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SUMMARY 

For satisfactory production or conversion,of continuous material in web form 

it is generally important to control the tension in the web. The material 

may be plastics, paper or metal strip; conversion processes include \~eb-fed 

printing or packaging machines and strip rolling mills. As speeds of prod

uction increase. it is more 1 ikcly that relatively high frequency tension 

perturbations may occur due to interaction between material properties and 

machine performance characteristics. This could result in frequent breakage 

of the web or unsatisfactory quality of the product. It i5 therefore of para

mount importance to be able to measure and control tension variations accur

ately and with an adequate speed of response. 

The objectives of this investigation are to determine, by direct experiment 

and analytically, the limitat'~ns in static accuracy and dynamic performance 

of equipment for· measurement of,web t€n,;ion. Another objective is to invest

igate the effect on measurement, due to distortl'ln of the web, caused by the 

use of portable devices which are narrower than the full width of the web. 

Tension measuring techniques under investigation include direct mechanical 

displacement devices and pneumatic foil bearings using electrical pressure -

transducers. A prototype electro-pneumatic portable device has been developed 

to measure the static as well as the dynamic tension applied to the web, 

using the principle of externally pressurised foil bearings. Static and 

dynamic loadings, derive~ from 'an electro-magnetic vibrator, apply known 

tension variations to a fixed web of material with a load-cell connected in 

line. The performance of the prototype device is analysed with reference to 

the load-cell output signals. The effect of the width of the prototype 

relative to the web width is examined experimentally and an- attempt is made 



to include these parameters in a theoretical analysis. A continuous loop 

of web, running at different speeds, is used to assess the performance of 

the web tens ion measur ing devi ce under runn ing web cond i t ions. 

The principle of externally pressurised foil bearings, when utilised for 

web-tension measurement, gives promisi.ng results. The prototype electro

pneumatic portable device proved to be an accurate and reliable instrument 

for measuring local tension in the \.eb; both static and dynamic within the 

frequency range available on the test rig· (i.e. up to 80 Hz). 

--------------------------------------------~-----.---- ---
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1 .1 INTRODUCTION AND THE AIM OF THE WORK 

Economic pressures and the fact that time is the most precious commodity 

we deal in has resulted over the years in the development and use of 

\' high speed production systems. Development of the latest techniques 

involving the most modern machine designs, time studies and all possible 

aids towards automatic pr~~uction (automation) becomes a necessity. These 

factors alongside the development of inspection and quality control tech

niques are all directed to time saving and consequently cutting down the. 

total cost in the overall production process. 

There are many continuous processing systems that are linked together by 

the materi?l being processed, the properties of which can sometimes have 

a considerable effect on the dynamic behaviour of the system. The key 

to the successful operation of such systems is to consider the inter

action between the machine and the material. Typical examples of such 

machines are to be found in steel strip lir,es; manufacture and use of 

magnetic tapes; plastic, rubber and textile industries; paper making, 

printing presses and packaging processes. 

In the foregoing systems, the material being processed is normally 

running under a certain value of tension. This is ubtained usually by 

traction and braking' forces acting on the material, which is in a web 

form, throughou~ its run in the system., At this stage it is worth 

mentioning that th,oughout this investigation the term "web" includes 

other terms that are used in other scientific or technological fields 

such as foil, film or thin strip of material. 

Generally it is necessary to maintain the tension in the web within 
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the specified limits to avoid variations in the quality of the final 

product. In extreme cases, where the web may become slack due to very 

low tension or a web break may occur due to excessive peak tension, 

considerable disruption of the manufacturing process may follow until 

the fault is rectified. 

It is a general rule that if you aim to control the variations in any 

system you must first be able to measure them. At slow speeds there 

is not much of a problem and there is a wide choice of adequate tension 

measurement and control equipment available commercially. It is at 

high speeds, and particularly under transient conditions, that tension 

fluctuations might coincide with resonant frequencies of the material/ 

machine system resulting in unexpected web breaks. 

At this stage it is advisable to give a very brief account of different 

methods of tension measurement. Functionally, there are two main categ

ories of tension measuring devices; namely "Full width" or total 

tension sensors and "Unit t£'nc;iometers". The first category, which is 

also more widely used, measures the total force applied to the web. 

Such sensors are normally not sensitive to the distribution of tension 

across the web. The second category attempts to medsure the web tension 

at specific locations or bands across the web and total or average 

tension can be obtained either by fitting a mUltiplicity of sensing heads 

or traversing a sii".gle tensiometer. 

Technically, the earl iest methods used to detect variations in ~Jeb 

tension were mechanical. The web of material passed round a cylinder, 

commonly known as a dancing or floating roller, supported in bearings 
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mounted on a pivoted lever. The force on the lever, due to the web 

tension, was balanced by tension in a spring or by dead weights as 

shown in Fig. 1.1 and 1.2 respectively. An alternative method of 

regulating the desired web tension, apart from the obvious method of 

altering the spring tension or mass of the dead weight, is to alter 

the point of application of the balancing force as show<, in Fig. 1.3. 

