os
 u 

YtA: X = X+B: GO SUB 1000 

Yauta: X = X+B: GB SUB 1000 

> 
F W 

= Y+A: F = F-1 1 

IF F<>0 GO TS 280 

FR = AxB/3 

IF XC <(RIXSIN(BE)) GB TH 329 

C = RR¥CPS(INT(PM)-1): A = 0.001 

X = C: G# SUB 1100 i



2a 

300 Y = B: X = A+C: GY SUB 1100 

301 

302 

303 

304 

306 

308 

310 

312 

314 

340 
350 
360 

370 
380 

385 

390 
400 

D=C: GC = D=-AxY/(B-y) 

IF ABS (D-C)>= E~-4 GO TP 299 

= (RS+H/2-C )#TAN($B): D = RIXSIN(BE) 

= 5+2eIs B= (XD-D)/2/F 

= 0: KX =D: G% SUB 1200 

  

A = Y+A:X=X+B:G SUB 1200 

A = Yeit+A: K = X4+B: GZ SUB 1200 

A = Y+A: F = F-1 

IF F<> 0 GP TP 308 

Ll = AxB/3: LE = LE +L1 

D = RIXSIN(BE) 

F = 54+2%I: B = (XD-D)/2/F 

A=0: X =D: G@ SUB 1400 

A = Y+A: X = X+B: GZ SUB 1400 

A = YeitA: X = X+B: GO SUB 1400 

A=YVti: Fa=PFe-1 

IF F<>0 GO TA 322 

hy
 

fey
 

u AXB/3: FR = FR + Fl 

" ABS (LL-VB )#RBXGAXT/180 

IF I>0 GP TS 385 

Sl = (SIN(PM) - SIN(INT(PM)))#RR 

M = L#/2 x Sl 

N = XD/2xS1 

S = FR/2xS1 

T = HM/2xS1 

GB TS 430 

$2 = (SIN(INT(PM)-I+1L) - SIN(INT(PM)-I))#RR 

M 

N 

(LE+LA )/2%S2 

(XD+XA )/22S2



y1o 

420 

430 

uh 

450 

455 

470 

480 

490 

500 

510 

915 

520 

930 

540 

545 

550 

560 

570 

975 

me be = 

S = (FR+FA)/2xS2 

T = (HM+IA)/2x52 

MA = MA +M: NA = NA+N: SA = SA+S: TA = TA+T 

LA = LE: XA = XD: FA = FR: HA = HM 

NEXT TI 

REM CALCULATE THE MEAN TUBE THICKNESS AFTER ROLLING 

XL = RLXSIN(BE) 

X2 = XD: Y2 = X2/TAN(@B) 

Z2 = X2 + (R2-RL)*SIN(BE): 23 = X3 + (R2 - RL)RSIN(BE) 

WL = X1/2%\(RLRRL-XLXXL) + RLXRL/2ASN(XL/RL)#7V180 

= (BG = E/2)8Kk142/3x¥2%(X3=X2 ) 

W2 = 23/22 \(R2RR2-Z3%Z3 ) +R28R2 /2*ASN (Z3/R2 )¥1/180 

= 22/2% \(R28R2-22%722) - ROH ROH! 

    

   

  

(Z2/R2) 

% 1/180 - ((R2-RL)xCOS(BE) + (EG-E/2) )(X3-X2 ) 

WB = Wl + W2 

AQ =x (RO*RO-RBXRB ) 

AL i A® #(1-R): AI = UxwB-AL 

VGxua/t) - VAI/3) 

REM CALCULATE THE RADIAL, LONGITUDINAL, 

1. I 

CIRCUMFERENTIAL STRAIN 

Be w
 | = LN((R@-RB)/TL) 

LN(1/(1-R) ) te
 

La
d i 

ET = ER-EL 

REM CALCULATE THE TOTAL GENERALIZED STRAIN 

EH = \2/3%(GRRER+SLREL+ETXET ) ) 

ED " (RO-RB)/ (12% 3x40x (1-R) )#RR(PMRT/180) 0 2 

2% (3-22R) 

EM = te
 H+ED 

-REM CALCULATE THE MEAN STRAIN TE
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580 AB = ((M/(PM*17/180 )x*LN( (RS+E/2-RRXCOS (PM) )/ 

(RS+8/2=RR ))/2 

590 PRINT "TOPAL GENERALIZED STRAIN =", EM 

600 PRINT "MEAN STRAIN RATE =", AB 

610 INPUT YY 

620 EF = 4/\3x(MLXSA+2xTA )/ (AD2UD ) 

625 REM CALCULATE THE TOTAL WORK DONE PER UNIT VOLUME 

630 WI = (EM+EF )xYy 

635 REM CALCULATE THE MEAN PRESSURZ AND RSF 

640 MP = WExASRUPePM#T/180/ (4xMAxt (RD-RB=-T1 )2OM ) 

650 P = 2x*NAXMP 

660 PRINT "TOTAL WORK DONE =", wY 

670 PRINT "MEAN PRESSURE =", MP 

680 PRINT "RSF =", P 

690 SND 

800 B = (WUR~eRO-(B1-X a2 )+44 )n2+(BBHK )AQ-R2ARR2 

810 

  

850 B = (TAN(¢B)*(RSHE/2-X) a2 +(RS+HG)A2 - RIXRL 

- 2x(R SHG) (fe 4+Z"2 ) )+KeK + Z2RZ 

  

900 Ws ZaZ/((RS+EC~\[(RLERL ~ XxX))a2 - ZZ) 

10 ¥ = \[(eeme (1 H)/ (RLARL-Kex)+1) 

920 RETURN 

1000 w = \(RLxRL-xxX) 
LOLO wa = \{ CKRKR(L+ZHZ/((RSHBGAH M2 — ZRZ))/ (eH) )+L)



1020 

1030 

LEO 
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¥ = ABS (flix | ((RSHEG-W)n2 - 22Z)-LL) HA 
RETURN 

B= ((RS+H/2-X)eTAN(PB)+Aa)a2 + (SB - Y(Kxx+ZxZ)) 

N2 = R2*R2 

RETURN 

W I R2xR2 - (X+AA )n2 

V+ 4282/ (BB = YGI))A2 = ZxZ) (EHH a2 )/ i) 

RETURN 

MW 

x 

   ul re) 2=(X+AA )n2 

WA =\/((BB = (W))A2 = ZxZ) 

¥ = aBS (QMRWA-LL)%( \/ (1+(1+Z%2/((BB-\(l)) a 2 

ned 

~ Z2%Z))%( (X+AA )n2 )/W)) 