An example of a recent commercial development in this respect is the 

"Martin Tension Control" from U.S.A. which claims to provide constant 

tension by the use of an "inertia compensated dancer". A general 

description of the technique and a theory of its operation is provided 

later in this thesis. 

In such systems, which were described in a very simplified way, there 

is usually a direct linkage between the sensing roll~: and the web 

tension control device. The inertia of the sensor and the fac, that 

the distance moved by the dancing roller, corresponding to a given 

change in web tension, is relatively large result' 

of response of the system. 

in a f'oor speed 

Another example of a commercially available device which operates on 

a mechanical basis but differs from the dancing roller technique is 

the "Huyck, Tensometer". Its operation is based on thF: principle 

that the deflection of a flexible membrane under load is dependent 

upon the tensile stress in the membrane. The load is provided by an 

internal spring, and the web deflection is measured by a dial indicator. 

It is a portable,hand-held device. An analysis of its performance is 

given later. 
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. -ffi-..,..-....,· 

Fig. 1.1 

+ 

Fig. 1.2 

~.-

Fig. 1.3 

Principles of dancing rotter technique. 
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To provide an improved performance at higher frequencies of web tension 

perturbation, to overcome the previously mentioned drawbacks of the 

mechanical system, electric and pneumatic measuring techniques have 

been developed. In the former case; as the moving web passes over a 

stationary cylinder or a rotating roller, strain gauges can be fitted 

on top and underneath the non-rotating shaft at each end so that two 

gauges are in tension and two in compression(Fig. 1.4a.) If these are 

connected to form a Wheatstone bridge network as in Fig. 1.4b then a 

sensitive system of load measurement is provided. The output signal 

of such a system is largely independent of the effects of temperature 

change or normal electrical supply variations. The same improved 

performance could be achieved by using lo,ld-cells based on transducer 

elements to sense the change in the horizontal component of the force 

on the roller. If, for ~xample, the course taken by the web is 

altered by passing it over a roller, in such a way that the angle 

formed with the horizontal on reaching the roller is not equal to that 

resulting after passing over it, then a horizontal force results which 

is proportional to the tension in the web. Vertical forces, such as 

the weight of the roller and the vertical component of the web tension, 

do not give rise to any output from the load cell. This could be 

achieved by the use of magneto-elastic elements, as in the case of 

Arenco's load-cells, which are based on the fact that the permeabil ity 

of certain ferromasnetic substances diminishes in the direction parallel 

to an applied compressive load, and increases in a direction perpendi

cular to that load. The load-cells are placed directly at the point of 

measurement and are mounted between the bearing bracket and the base 

plate on the machine frame. 
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Fig. 1.4 Strain gauges technique. 



An alternative to an electric transducer is a pneumatic force-balance 

system which is known to have reasonable time constant. In this case 

the force on the end of the roller is balanced by the opposing force 

of a diaphragm, the pressure in which is determined by a pneumatic 

gauging system. The principle of such technique is shown in Fig. 1.5. 

Using the electrical or the pneumatic measuring syr.tem helps a great 

deal in overcoming the disadvantages associated with the dancing roller 

technique. Both of these techniques provide a higher speed of response 

than the dancing roller due to the higher stiffness of the moving 

parts. Nevertheless, they have an inherent disadvantage when fitted 

into a system where the machine frame is vibrating, which is almost 

inevitable in practice. The weight of the roller is generally such 

that the vibration of the transducer mountings will give an erroneous 

dyna~ic reading. The final output will include disturbance to the 

signal output from the roller itself and from mechanical vibration 

Filters may be used to stop these unwanted signals but only at the 

expense of limitations in the dynamic response of the sensing device. 

As air bearings are becoming better understood, more and more uses are 

being found for them. Industries, such as those processing paper or 

plastic films, employing machines which must support, transport and 

guide long, wide thin webs of material may have friction and control 

problems. In order to reduce or eliminate these problems, air is some

times used as a lubricant between the supports, which are normally 

rollers, and the web of material. Since one surface of the resultant 

bearing is quite flexible, the combination is called a foil bearing. 
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Air is supplied by jets through small holes drilled in a stationary 

supporting cylinder. With this arrangement the air gap between the 

web and the cylinder is not constant, being greater in the vicinity 

of the supply orifices. Since the rate of air flow is dependent 

'on the air gap thickness (Q 0: h3), the rate of air flow will increase 

considerably. , To obviate this it was logical to aim for a m~ch larger 

number of supply orifices of small diameter, arranged close together 

on the surface of the cylinder. This led to the development of the 

externally pressurized air bearings which employ a porous material as 

one of the bearing surfaces. 

The next step is to utilize the externally pressurized air bearings 

to measure ,the tension fluctuations in a web of material. On recalling 

the previously described pneumatic force-balance system, it can be seen 

that the resistance of the,sinter8d wall of the cylinder acts in a 

similar way to the fixed orifice "e" in Fig. 1.5 and the air gap between 

the web and the outer surface of the cylinder acts as the variable escape

ment h. Increased tension in the web will tend to reduce the air gap 

resulting in lessening the air flow and hence reducing the pressure drop 

across the sintered wall. With a fixed supply pres:ilre this means that 

a higher pressure is available in the gap to balance the tension forces 

automatically. It \~ill be shown later that there is a direct relation 

between the pressur~ in the gap, the outer radius of the bearing cylinder, 

and the tension in the web. 