RETURN
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Appendix (A-6) 

Computer programme for the case of rolling oval tubes in 

groove (C) 

10 

rey
 

wn
 

tr oO 

30 

100 

105 

110 

REM MEAN PRESSURE, RSF, TOTAL WORK = OVAL TO OVAL TUBE - 

GROOVE (C) 

INPUT R, @M, B2, U®, VB, PM, Ml, M2, X3, TH, RB, RR, RS, 

BE2, R3, R4, H2, El, RL, R2, Hl, BEL, X7, AD, TO 

EGL = Rl = Hl: £G2 = R3 - H2 

Fl = EG] - 51/2: F2 = (R2-R1L)xSIN(BEL): F3 = (R3 = R1) 

x COS (BEL) + (EG1-21/2) 

FL = EG2 - £2/2: F5 = (R4-R3)x#SIN(BE2): F6 =(R4-R3) 

% COS (BE2 )+(EG2-E2/2) 

MA = 0: NA = 0: SA = 0: TA = 0: HA = 0 

REM OBTAIN THE RELATIONSHIP BETWEEN GAMMA, OBTHI AND PHI 

B1 = BS + E2/2: BB = RS + EG2 + (R4 - R3) x COS (BE2) i 

Qa
 = R1XCOS(BEL): A 0.001 

X = C: G@ SUB 800 

Y =B: X = A+C: Gg SUB 800 

D = C2 C= D=ARY/(B-Y) 

IF ABS(D-C) >= E-4 GB TP 50 

ne oe 

IF XG > (R3xSIN(BE2)) GO TS 95 

IF XG<(RIXCOS(BE1L) - (8G1-E1/2)) GP TZ 135 

Cl = ATN(XG/(MR32R3-XGXXG )-F+) ) 

Gg TP 168 

C = R3xSIN(BE2): A = 0.001 

X = Cs GP SUB 850 

Y =Bs: X = A+: GY SUB 850 

D =C: C = D=AnY¥/(B-Y)



115 

120 

125 

130 

135 

140 

145 

150 

155 

160 

165 

168 

170 

175 

180 

185 

188 

190 

200 

210 

220 

230 

240 

24k 

248 

250 

260 

270 

=e 56 

IF ABS(D-C) >= .E-4 Gg TZ 100 

xG =C 

ATN(XG/(V(RIRRL - (XG+P1) 0 2)) 

GZ TP 168 

cl 

O: A = 0.001 

a u Cz GZ SUB 900 

Bz X = A+C: GO SUB 900 

D=C:C D-AxY/ (B-Y) 

IF ABS (D-C)>= E-4 Gg TZ 140 

XGe="¢ 

c1 ATN(XG/( (R3X¥R3-XG2#XG )-F4) ) 

FOR I = 0 TO PM 

BS = (LN(CL/INT(CL))/LN(PM/(PM-1))) 

is a u C1/(PM)aBS: GA = AS#(PM-INT(PM)+I) 0 3S 

OB = GA+(TH-Cl )*(1-(INT(PM)-I)/PM) 

Z = RRXSIN(INT(PM) -1) 

REM CALCUIATE THE X-CO-ORDINATE OF THE CONTACT POINT 

AT OBTHIT 

i 0.001: C = RR¥COS(INT(PM)-I) A 

R= C2 GO SUB_950 

Y = Box = Ate 27G9 SUB 950 

D=C: C = D~AxY/(B-Y) 

IF aBS(D-C)>= E-4 Gf TY 200 

XC = TAN(@B)*#(RS+H2/2-C): XD=KC 

IF XC < (R3XSIN(BE2)) GP TH 250 

XD = R3x#SIN(BE2 ) 

LL = UO/(1-R)#(1-Re(1-Re (INT (PM) - 1)/PM) 

p= 

Fo = 5+2e1: B = (XD-D/2/F
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A = 0: X =D: Gg SUB 1000 

A =Y+tA: X e u X+B: G% SUB 1000 

A = Yxl+a: X = X+B: GY SUB 1000 

A = Yth: F = F-1 

IF F<>0 GS TP 290 

LE = AxB/3 

D=0 

F = 54+2+1: B = (XD-D)/2/F B 

A O: X =D: Gf SUB 1050 

A = Y+tA: X X+B: GG SUB 1050 

A = Yei+hA: X = X+B: GO SUB 1050 

A = Yta: F = F-1 

IF F<>0 GZ TP 380 

FR = AxB/3 

IF XC <(R3xSIN(BE2)) GZ TP 430 

C Bl = R3xCO0S (BE2 )-(HG2-H2/2): A = 0.001 

ul Xx C: GY SUB 11C0 

Vv i tw
 2 X = A+C: GP SUB 1100 

  CD =Cic =D -A*Y/B-¥): IF ABS(D-C)p>=B-1 Gf TZ 399 

XD = (RS + H2/2-C)*TAN(@B): D = R3xSIN(BE2) 

F = 5+2"I: B = (XD-D)/2/F 

A = 0: X =D: GY SUB 1200 

A = Y+A: X = X+B: GO SUB 1200 

A = Yx4+h: X=X+B: GO SUB 1200 

A =Y+A: F=PF-L: IF F<70 GO TS 408 

Ll = AxB/3: LE = LE+L1 

D = R3xSIN(BE2 ) 

F = 5421: B = (XD-D)/2/F 

A = 0: X =D: GP SUB 1400 

A = Y+A: X = X+B: G@ SUB 1400



570 

580 

600 

= 26g = 

= YxitA: X = X+B: GB SUB 1400 

= Yti: F = F-1 

IF Fc<>0 GO TP 422 

F7 = AxB/3: FR = FR+F7 

IF I > 0 GO TP 485 

S1 = (SIN(PM) = SIN (INT(PM)))2#RR 

= LE/2xs1 

N = XD/2xS1 

S = FR/2+xS1: GZ TS 530 

S2 = (SIN(INT(PM)-I+L) - SIN(INT(PM)-I))#RR 

M = (LE+LA)/2xS2 

N = (XD+XA)/2x82 

S = (FR+FA)/2xS2 

MA = MA+M: NA = NA+N: SA = SA+S 

LA = LE: XA = XD: FA = FR 

IF (INT(PM)=1) > (ACS (COS (PM)+(X7-RB)/RR))G@ TS 550 

HM = ABS (LL-VB)*RBxGA2T/180 

T = (HM+HA)/2xS2 

TA = TA+T: HA=HM 

NEXT I 

REM CALCULATE THE MEAN TUBE THICKNESS AFTER ROLLING 

XL = R3XSIN(BE2): X2=R3RSIN(BE2): Y2 = 42/TAN(ZB) 

Z2 = X2+(R4-R3)*SIN(BE2): Z3=X3+(R4+R3 )xSIN (BE2 ) 

WL = %1/2% VR3¥R3-X1eX1) + R3%R3/2#ASN (XL/R3)* 11/180 

- (BG2-£2/2 )*X1+2/3#¥2x% (X3-K2) 

W2 = 23/2 ((RleR4-Z3"Z3) + RleR4/2*ASN(Z3/R4) 

*# 1/180 - 22/2 \(RlseR'=22x22 )=2! 