Vibration of the supportS of the foil bearing in this case will have little 

effect on the apparent tension output readings due to the fact that the 

effective weight of the active part of the system is merely that of the 
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air film in the gap in addition to that of the web. Both are very 

small and can be practically neglected. Since the very small pores in 

the wall of the sintered cyl inder are acting as the "Control orifices", 

the volume of air between them and the escapement gap is minimum. This 

leads to a high speed of response as long as this volume is not apprec

iably increased by the introduction of a pressure gauging device._ 

For this reason an electra-pneumatic pressure transducer is embedded in 

the cylinder wall. An electrical signal is provided which is proport

ional to the air gap pressure and therefore directly proportional to 

the web tension. In this way the shortcomings of either the load-cells 

or the pneumatic force-balance system an, obviated. 

It is hoped that the present study will provide a deeper insight into 

the problems and the limitations associated with the equipment for the 

measurement of web tension. The objectives of this investigation are 

to determine,-by direct experiment and analytically, the limitations in 

static accuracy and dynamic performance for such equipment. Another 

objective is to investigate the effect on measurement, due to distortion 

of the web, caused by the use of portable devices which are narrower 

than the full width of the web. 

Tension measuring techniques under investigation include direct mech

anical displacement devices and pneumatic foil be.'rings using electrical 

pressure transducers. A prototype electro-pneumatic device has been 

developed, to measure the static as well as the dynamic tension applied 

to the web, using the principle of externally pressuri.zed porous foil 

bearings. 
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1.2 REVIEW OF WEB TENSION MEASURFt1Errt- LITERATURE 

One of the early publications concerning the commercially available 

methods of measuring web tension appeared in the "Proceedings of the 

PATRA newspaper and rotary Letterpress Conference", October 1957. In 

his paper, Haglov 1, referred to the first substantial contribution by 

research workers such as R.E. Gibson2 and B. Steenberg3 to the field 

of stressing the web by tension, or studying the stress in the paper 

material going through the machine and what this means. He went on to 

state the required conditions in regard to ~Ieb tension regulators. 

The ideal web tension regulator device for a printing press, Haglov 

stated, is such that it maintains a very accurate web tension within 

few percent, i;1dependent of production speed, reel diameter, reel width, 

and rate of speed change of the printing press. 

On the commercial side, many firms have since made. their contribution to 

this field in their own ways by introducing devices for monitoring and 

controlling the web tension. 

The Mount Hope Machinery Co. of USA4 introduced their tension indicator 

for monitoring tension in moving webs. In operation, the dial indicator 

gives a linear response to changes in air pressure which reflect changes 

in web tension, the manufacturer claimed. The device has a special 

feature which allows either "instantaneous" response or an "averaging" 

response for webs subject to rapid changes or fluctuations in tension. 

Another contribution was made by the John Dusenbery Co. Inc., Cl if ton, 

5 N. J. of the USA. .1 n the system they have introduced, web tens ion is 

read by a sensing idler which transmits the tension load signal to a 
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pair of strain gauge transducers located at each end of the idler shaft. 

The load cell transmits a signal, directly proportional to the tension, 

to an amplifier. The signal is compared to a signal from the operator's 

tent ion potentiometer, and the difference between them is used to acti

vate the control system. 

A similar technique was developed by Arenco Electronics AB of Sweden
6

• 

The system consisted of load cells based on patented magneto-elastic 

transducer elements. The load cells give an electric output signal 

which is linear and proportional to the horizontal component of the 

force in the web. Existing vertical forces such as the weight of the 

roller do not give rise to any output from the load cell. 

The ATF Tensicon is the third contribution in this field made by an 

American firm, namely American Type Founders Company Inc., Tennessee, 

USA7.· A frictionless air cylinder acting as a floating web-tension 

roller establ ishes the proper tension. The maker claimed that any 

change in "web displacement" it; sensed and web speed is adjusted to 

compensate for it •. The unit is completely mechanical and operates at 

all press speeds, regardless of stops, start-ups or speed changes, it 

is claimed. 

In their paper, Endersby a~1d Zucker8 described a system for tension 

measurement and control for large winders and rewinders used in news

print presses. The three major components of this system are: a 

strain gauge tension pick-up, the electro-pneumatic control1er and disc 

brakes. A true average tension across the web is obtained, so it is 

claimed. 
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A quick look at these articles shows that none of them had considered 

any kind of analytical study of the systems described. 

Turning now to the academic side of the matter, George and Kimbal1 9 

gave a comprehensive treatment of the uses and differences between the 

two basic types of web tension measuring equipment, namely the unit 

tensiometers and the full width or average tensiometers. In a following 

publication, George and Kimball together with Oppenheimer 10 made an 

attempt to study the dynamics of a full width tensiometer system in order 

to be able to evaluate .properly the web tension measurements. This paper 

has presented an analytical method for the determination of the frequency 

response for the mechanical tension sens'ng roll arrangement of a typical 

tensiometer system. A mass-spring system with single degree of freedom, 

as an equivalent to the mechanical sensing arrangement of a tensiometer 

system, was ana lysed. Experimenta I methods and resu I ts obta i neJ for the 

evaluation of the frequency response of both the mechanical arrangement 

and amplifier-recorder system for a particular tensiometer system used 

in web tension research on rotogravure presses were then given. 

11 Later on, Oppenheimer and Harvey attempted to formulate a mathematical 

model of the gravure press system that is representative of how the real 

press system responds to disturbances. One of the primary objectives 

towards their goal was the determination of the relationship between web 

tension and longitudinal register. 12 They then published another paper 

in which they presented their model in a programmed form, first into an 

analogue and then into a digital computer. Simulation of dynamic dist-

urbances and their effects had proven to be a valuable tool in the eval-

uation of actual press recordings and for prediction of. press control 



behaviour, the author claimed. The model is described and some typical 

simulations of dynamic tension and register shifts are shown. 

At the INCA Convention in April 1969 a brief progress report was given 

on the work being carried out to develop a mathematical model of a news

paper press (publ ished in the June 1969 issueof Newspaper Techniques). 

Emphasis was placed on the study of web tension behaviour between the 

printing nip and the pipe roller preceding that nip. Later in an interim 

report, D. King 13 illustrated the more elementary mathematics of the study 

of the pipe roller-web-nip combination. The mathematics were described 

as elementary, because only elementary differential calculus methods were 

used. The equat ions were so I ved both ana I yt i ca 11 y and by prog rammi ng an 

analogue computer. In his ~aper, King presented a typical set of results. 

In a following paper 14 King gave a brief review of the main categories 

of machine-direction tension measuring devices. He then referred to a 

research project at IFRA on a unit tensiometer based on pneumatic detect

ion of an air film developed between a hollow porous bar and the paper 

web. The published work did not include any kind of experimental results 

or any analysis of the devic'. performance. A more comprehensive report 

was presented by King h his paper entitled "Web tension study at Persc

ombinatic NV,15. The functions of the study were to examine further the 

tension behaviour in the relatively unknown region between the printing 

unit and folder in high-speed letterpress machines and to observe machine-

direction tensions at different locations across the width of the machine 

using the new web tension profilemeter. 

A short review of web tension control of high-speed letterpress and off

set presses was given, once more, by King16 in December 1972. The paper 
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went on to describe a number of projects conducted by the INCA-FIEJ 

Research Association in the past four years. Further experimental work 

concerned with the influence of paper speed, tension, basis weight, etc. 

on web breaki., was discussed and relationships to specific strength 

properties of newsprint were considered. 

In his paper, Grunewald 17 distinguished between two ways of measuring 

web tension on web-offset presses; viz, the partial measurement in 

which the force on the web at one location is measured and integral 

measurement, in which the mean force over the entire width of the web 

is determined. The relative merits of each method were summarised in 

a table and various methods of measuring average tension \,ere listed. 

He also analysed the factors influencing web tension in five sections 

on an offset press. 

In the same direction, studies and assessment carried out by Web Press 

Engineering Inc. USA, on the methods of web tension control used up to 

18 1970 were presented by Curran '. A control unit was then produced 

using a Kidder tension sensor which works on the strain gauge principle. 

Another article followed a similar line, taking the form of a discussion 

between B. Blunden, head of industrial communicatior,,; at PIRA, L.E. 

Boxall, and R.e. Jennerl9. Points covered included factors affecting 

tension, traction, differences between tension control in web offset and 

in letterpress, and measurement and control of tension. 

One of the latest developments in the techniques using the dancing roller 

as a sensing element was introduced by ltartin 20 in 1973. In ·his paper, 

the president of the US firm of Itartin Automatic analysed tension and 
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stretch requirements for good register in web-offset printing. He 

described the firm's "inertia compensated" dancer roller and associated 

equipment offering' the printer freedom from his great dependence on 

"paper variation", so it was claimed. 

As the battle against web breaks continues to be a focal point of the 

research carried out in this field, efforts of all research workers 

d d · b b k /) 'd 21 . b' d' d towar 5 re uClng we rea s are, as aVI son put It, elng Irecte 

in the main at the paper itself and the web tension relationships it 

entails. 

In a paper about the technical requirements for improved newspaper 

production, Graneek22 pointed out that high frequencies of tension vari" 

ation, up to 50 Hz, may occur between reel stand and printing unit and 

could be an unexpected cause of web breaks. He then made reference to 

recently developed externally-pressurised foil bearings to act as a web 

tension measuring device providing a higher speed of response. 