* 7/180 = ((R4-R3)XCOS (BE2 )+(EG2-E2/2 ) )*(X3-K2 ) 

  

WB = Wl + We 

Al = A@x(1-R): AT = 4eWB-Al



610 

615 

620 

630 

640 

645 

650 

655 

660 

670 

675 

680 

690 

700 

710 

720 

725 

730 

735 

740 

750 

760 

770 

780 

790 

8co 

810 

B25 6 

TL =\CawB/r) - \I/T) 

REM CaLCULATE TH& RADIAL, LONGITUDINAL, CIRCUMFERENTIAL 

STRAINS 

ER = LN(T@/T1) 

EL = LN(1/(1-R)) 

ET = SR-EL 

REM CALCULATE THE TOTAL GENERALIZ&D STRAIN 

EH = \(2/3x(ERRER+ELASL+E 7X27) ) 

Pl = ACS(COS(PM) + (X7-RB)/RR) 

fe)
 

0 " (X3-X7)/(¥3%( 1-R)2 AG )RRR(LN(PM/PL) - R/PM#(PM=PL)) 

EM = EH - ED 

REM CALCALCULAT# THE MEAN STRAIN RaTE 

AB = (@M/PM#1/180)xLN ( (RS+E2/2-RRXCOS (PM) )/ 

(RS+£2/2=-RR)))/2 

PRINT "TOTAL GENERALIZED STRAIN =", EM 

PRINT "MsAN STRAIN RATH =", AB 

I) 

  

yi ogi 

EF = 4/¥3*(002SA 227A )/ (AdxUd) 

REM CALCULATE THE TOTAL WORK DONE PER UNIT VOLUME 

WI = (EM+EF )2¥¥ 

REM CALCULATS THE MEAN PRESSURE AND RSF 

MP = WIRAGRYP#PMeV/180/ (4xMAx (TE-T1 )xOM) 

P = 2:%NAXMP 

PRINT “TOTAL WORK DONE =", WT 

PRINT "MEAN PRESSURE =", MP 

PRINT "RSF =",P 

END 

B =(((R3xR3-KeX) - FU)A2 + (X+F1)a2 - RLARL 

RETURN



850 

860 

900 

910 

950 

960 

1000 

1010 

1020 

1050 

1060 

1070 

1080 

1100 

1200 

1210 

1220 

1400 

1410 
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B = (X+F5)a2 + ((RLRRL-(X+P1)a2+F6)a2 - RueRY 

RETURN 

B = (\(R3xR3-KeX)-FU+F2 )n2+(K4+F3)A2 — R2XR2 

RETURN 

B = (TAN(@B)#(RS+H2/2-X))a2 +(RS+HG2 )A2 = R3X*R3 

- 2x (RS+EG2 x ( ((KRK+Z8Z) )+KRK+ ZRZ 

RETURN 

= W ZXZ/((RS+EG2— (R3*R3-KRK) a2 - ZXZ) 

y= \Coeke (L+H) / (R3#R3-X8X) +1) i 

RETURN 

w = \(R3xR3-xxX) 

WA =\C (Zeke (L4+2Z%Z/ ((RS+EG2-W )A2-Z*Z))/ Coew) ) +1) 

Y = ABS (GMe \C(RS4BG2-W)A2 — Z¥Z)-LL WA 

RETURN 

B = ((RS+H2/2-K)*TAN(GB)+F5)a2 + (BB-VKRX + ZRZ)) 02 

- Roser 

R&TURN 

W = RoxeRb-(X+F5 )a2 

vy =VG+(1+28Z/((BB- Vd) a2 = Z2Z))& ((X+F5 )n2)/W) 

RETURN 

W = R4€RY - (X+F5)A2 

WA =VC(BB- (w))s2 -2%Z)



-261 - 

1420 ¥ = ABS (QMRWA-LL)x( V+ (14222/((BB= VG) )n2 

~ ZZ) )#((X+F5 )A2/W)) 

1430 RETURN
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Appendix (A-7) 

Computer Programme for the calculation of Tube and Mandrel 

speeds in a multi-stand mill 

10 

20 

30 

Lo 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 

170 

180 

190 

200 

210 

220 

230 

240 

250 

260 

REM CALCULATIONS OF TUBE AND MaNDREL SPEEDS 

DIM P(8) DIM U(8): DIM X(8): DIM ¥(8) 

DIM Q1(8)s DIMQ2(8): DIM Vw(8) 

REM R#AD ROLL SEPARATING FORCES AND ROLL SPEEDS 

FOR I =1 TH 8 

INPUT P(I), VW(I), Q1(I), 92(1) 

NEXT I 

REM LET THE INITIAL TUBE SPEEDS EQUAL ROLL SPEEDS 

FOR 1 =1 TA 8 

U(I) = VWW(I) 

NEXT I 

REM CALCULATE MANDREL AND TUBE SPEEDS 

FOR N = 1 Tg 20 

Sk = 020¢,9% = 0.0 

FAR 1 =1 TG 8 

X(I) = P(1)xQ2 (1) 

SK = SX + X(I) 

Y(I) = P(1)#Q2 (I)xU (1) 

SY = SY+¥(I) 

NEXT I 

REM CALCULATE MANDREL SPEED 

VB = SY/SX 

REM COMPARE VB WITH PR&VIOUS VALUE 

Vi = VB 

IF N =1 G# TZ 270 

IF (ABS(V1-V2) < 0.001) GZ TY 320
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v2 = Vl 

FOR J = 1 TH 8 

UT) = ((VW(T )xQ1 (T) )+(VBR2 (T)))/(Q1 (J )+Q2 (T)) 

NoXT J 

NEXT N 

PRINT "VB =", VB 

PRINT U(J) 

BND
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Appendix (B) 

Table (Bl) Comparison between the measured and calculated 

length of the are of contact 

  

  

          

Test No Ln L, One ae 

mm mn measured calculated 

12 17.58 14.42 10.65 8.74 

13 18.86 15.46 11.43, 9.37 

a4 18.86 15.52 11.43 9.40 

15 22.20 16.40 13.45 9099 

16 21.43 17.38 12.99 10.53 

17 22.71 17.29 13.76 10.48 

18 23.7 18.10 14.39 10.97 

19 nee 10.66 7.4 6.46 

20 14.88 12.42 9.02 7.53 

21 i 372 11.88 8.32 7.20 

22 17.58 12.61 10.65 7.64 

23 18.22 12.673 11.04 7.70 

2k 19.12 14.66 1659 8.88 

25 13.98 11.94 8.47 7.26 

26 1525 12679 9024 7.75 

27 14049 12.57 8.78 7.62 

28 17532 14.22 10.50 8.62 

29 17.58 14.21 10.65 8.61 

30 17.32 10.63 10.50 6.4 

31 20.40 12.29 12.36 7d 

32 18.09 11.38 10.96 6.89 

33 16.68 10.26 ie) 6.22 

34 17.58 10.92 10.65 6.62  
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Table ( Bl ) Cont. 
  

  

          

Test No Li Ly On bn” 

mn mm measured | calculated 

35 19.37 11.24 11.74 6.81 

36 19.89 12.20 12.05 7.40 

37 18.86 9.54 11.43 5.78 

38 20.27 10.11 12.29 6.13 

39 19.37 9.82 11.74 5.9 

Lo 13.72 8.53 8.32 5.17 

41 15.52 9.25 941 5.61 

42 19.12 10.17 Lie 5 6.16 

43 15.14 8.56 9617 519 

4h 16.93 9.55 10.26 5.79 

Ls 18.60 10.19 11.27 6.18 

46 13.08 7-79 7.93 472 

ug 13.98 8.90 8.47 5.39 

ug 18.09 9.09 10.96 5. 51. 

49 15.78 11.00 256 6.67 

50 15.65 L117 9.48 6.77 

51 17.45 11.60 10.57 7.03 

52 19.12 12.81 11659 ec? 

53 15.52 11.60 9.41 7203 

54 16.93 12,07 10.26 732 

by 17.96 12.78 10.88 775 

56 20.79 12.49 12.60 7.57 

57 19.37 13.24 17 8.02 

58 18.09 12.21 10.96 7.40 

59 16655 11.58 10.03 7.0 

60 17-96 11.41 10.88 6.91  
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Table ( Bl ) Cont. 
  

  

          
  

Test No La L, $,° o,° 

mm mm measured| calculated 

61 18.60 11.89 Lee? 7.21 

62 18.60 11.82 Toy als 

63 19.63 12.00 11.90 Foe 

64 20.14 12.41 D202. - 52 

65 19.89 12.26 12.05 743 

66 17.45 11.14 10.57 6.75 

67 18.22 11.41 11.04 6.92 

68 18.86 12.01 11.43 7.28 

69 16.93 10.99 10.22 6.67 

70 18.60 11.2 11.27 6.79 

Gu 19.37 12.29 11.74 745 

72 15.91 alee) 9.64 6.76 

73 19.12 11.74 11.59 7.12 

Ty 19.12 12.09 11.59 733 

7 18.86 12.41 11.43 7.52 

76 17.32 11.48 10.50 6.96 

77 15-78 1 9.56 6.73 

78% 16.04 21.92 9.72 13.28 

79% 17-70 23.66 10.73 14.34 

* Rolling Oval Tubes 
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Appendix (C) 

Table (C1) Toraue sharing and the corrected length 

of the are of contact 

Test No he Li Las ‘ 

T mn mm ee 

12 0.94 WAGs) 16.47 8.7u 

3 0.97 18.86 18.28 11.07 

14 0.94 18.86 17.67 10.71 

15 0.98 22.20 lie 7a: 13.16 

16 0.95 21.43 20.42 12.38 

7 0.94 22 «fis 21.40 13.00 

18 0.87 Oe 7 20.58 12.49 

Ane) 0.96 12.31 11.83 Tal? 

20 0.92 14.38 13.75 8.33 

21 0.%6 13.72 dees 7095 

22 0.93 17.58 16.29 87 

23 0.86 18.22 15.63 9.47 

2u 0.97 19.12 18..58 i326 

25 0.97 13.98 13.55 S021 

26 0293 15.52 14.50 8.79 

27 0094 14.49 13.64 8.27 

28 0.93 17.32 16.07 9.7% 

29 0.96 17.58 16.86 10.21 

31 0.96 20.40 19.48 11.81 

32 0.99 18.09 17.89 10.84 

33 0.96 16.68 15.94 9-66 

34 0.92 1758 16.15 9079            
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Table (C1) Continued 
  

  

          

Test No ue La Lee : 

T mm mn nee 

2) 0.97 19.37 18.79 11.39 

36 0.98 19.89 19.49 11.81 

37 0.98 18.86 18.50 shi geak 

38 0.98 20.27 19.91 12.06 

oe 0.94 19.37 18.19 11.02 

ho 0.92 13.72 12.67 7.68 

UL 0.93 15.22 14.47 8.77 

42 0.96 19.12 18.41 11515 

43 0.93 15.14 14.00 8.48 

uly 0.92 16.93 15.51 904 

us 0.92 18.60 17.17 10.41 

46 0.89 13.08 11.63 7.05 

47 0.93 13.98 13.02 7.89 

4g 0.95 18.09 17.2 10.45 

uo 0.91 15.708 14.30 8.66 

50 0.94 15.65 14.68 8.90 

51 0.95 17045 16.56 10.03 

52 0.94 19.12 18.03 10.92 

53 0.90 Le 52 13.98 8.47 

5k 0.93 16.93 15.68 9.50 

BD 0.93 17.96 16.76 10.16 

56 0.92 20079 19.12 11.59 

60 0.82 17.96 14.73 8.93 

61 a05 18.60 19.61 11.88 

62 0.93 18.60 17.32 10.50 

63 0.91 19.63 17.9% 10.87  
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Table (C1) Continued 

Test No ae La ee ' 