It can be seen that all the work so far seems to refer to methods of 

measurement, but there is almost no one who had analysed the static and 

dynamic capabilities of web tension measuring equipment. Even the few 

who did, had not considered in depth analytical or experimental results 

pertaining to dynamic operation of the measuring'devices, In vie\~ of 

this fact, the author has been, influencec;l by the ['ecessity of making 

this available. Hence, it is this gap that the present investigation is 

aiming to fill; for the essence of measurement is not only to obtain 

results but to determine analytically and by direct experiment the limit-

ation of measuring devices and to investigate possible ways of improving 

their accuracy and dynamic response. 
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1.3 REVIEW OF FOIL BEARINGS LITERATURE 

Due to the fact that very little work was found to be published on 

web tension measuring techniques, this review may seem to be diverted 

from the main objective of the recent project. However, the author 

preferred to give the 1 iterature review in this form for the benefit 

. of any other research workers who may be interested in this field. 

The author hopes that such a humble effort may elucidate the various 

parameters associated with the problem. 

Air has been used as the lubricant in fluid film bearings for over 

70 years, but most significant applications have occurred in the last 

fifteen. Recent industrial applications in instruments and machines 

demonstrate that gas-lubricated bearings are now accepted as precise 

devices with good reliability. 

A bearing with at least one wall made of a thin flexible material is 

known as a foil bearing. In the most general sense, a foil bearing is 

·used whenever a moving foi 1 or thin sheet (commonly called a "web" in 

the paper industry) has to be supported and/or guided. The instances 

in which moving webs have to be supported are many, e.g. in the fabri

cation and handling of plastics, paper, sheet metal and flexible record

ing media in a variety of magnetic and light-sensitive recording and 

information storage-devices. 

In all the examples cited, a film of air can be provided to support the 

moving web with the advantage of reducing dramatically the friction 

between the web and the supporting guide. The air film is established 

by either of two basic actions. The speed of the moving v/eb relative 
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to the bearing surface generates a film pressure within the gap between 

the web and the supporting bearing and ensures separation between them 

as well as maintaining enough force to balance the initial tension in 

the web. This type of bearing is called the self-acting air bearing. 

With the second basic type, air is supplied under pressure to the gap 

between the two mating surfaces of the bearing, i.e. the web and the 

supporting roller. As a result, the two are forced apart and the 

tension in the web is balanced by the air film pressure. Such a bear

ing is called an externally pressurised bearing. 

The full history of gas lubrication is covered in several books 23, 24, 

intended for ~he specialists. A comprehensive bibliography of publi

cations in the field of air bearings from 1828 to 1959 has been given 

in the "First international symposium on gas-lubricated bearings,,25. 

As for the foil bearings, a brief review of specific contribution made 

in this area could be beneficial. 

langlois
26 

has developed a method for determining, to the first order, 

the deflection from a straig:.t path of perfectly flexible tape of 

finite width, transpol·t~d over the apex of a parabol ic cyl inder of 

infinite extent. He recognised the difficulty associated with specify~ 

ing boundary conditions and the arbitrariness in the assumed extent of 

lubrication regions in the entrance and exit zones, in which Reynold's 

equation applied. 

The differential equations appllcable to the air film thickness beneath 

an infinitely wide, perfectly flexible foil bearing was furnished by 
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Eshel and Elrod 27• The paper contained numerical solutions for the 

film thickness in both the entrance and exit regions. These solutions 

have general applicability to situations where the entrance and exit 

regions are separated by a third region of uniform thickness. In 

particular, the undulation of the foi 1 in the exit region l'iere discussed 

in detail. 

Another contribution in the field of foil bearings was made by Licht
28 

The major part of his experimental study dealt with elastic foil bearings 

of finite width and the characteristic "edge effect" in particular. 

An'elastic foil under tension was wrapped partly around a rotating 

cylinder and was supported on a thin film of air. Capaci'~ance probes, 

coincident'with the surface of the cylinder, were made to scan the 

air gap along the arc of wrap. Experimental results were then compared 

quantitatively with theore,tical predictions for the perfectly flexible 

and for the elastic foil bearing of infinite width made byother invest

igators. 

Eshe lan'd' W'i I dmann29 wrote the firs t paper concern i ng dynami c behavi our 

in which they derived and simplified general equations for the oscilla

tion of a foil over a lubricating fluid film. A few particular cases 

were discussed, and a 1 ineadsed solution was 'obtain'ed for the case ,of 

a massless, perfectly flexible foil moving at a speed U over an incomp_ 

ressible film. The solution revealed the interesting phenomenon that 

small disturbances in the film thickness, as well as symmetrical large 

disturbances, propogate at a speed U/2. 

As it is difficult to analyse initial disturbances experimentally, 
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Barnum and Elrod 30 carried out a theoretical study on the dynamic 

behaviour of foil bearings. The differential equations and boundary 

conditions for the problem of a foil bearing subjected to small vari-

ations in tape tension were developed. The numerical results showed 

that the fluctuations of the foil tension are a function of the 

frequency of the disturbances and the compressibility of the lubrica-

ting fluid. 

fo i I , 

Externally pressurised/bearings were first analysed by Barlow31 , who 

in his report investiGated an externally pressurised axisymmetrical 

foil bearing in order to obtain the qualitative effect of side leakage 

in a foi 1 bearing. One or two circumferential pressure sources, symme-

trically placed under the foil centre line, were used. In his analysis, 

Barlow came to the conclusion that the bending stiffn8ss of the foi I 

cannot be neglected. Curves which showed the effects of the v~rious 

physical i parameters on the gap profile were given. 