T mm mm ome 

64 0.89 20.14 17.87, 10.83 

65 0.90 19.89 17.82 10.80 

66 Y.01 17045 17.62 10.68 

67 0.93 18.22 16.87 10.22 

68 0.94 18.86 17.71 10.73 

69 0.88 16.93 14.92 9.04 

70 0.91 18.60 16.95 0.27 

fet 0.97 19.37 18.72 11.34 

72 0.90 15.91. 14.35 8.69 

73 88 19.12 16.88 10.23 

7 0.93 19.12 17.86 10.82 

75 0.9 18.86 18.24 11.05 

7% 0.89 17.32 15.36 9.31 

a 0.91 15.78 14.41 8.73 

78 0091 16.04 14.62 8.86 

79 0.95 17.70 16.82 10.19         
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Appendix (D) 

Table (DL) RSF and roll springback 

  

  

        

Test RSF, Initial Tube Minor] Springback 
No kN Roll gap Axis 

mn mm mm 

1 30.09 0.76 39.06 Oe 

2 40.2 0.76 39220 0.64 

39.66 0.76 39.15 0.59 

6 40.96 0.76 39.24 0.68 

? 40.59 0.76 39.24 0.68 

8 43.6 0.76 39.25 0.69 

9 5.71 0.76 38.4u 0.13 

16 26.761 Q.51 28.76 0.45 

35 330765 1633 39-72 0059 

36 36.21 1.035 39.46 0.625 

37 40.31 1.58 40.05 0.67 

38 48.27 1.3 39.92 0.82 

39 Uh 51 1.45 Lo 0075     
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Appendix (£) 

An example of the calculations of mean pressure, RSF and 
  

work done per unit volume 
———————— 

The calculations are carried out on test No (31). The 

following data are known: 

ee 20.50 mm J = 0.12 

e =1.6 mm w= 0.0345 rad. sect 

Uy = 2.97 mmssec Vy = 2697 mm sect 

® , = 11.81° %y = 795° 

X3 = 22.5772 mm Ty = 18.8 mm 

a 23.39 mm 5 Lko 

R, = 94.55 mm R, = 113.45 mn 

m, =1 Mo = 0.6 

The sequence of the calculations is as follows: 

(1) Tne peripheral angle of contact between tube and mandrel 

oo at the exit plane is determined from equation CP ea oY 

and (7.11.2), 

cos@= ee [r,? - ce + e, - 2/2)*] C7 ede) 
ar, (e,-e/2) 

= 0.814 

Es r_. sine 

ee ai faa @.lime) 

= 47.55° 

(2) The relationship between B> and » is determined from 

equation (7.11.3) 

Bo = A(,, O° (Zilee3)



- 272 - 

: ( So Pnec 
where B = (Latnteger ay ey CF ea = 0.15 

2 Ee and A =45/(% ,)° = 28.69 

@) 

(4) 

c 

Bo= 28.69(11.81 -)°°19 (6.1) 

The deformation zone from $= 0 to =, ,, is 

divided into transverse sections. at any section 

having a contact angleo, &, and Y% are evaluated from 

equations (g,1) and (7.11.9). 

  

  

B= 28.69 (11.81 -6)°r19 (2.1) 
Yo=tc + (YB, ) GQ - go>) (7.11.9) 

‘i Mec 

=Bo + (79-5 ~ 41.55) (1 - 2) 
11.81 

If, as an example, an angle of contact of Tee ig 

chosen, 

Bc= 27.8- 

Yo= 30-40 

The section at @= 11° will be used in steps (4) to 

(8) 

The y co-ordinates of the contact point corresponding to 

a peripheral angle of contact Y, of BO. 4s is determined 

from equation (3.2.8) of the groove surface: 

me a [We Ge Ie 2 (3.2.8) 

where b = R, + eo and Z = R, sino 

Having determined y,in step (3), it can be written: 

x 

tan¥e = Ro e/2 -y



us
 

—— (Ry +e/2 -y) tany, (8.2) 

By substituting equation (#.2 ) in equation (362.8) 

[(tan(e))(R, + e/2 - y)I* + R, +e.) = FA” - 
g g 

2(R, + e,) Ge —e a 70 (E.3) 

By. trial and error y corresponding to c= 30.4° is 

determined as being equal to 95.59 mm 

X= 10.95 mm 

(5) The tube speed U is determined from equation (3.2.2 3) 

  

U 
US a (dl - a>) = mmeseo- 

mec 

(6) The length of the peripherel arc of contact between tube 

and roll at $= 11° is determined by integrating 

equation (3.2.13) between X= 0 to Xx = 10695 

  

2 
2 Z 

SD payee | 3 
aL = $ = Pe) dx (3 «253. 

\ i 2 2 x2 )) 

g 

The integration is solved by approximate numerical 

methods. Using Simpson's method: 

L=11.41mm at ¢= 11° 

(7) Tne work done per unit time against friction between 

tube’ and roll at $= 11° is calculated by: 

die, = 7, {wy - u] aL 

= 7, [wV le - Ge Beste 0G ae a lear (3,2036) 

Again, the integration is solved by applying Simpson's 

method, which gives: tea = 2.67 Ta at 6=11°,



(8) 

(9) 

(10) 

meee 

The work done per unit time against friction between 

tube and mandrel at $= 11° is: 

j = = 80 = Wey, = Tye (U-V,,) TyeBo: 1/180 = 0.277, . 

To calculate the contact area, horizontal projection 

of the contact area and work done ver unit time against 

friction, from the entry plane where B> =o 0 to 

the plane at p= a the following expressions are 

used: 
° 

= 8 = 1° Paes 11.81 to ¢=11 

Sacer sind) 94.55 = 1.31 

From 

Contact area = Bs, = 7.47 mine 

Horizontal projection = 5 Sy = 7.17 mm? 
: 2.677, e t ; “ie 
es a noear » Sy = 1.75 2 N.emm.sec 

Be i 

Mepne $1 = 0.18 U,, Nemn.seo™ 
2 

Steps from (3) to (9) are repeated while 

decreasing » until = 0. The final results are: 

Contact area = 4 x 387.668 rain 

Horizontal projection per roll =2 x 324.93 om” 

We, x 65.4 U, Nemmseo = 

kx 50.731, Nemm.sec 
Hep 

Since the calculations are performed using only a 

quarter of the groove, the above expressions are 

multiplied by 4 to account for the whole groove. 

a: 2, =m Ue Ty = M 
ion 3 

pea,
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(11) To determine the mean tube thickness after rolling, the 

outside area of the tube cross-section is calculated 

from equations (7.10.6) and (7.10.2): 

2 
Xo r a Xx 

; eT 2 2 £ fy ee 
Outside area = Wis T oe omeset me 

g 

2 (e, ~ 8/2)X2 + 5 ¥p(X%3 - XQ)] (7410.6) 

b De cost, (e2e/2)) E\in ce teues/2 egtngy | (710.2) Mey Sg Bos tet 

= 22.43 mm 

X> =r siny, = 22.05 mm, Yo = 7 COSY, = 4.09 mm 

Outside area = 1372 mm 

Inside area = Outside area - cross-sectional area 

= 1188 om® 
t. = 1 yis727™ - \11887r- = 1.45 mm 

(12) The radial, longitudinal and tangential strains are 

evaluated from the following expressions: 

t 
€ =1n <2 = 0.155 

r ty 

A 

€, =1n 2 = 0.129 
ak 

= = = e = 0.027 

The generalized homogeneous strain, fy is determined 

from equation (3.2.18) 

es) 2 
boo i 

The redundant strain, €,.4) is calculated from 

€ ay +E, + en") =O. 166 

equation (3.2.29):
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a eee a” 45-03) ( ) & = « Roe 3.27 0202 
red. 10.3 Aj G-s) Deets Gs es 3 9 

= 0.005 

The total generalized strain, ey? isis 

a = €& + E,og = 0-171 

(13) The mean strain rate is evaluated from equation (5.5-1) 

5 R. +e/2 = R. cos o, 4 
  in ¢ 

Mec R, +e/2 - R, 

0.008 sec™> 

The mean yield stres, Gy is determined from the 

appropriate stress-strain curve corresponding foray 

and ene 

&, = 13.02 Nemm~? 
BE 

(14) The frictional strain, €, is determined as follows: 

4 Su 5 =— o4 . ee €. E 65.4 m, + 50-73 mo)/(A, U,) 

where my and mM, are the friction factors between tube 

and roll and between tube and mandrel respectively. 

my is taken as unity, while m, is 0.6 

&, = 0.355 

(15) The total work done by the rolls per unit volume is: 

WEF , + Ep)G, =76.05 Nemm.mm™> 

The mean pressure, Pi» is determined from the following 

expression: 

Nee os Pmec 

  

Pn bee 
contact area (t -t, )¥
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= 67.29 Nemm~- 

The roll separating force, RSF is: 

RSF = 2 x 324.93 x 67.29 = 43.73 kN 

where 2 x 324.93 is the horizontal projection of 

the contact area.
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Appendix (F) 

Table (Fl) The total work done by the rolls per unit volume 

and the comparison between the measured and 

calculated values of the mean pressure and roll 

separating force 

  

  

  

            

— We Mean Pressure, N.mm_ RSF, kN 

i: Nemm.mm73 
Measured| Calculated | Measured |Calculated 

12 1.314 28.062 31.77 20.064 17-539. 

13 2.057 29.951 35.315 22.347 21.39 

14 2.225 29.88 356815 23.122 20.193 

15 3.231 44.80 Ub 551 32.581 30+042 

16 4.274 39.569 39-168 26.761 30.157 

7 4714 42.518 40.803 32.633 32.14 

18 We7h? 43.372 40.715 33.143 28.734 

19 0.145 19.545 27.402 8.358 7.272 

20 0.491 23.855 31.49 12.325 11.279 

21 0.48 19,884 33.108 12.072 10.886 

22 0.99% 27.742 32.052 18.032 13.781 

23 1.197 34.367 37.816 18.768 14.466 

24 1.816 30.281 35.261 22.250 20.9 

25 0.380 19.541 26.488 10.932 9.369 

26 0.640 232351 30.083 13737 11.173 

27, 0.678 25.212 29.655 14.923 11.297 

28 ee 27.522 31.195 18.226 15.019 

29 1.486 30.65 34.666 19.677 17.943 

3L 6.858 750906 67.29 46.5 43.729 

32 3.942 64.816 61.474 40.99 32.487  
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Table ( Fl ) Cont. 
  

  

  

        

"No. Mean Pressure ,Nemm~> RSF , kN 

Nemm.mm73 
Measured | Calculated | Measured |Calculated 

33 2.108 53.078 50.093 32 23.215 

34 1.975 40.812 43.093 24.352 21.603 

32 205 47.674 49.975 32765 27.151 

36 3.948 54.367 53.168 36.21 33.99 

37 1.628 62.354 730168 40.309 43.971 

38 1.888 730793 77 6962 48.269 53-099 

40 0.841 41 401 65.402 19.159 17 315 

41 1.339 51.934 58.797 25.895 oak 

ho 2.186 57 657 62.84 36.269 29 

43 0.457 40.980 62.54 19.129 17.303 

Lh 1.141 39.135 60.857 23.732 20.248 

4s 2.807 54.062 60.127 330645 25.01 

4g 2.021 42.258 43.763 23.461 18.429 

50 25187 38.80% 41.636 21.225 18.573 

51 3.273 43.831 UL.85 28.565 24.223 

52 4.628 38.293 50.533 30.859 31.097 

53 2.413 38.929 40.575 19.472 17.183 

54, 3-06 51-952 44.804 23.842 21.839 

55 4 599 544183 53.459 27 21. 28.661 

56 4.805 58.172 53.923 32.532 36.321 

60 1.563 30.94 45.155 19.207 19.237 

61 2.679 4h. 2h 50.757 26.567 29.017 

62 36757 48.614 59.223 27.867 30.742 

63 3-510 55-253 58.737 32 657 30-07 

64 4.08 52.908 64.01 34.392 32.0789      
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Table ( Fl ) Cont. 
  

  

  

  

ee Mean Pressure ,Nemm=- RSF , kN 

Nemmsmm73 i 
Measured | Calculated] Measured | Calculated 

65 3.035 58.710 61.03 352297 32.628 

66 2.9 - 50.958 21.627 26.2111 

67 4.09 68.373 62.403 32.82 31.898 

68 4.911 756569 68.00 39249 33.686 

69 2675 50-501 592593 3.457 22.979 

70 3.872 72.212 56.03 34.689 26.912 

71 4.895 70.731 57.718 35.53 31.307 

72 3.043 50.463 592339 22.115 23.454 

a 3.356 57 883 62.99% 27.14 27.513 

74 5.561 790181 78.666 38.152 37.949 

3) 6.753 69.083 79.627 35-832 39.45 

76 4.548 66.234 66.835 30.572 29-791 

a8 2.974 43.975 54.906 23.160 22 at 

78 2.746 49.836 52.581 23.624 20.987 

79 3.852 46.861 58.606 23.127 28.154           
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Appendix (G) 

  

  

  