Wi Idmann and Wright32 , through their analysis, gave an over"ll under-

standing of the behaviour of foil bearings. The effects of introducing 

a small amount of lubricant under pressure into a self-acting foil 

bearing film were investigated. Foil shape and pressure distribution 

under the foil were obtained by combining the equilibrium equation with 

the Reynold',s equation and solving the resulting equation. The authors 

showed that such a small external pressurisation has an effect of 

considerable importance. 

Once again Barlow33 put his effort to analyse an externally pressurised, 

axisymmetrical, foil gas, bearing with the foil being treated as a thin 
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plate bent into a cylindrical shape. The foil had been wrapped 

completely around a cylindrical support, with axisymmetrical line 

pressure sources providing the air flow. This configuration was used 

by Barlow in order to eliminate the circumferential flow effects by 

using axial symmetry. An interesting point to notice is that when the 

wrap angle is large, the problem being studied could provide a good 

approximation except near the ends of the wrap. The solution of this 

problem is of value for externally pressurised foil bearings having 

regions where most of the flow is axial. 

In the investigations on the externally pressurised, infinitely wide 

foi I bearing it was shown that the entrance zone always behaves essent-

ially as a self-acting bearing. In other words, the gap in the entrance 

region is always very small, and contact can occur in that area. To 

overcome this it is usually convenient to move the supply groove as 

close as possible to the entrance tangency points. This, of course, 

requires exact knowledge of the point of tangency and also results in 

high lubricant flow rates. One way of avoiding this hurdle is to use 

a porous bearing, the imped"nce of which will reduce the rate of air 

flow and because the s~pply is distributed over the entire bearing area, 

exact knowl edge of the tangency po i nt is not neede.d. 

Because of these advantages, investigations of the porous foil bearing 

were undertaken by Barlow and Wildmann34 . The equations for the axi-

symmetric, perfectly flexible foil bearing were solved for the case of 

an externally pressurised foil with porous inlet restriction. The 

results presented in graphical form for design use are useful whenever 

the principal flow of a porous bearing is axial. This is the case 

I 

I 

I 

I 

I 

I 
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whenever the width of the foil is small compared to its length. For 

comparison, results for the axisymmetric, perfectly flexible foil 

bearing with discrete inlet restrictors were also given. 

An elegant study to analyse the porous cylindrical gas foil bearing 

was furnished by Baumann35 • The analysis was concerned with the per-

formance of such bearings at low pressures. It also aimed at providing 

an engineering design method based on the variable parameters of the 

bearing and the fixed parameters of the application. The theoretical 

analysis was divided into th,ree parts: an analysis of flow in the 

porous medium, a study of the flow in the channel between the bearing 

cylinder a~d foil, and an analysis of the elastic strain In the foil. 

Baumann followed his theoretical analysis, in the same paper, by an 

experimental study, in which a foi I was supported on an ai r bearing at 

different supply pressures. The edge separation, between the foil and 

the,bearing cylinder, was measured by microscopy techniques and compared 

to the pred i ct i on obta i ned fl'o,n the computer ana I ys is. They ag reed 

almost perfectly, taking into consideration the experimental errors. 

This review would be incomplete, and may seem to b~ irrelevant, without 

the mention of the work done by another two research workers. The first 

one is Deason 36 who studi€~ experimentally, utilising the concept of 

external pressurisation of a foil bearing, an air-blown sintered metal 

turner bar used as an aid to web transport in printing and packaging 

industries. In his paper, the author described the construction, 

advantages, and limitations of such a turner bar. 

The second resea rch 110rker whose paper is indeed comp lementa ry to th i s 



-23-

review is A.J. Munday37. Following a brief scanning to the development 

of gas bearing technology, the author referred to the "Shapemeter", an 

instrument which is based on the fact that all externally-pressurised 

gas bearings have a film of predictable stiffness which can be used as 

a cal ibrated spring. A bearing can therefore be the basis ofaforce" 

measuring device. The device he described consisted of ~ number of 

plain cyl inders which are free to rotate separately on a fixed,externally 

pressurised shaft. Small pressure tappings, leading to pressure trans

ducers, were made under the cyl indrical sections of the roller. As 

the web passes over these pia i n cy I i nders, the transducer under each 

one of them measures the force on it; the result indicates the tension 

across the web. 

Again, one has to say that almost all of the work so far did not consider 

in any depth, analytical or experimental results pertaining to <lynamic 

operation of such measuring devices which is the main objective of this 

study. 