Table (G1) Comparison between the measured and calculated 

values based on the two Russian theories 

be Mean Pressure, Nemm~- eae oe dae 

Vatkin and 
Measured Druyan Measured Fomichev 

12 28.062 18.927 50.408 20.619 

a3 29 695k 22.193 49.285 26.849 

Ty 29.88 22.381 48.313 27.715 

15 4.80 26.654 84.742 34.337 

16 39.569 26.819 79 448 43.979 

17 42.518 28.06 69.401 43.012 

18 aeave 28.324 82.430 53-273 

Lo 19.545 10.937 28.932 9.408 

20 23.855 14.785 41.160 26.059 

21 19.884 14.415 352067 19.813 

22 27.742 1985 60.198 26.547 

23 34.367 19.322 70.20 276505 

2 30.281 22.67 68.428 500439 

25 19.541 14116 31.481 12.331 

26 23635 16.402 35.824 24.671 

27 25.22 15.976 40.512 19.755 

28 Oe 922. 19.304 49.976 29.695 

29 30.65 20.166 59.678 290875 

a 75.906 58.232 183.0712 276727, 

32 64.816 49.479 162.310 21.422 

33 5320978 39.892 137.16 19.954 

34 40.812 40.047 87.464 22.464            



- 282 - 

Table ( Gl ) Cont. 
  

  

  

  

ee Mean Pressure ,Nemm7~ Pressure at the nH08 of the 

groove, N.mm 

Vatkin and 
Measured Drvyan Measured Fomichev 

35 47.674 48.146 118.729 25-080 

36 54.367 53-728 1332357 27.138 

37 62.6354 50.029 156.823 22.566 

38 73-793 53-578 178.343 24.871 

Lo 41 401 31.737 93-946 16.042 

ua 51.934 390774 110.886 21.142 

4a 57-657 53-177 DoseL 7h 23-913 

43 40.980 28.843 84.396 14.091 

Lh 390135 40.283 109.762 18.531 

us 54.062 54.639 128.906 26.528 

49 42.258 37-99 106.629 19.537 

50 38.804 40.00 932493 24.904 

51 43.831 47.02 113.608 23.643 

52 38.293 52.615 90.035 28.399 

53 38.929 39.564 67.089 27.151 

5h 51.952 46797 92.261 26.809 

55 54.183 50.658 98.808 28.819 

56 58.172 54.591 116.871 26.523 

60 30.94 33.354 79.859 20.145 

61 LL 2h2 47.370 105.571 21767 

62 48.614 44.811 113.673 22.389 

63 55.253 45.826 130.808 23.023 

64 52.908 46.438 122.093 25.096 

65 58.710 46.797 130.808 246785 

67 68.373 44.385 132.644 21.464 

68 75.569 48.499 140.315 24.816         
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SUMMARY 

An experimental investigation of the process of tube rolling on : 

a mandrel through two grooved rolls was undertaken to provide an 

understanding of the mechanics of the process. Lead tubes with 

various diameter to thickness ratios were rolled in an experi- 

mental mill for different reductions of area, and the effect of 

changing these parameters on the roll separating force, rolling 

torque and pressure distribution round the groove were ascertained. 

The existence of a free deformation zone, wherein deformation takes 

place prior to the contact zone was established. Rolling torques 

were shewn to be significantly reduced with increasing mandrel speed. 

Since great care was takenin the preparation of the lead tubes and 

in controlling the various rolling parameters, it has been concluded 

that there is a linear relationship obtained between rolling load and 

torque.
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DEPARTMENT OF PRODUCTION TECHNOLOGY AND PRODUCTION MANAGEMENT 
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tube-rolling process using two grooved rolls 
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INTRODUCTION 

The complexity of deformation in the rolling of tubes on a 

mandrel through two grooved rolls makes it one of the more 

difficult metal forming processes to analyse and consequently 

the process has been neglected by comparison with flat rolling. 

The present paper attempts to provide some understanding of the 

factors affecting the process and their practical aspects. 

Investigations have been made of the way in which roll separa- 

ting force, rolling torque and pressure distribution round the 

groove vary for different reductions and tube diameter to thick- 

ness ratios. Rolling tests have been performed under the same 

conditions of friction between tube and rolls and between tube 

and mandrel. In the work reported here back tension has not 

been applied to the tubes, but in order to simulate conditions 

in a production mill, the mandrel speed was increased in some of 

the tests. The use of pin load cells, apart from providing the 

pressure distribution round the groove and along the arc of 

contact, allowed an accurate measurement of the arc of contact 

length to be made. 

Lead was selected in the rolling tests as an analogue material 

to hot steel. Lead, which is hot worked at room temperature,



has the further advantage of being able to deform at lower 

stresses than hot steel and this assisted in reducing the mill 

loads. The use of lead as a model material will be discussed 

in more detail later on. 

EXPERIMENTAL MILL 

The rolling tests were made in a stand formed by adding two 

grooved rolls to a milling machine as shewn in Fig.(1) and 

Plate: GL) Since the bottom shaft was suspended from the top 

shaft by two load cells, the roll gap could be altered by the 

adjustment of the screws holding the load cells to the top shaft. 

Pin load cells, which were originally employed in a nrevious 

investigation by Haleem, Cole and Sansome (1), were used also> 

when re-calibrated, in the present work to provide the pressure 

distribution round the groove and along the arc of contact. 

The roll separating force and rolling torque were measured by 

means of strain gauges bonded respectively to the two load cell 

elements and to the top and bottom shafts. Inlet and outlet 

tube speeds and the mandrel speed were recorded by the use of 

photo-electric cells. 

Preparation of the tubes 

To avoid the occurrence of eccentricity in the unrolled tubes 

the following procedure was adopted. Lead tubes in the as- 

extruded form were drawn on a mandrel through a ring die and 

then turned in a lathe to the required size. The mandrel which 

was used in drawing was used also in rolling and this procedure 

therefore eliminated eccentricity and ensured a close pass tube 

rolling process. Lead tubes with diameter to thickness ratios, 

(d/t), of 8.5 and 9 were rolled on the same mandrel having a



Se as, 

diameter of 31.38 mn. Thinner walled tubes, with d/t ratios 

of 24 and 30.4, were rolled on a 37.60 mm mandrel. Both mandrels 

were ground in exactly the same way to ensure that they had the 

same surface finish. 

Process Parameters 

The tubes were rolled in an oval groove the shape of which is 

shewn in Fig.(2). For each d/t ratio, a series of experiments 

was carried out, by changing the rollgap, to determine the effect 

of varying the reduction ratio r, on the roll separating force, 

the rolling torque and the pressure distribution. To assess the 

reduction in tube cross-sectional area after rolling, a weighing 

technique was employed in which a specimen was cut from the rolled 

tube and faced in a lathe. From measurements of specimen length 

and weight in air and water, the density of lead and the tube 

cross-sectional area were obtained. In all rolling tests, 

measurements of roll separating force (RSF), rolling torque and 

pressure distribution were noted when steady state conditions had 

been attained. 

The use of lead as a model material 

A model material should satisfy the following conditions: 

1. simulates as closely as possible the stress-strain 

characteristics of the hot steel used in the production 

mill, i.e. a material which does not strain harden and 

which has a stress-strain curve of the same shape as 

steel, 

2. deforms under lower stresses than hot steel - to mini- 

mise the rolling loads. 

Lead is frequently used as an analogue material for hot steel 

since it is hot worked at room temperature and deforms .at low 

stresses. Experiments carried out by Loizou and Sims (2), for



the determination of yield stress of pure lead in uniaxial 

compression under different conditions, led to the now well 

known conclusions that, like steel, the yield stress of lead 

depends on the temperature, strain rate and magnitude of the 

current strain especially at high strain rates. Ingham (3) 

obtained the yield stress of the same pure lead as that used 

in these tests at different strain rates and the curves in 

Fig.(3),plotted for the true stress strain relationship, are 

reproduced from some of his tests. At low strain rates, like 

those used in the present investigation, the yield stress of 

lead remains nearly constant with strain and this feature is 

representative of the behaviour of hot steels. 

RESULTS AND DISCUSSION 

Fig.(4) shews the effect of changing the reduction ratio, r, and 

d/t on the roll separating force. The increase of roll separa- 

ting force with r, which approximates to a straight line but which 

is concave downwards near the lower reductions, may be explained 

by observing that reducing the roll gap, to achieve higher reduc- 

tions increases both the work required to deform the tube and the 

work done against friction; i.e. the contact area between the 

tube and the rolls and between the tube and the mandrel is 

increased. Also, by reducing the roll gap the amount of redund- 

ant work is increased. 

Varying the d/t ratio had a marked effect on rolling loads. For 

the same reduction, as the tubes were reduced in thickness i.e. 

with increasing d/t ratios, the roll separating force became higher 

due to the increase in the proportion of frictional work to the 

total work required in the rolling process. This is one reason 

why most of the tube reduction in an actual mill is carried out



in the first few stands when the d/t ratio is still fairly low 

compared with the ratio in later stands when the wall is thin. 

The change in rolling torque with r and d/t, Fig.(5), followed 

exactly the same trend as for the variation of roll separating 

force; this is indicative of a linear relationship between the 

rolling loads and the torques and is a measure of the accuracy 

of results, since in the absence of front and back tensions, 

the torque should be proportional to the roll force. 

The pressure distribution round the groove perimeter is not 

uniform as the greatest pressure occurs at the root of the 

groove, Fig. (6a). In order to assess the effect of changing r 

and d/t on pressure distribution, mean values for the pressures 

were calculated and compared with each other. A planimeter 

was used to trace the area under each pressure distribution curve 

and a mean value for the pressure corresponding to each pin posi- 

tion was thus obtained. The mean pressure for these mean values 

was calculated and plotted against r and d/t in Fig.(6b). A 

trend similar to the roll separating force and the roll torque 

curves can be detected for the mean pressure distribution curves. 

When the length of the arc of contact was estimated, it was found 

that the actual length, obtained from pin load cell measurements, 

was greater than the theoretical length calculated from the geometry 

of the tube and the groove. This might be due to the presence : 

of a free zone; i.e. the tube may start to deform before entering 

the contact area between tube and rolls. 

The presence of such a free zone was reported previously in the 

tube sinking process by Haleem (4). To establish the presence 

of a free zone a grid was engraved on the tube surface and sub- 

sequently the tube was rolled for half of its length and with- 

drawn from the roll groove. Examination of the tube surface



just before the contact zone revealed that the outer surface of 

the tube expanded gradually, i.e. the tube diameter increased 

until it touched the roll surface at the start of the contact 

zone. Thus, when rolling on a mandrel the material in the 

free zone deformed in a direction opposite to that recorded by 

Haleem (4), who found that the diameter decreased when rolling 

tube without a mandrel. 

Measurements of mandrel and tube speeds indicated that the mandrel 

speed was close to the inlet tube speed, i.e. the no-slip point 

on the mandrel surface was closest to the entry plane. 

When the mandrel was pulled through the roll groove at a higher 

speed than that occurring in free rolling, very little reduction 

was noticed in either the roll separating force or the average 

pressure, but very substantial changes were observed in the 

values of rolling torques. Table I shews the reduction in 

torque for increasing values of reduction of area. 

TABLE I Effect of pulling the mandrel through at a higher speed 

  

  

  

ie Free Rolling Pulling the mandrel through 

rs Boats torquel_ ry ors cozgue 

Oni 52 435.983 6.481 =25.095 * 

8.555 609.975 8.214 42.998 

10.89 700.02 1:3 5233 109.62             

* the negative sign indicates that the tube is driving 

the rolls i.e. drawing takes place as well as rolling.



Since the mandrel can be considered to be a roll of infinite 

diameter, any change in its speed causes a corresponding change 

in the tube speed. The increase in tube speed leads to a 

redistribution of friction between the tube and the roll; also 

the work done by front tension reduces the work done by the 

torque so that the total power required by the rolls to deform 

the metal is reduced. In the case of small reductions in area, 

where rolling loads are low, slip occurs between the tube and the 

roll over the whole of the contact zone and this leads to a nega- 

tive torque being applied by the rolls. Consequently, the pro- 

cess changes from one of rolling to one of drawing. Thus in a 

production mill where several stands operate in tension, the last 

stands reduce the rolling power supplied by the first stands. 

CONCLUSIONS 

(1) The changes in roll separating force, rolling torque and 

average pressure distribution which occur in tube rolling 

on a mandrel have been shewn, experimentally, to increase 

with r and d/t. 

(2) The pressures round the groove perimeter are not uniformly 

distributed; the greatest pressure occurs at the root of 

the groove. 

(3) In the absence of front and back tensions, the rolling 

load varies in proportion to the rolling torque. 

(4) An increase in mandrel speed generated front tension which 

produced a significant reduction in the rolling torque. 

(5) It has been shewn that the deformation zone can be divided 

into two zones: a free zone where deformation takes place 

prior to the tube contacting the rolls, and a contact zone,



in which deformation takes place between the rolls and 

the mandrel. 
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all dimensions in mm 

Fig.(2) Groove Shape 
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