CHAPTER II 

ANALYTICAL FORr~ULATION RELEVANT TO THE STUDY 

) 
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2.1 IilNIMUM VOLUME OF PNEUMATIC CIRCUIT 

When a pneumatic gauging technique is used in continuous measurement 

of a periodic input of variable ampl itude and frequency, the dynamic 

response characteristics of the system have an important effect on its 

performance. The basic principles 

fully described by many authors 38 , 

of pneumatic technique have been 

39, 40, 41 The main factors that 

affect the dynamic behaviour of the system are: 

(1) the constant operating pressure del ivet-ed to the system, 

(2) the restriction to flow imposed by the control orifice and 

measuring nozzle which will govern the static sensitivity of 

the system, and, 

(3) the vchlme of the pneumatic network, i.e. the connecting 

pipe between the orifice and the nozzle and the volume 

associated with the device to measure the pressure. 

It has been A5tablished42 that a better response could be obtained at 

lower operating pressure, higher rate of flow and smaller circuit volume. 

These conclusions could be easily explained. The lower the operating 

pressure the more closely dces the behaviour of the air correspond to 

that of an incompres[i~le fluid. Hence if friction, viscosity and 

inertia effects are neglected, there would be only a small attenuation 

of amplitude with increasing frequency. When the areas of the control 

orifice and measuring nozzle are small the rate of mass flow for any 

gi·ven pressure drop is small and appreciable time is required for a 

change of mass within the volume, corresponding to a change of pressure, 

to be established. So, when seeking high sensitivity, one must expect 

slow response. 
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As for the volume of the pneumatic network, the smaller the volume 

contained between the orifice and the nozzle the smaller is the mass 

of air which must be introduced into or expelled from this volume in 

order that a change of pressure may be established. Therefore a 

reduction in volume improves response. 

Fig. 2.1 represents the principle of the electra-pneumatic system 

adopted to measure the variation in the tension applied to the web. 

Air pocket 

Web 

Sintered 
segment 

T 

Pressure 

Fig. 2.1 Principle of electro-pneumatic web-tension 
measuring system 

nsducer 

p 

Air is supplied, under constant pressure P, to the cylinder. It will 

then flow out through the fine pores of the sintered segment of the 



-26-

cylinder creating an air gap underneath the web. As the web tension 

varies, the pressure (p) in the gap will vary accordingly. It has 

b"eenestablished35 , 36 that there is a linear relationship between the 

pressure in the gap and the web tension. A pressure transducer is 

fitted into a hole in the sintered segment to measure the variation 

of pressure in the air gap. 

By this arrangement the first two factors, of the three previously 

mentioned, affecting the frequency response of the system had been 

determined. In other words the constant low operating pressure 

delivered to the system was controlled through adequate pressure 

regulators while the pore size and the permeability of the sintered 

material controlled the rate of air flow. 

This left the third factor, namely the volume of the ~;r in the 

pneumatic network. The pressure transducer, being fitted directly in 

the cylinder wall, has virtually eliminated the volume contained bet~Jeen 

the control orifice and the measuring nozzle that existed iT< the conven-

tional pneumatic system. Still there is the volume of air pocket 

resulting from the intersection of the sintered cylindrical segment and 

the pressure transducer which is also of cylinderical configuration. In 

this section the volume of such air pocket is determined. 

Fig. 2.2 shows the geometry of the resulting r"inimum pocket with the 

following parameters: 

R outer radius of the cylindrical sintered segment 

r radius of the pressuretrans"ducer= radius of intersection 

circle (between sintered segment and transducer) 



Fig. 2.2 
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h distance between the centre 1 ine of the cyl inder and the 

plane containing the intersection circle 

t length of the element of volume chosen 

s height of the element of volume 

dx width of the element of volume 

v 1/4 the resulting voiume 

V total resulting volume = 4v 

Referring to Fig.- 2.2 it can be seen that one can work on one quarter 

of the resulting volume. Due to symmetry the total resulting volume 

is four fold of the calculated one. 

v = f t.s. dx (1) 

But we have t = I _r 2 - X 2 (2) 

and h + s =1 R 2_ x 2 

since " r-

hence 

Substituting in (1) for t and 5 from (2) and (3) respectively 

we get 

r r 
v = J I r2 ~ x2 IR' - x' . dx - I-R2 - r2 Jlr' - - x2.dx 

0 0 

[x --- r' -1 x~ r 
= I - I R2 - r2 • "2 I r2 - x' +"2s in (r) 

0 
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I -

r 

where I=II r2 - x2 . I.R2 -x2.dx 

o 

Solving equation (5), hence substituting for I in (4) and 

mUltiplying the result by 4 we get: 

- -- - lIrv' -r , ,] 2!.R2 2 . 

(See Appendix J. for detailed derivation) 

.. V = 3rr 
8' 

r
4 

{ 7 r 2 - 1 + ·-4(-) R 2 R + ---} 

( 4) 

(5) 

(6) 

It can be r seen that as R gets smaller one can rll':Jlect the terms 
2 

involving (f) and higher orders without losing significa,lt 

accuracy. 

For R = 25.4mm (1in) and pressure transducer of 3. 17~mm (kin) 

diameter the resulting volume is 

Using the same transducer fitted into a sleeve of 2.5mm radius 

which is embedded into the wall of a.sintered segment of radius 

R=258mm, the resulting minimum volume is 

V
2 
= 0.18 mrn 3 

Turning now again to equation 0), even after neglecting the 
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2, 
terms involving (i)' and higher orders, one would not find it 

easy to give a physical meaning for 

r~ 

if" 

A successful attempt was made to get an expression for. the 

volume required with an appreciable physical meaning. 

Let us consider the same configuration in Fig. 2.2 but from 

a slightly different view as shown in Fig. 2.3. 

Top of transducer (produced) in 
a plane just touching the highest 
point of the sintered segment. 

Circle of intersection betwe\ 
transducer and sintered segment.. __ _ __ . 

,.. --Pressure transducer of ~ ___ --. --___ - .... , 
. " ... ..... \ radius r. ,/ ..... 

Sintered segment 
of radius R. 

Fig. 2.3 Air pocket configuration 

~earranging equation (8) gives 

[2R - (R-h)] = 2R(R-h) -(R-h) 2 

(8) 

(9) 
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For R-h <t 2R, which wi I I result only if R is much larger 

than r, we can say 

r2 = 2R (R-h) 

. r2 
(R-h) (10) . . 

2R -

Now let A be the area of the top face of the transducer and 

L be the height of a cylindrical slice whose base is the top 

surface of the transducer, intersecting the sintered segment, 

and its top is .iust touching the highest point of the sintered 

segment. 

2 .'. A = 1Tr and L = R-h ( 11) 

Substituting from (10) and (11) in (9) yields: 

v = t (AL)" (12) 

It can be seen that the expression in (12) is of an appreciable 

physical meaning compared to that in (8). However one must 

emphasise the fact that this expression applies only when the 

diameter of the transducer is much smaller than the diameter of 

the sintered segment, which is the case in this study. 
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2.2 ANALYSIS OF INERTlA-COMPE.t)SATED TENSION CONTROl 

2.2.1 INTRODUCTION 

The Martin Control System is a recent commercial development 

for controlling the web tension in a printing press. It is 

claimed by the manufacturers that "it is the only system which 

completely isolates the press from tension upsets occurring 

up to and at the infeed to the printing unit". They went on 

to state that "the Inertia-Compensated Dancer, included into 

the system, absorbs tension upsets so that tension to the 

press rema i ns unchanged". It wi 11 be shown in th i s sect i on 

that while the first claim may be right theoretically, the 

second one does not apply. 

At this stage it w~s thought that a brief description, as put 

by too manufacturers" of their system may help to follow the 

theoretical analysis given later. Fig. 2.4(a) shows a typical 

section of a press with a dancing roller prior to the printing 

unit. The dancer is heavy but free turning. If the tension 

prior to Q increases momentarily, the dancer being heavy will 

resist an upward movement and because it is free turning it 

will convert the tension increase into a change in speed of 

rotation in the clockwise direction. This will result in a 

tension incrG"se past the dancer C. 

In Fig. 2.4(b) 'the dancer is replaced by another one of the 

same weight, but the weight is distributed further out from 

the centre of the dancer to give it a large flywheel effect. 
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If the web is subjected to the same change in tension as in 

the first case, the dancer will tend to rise rather than to 

change its speed due to the flywheel effect. Eventually, this 

will result in a tension decrease past the dancer. 

Using a dancer of the same weight as those in the former cases 

but with the weight "precisely" distributed to achieve equal 

resistance to change in position as well as speed of rotation 

proved to solve the problem of tension upsets, so the manu-

facturers claimed. 

2.2.2 THEORETICAL ANALYSIS 

Referring to Fig. 2.5 the diagram represents a reel (0) feeding 

the printing unit in a press via a typical set of rollers. Q 

and G are guiding rollers, C is the Inertia-Compensated dancer 

and 0 and E are driving rollers, running at a constant angular 

velocity, imparting a constant linear velocity U to the web in 

the region of the nip just prior to the printing unit. The 

following nomenclature is used: 

T tension in the web entering the printing unit 

Tt tension in the web prior to the dancer C 

T tension in the web past the dancer C 
o 

mass moment of inertia of the dancer C about its axis 

r radius of the guiding rollers Q and u 

R radius of the dancer cylinder 

m mass of the dancer C 

e angular velocity of the dancer C 
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e angular acceleration of the dancer C 

x linear displacement of the dancer C in the vertical 

direction 

x linear acceleration of the dancer C in the vertical 

direction 

k radius of gyration of the dancer C with resl",ct to 

its ax is 

g acceleration of gravity 

A viscous friction coefficient 

B static fr'ction coefficient 

The equation of motion of the dancH C is given by: 

(T - T ) R = le + AS" + B 01 

Neglecting the viscous and static friction effect, the eq~ation 

reduces to 

(1) 

Assuming the web at P to be moving with the same constant 

velocity U, imparted by the driving rollers, the equation of 

motion of the dancer can be given as: 

. .-, 
x = - R e (2) 

Substituting in (1) for e from (2) yields: 

(3) 
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But we have 

Combining (3) and (4) gives 

2T :: mg ... mx 
o 

I -;2 x· 

(4) 

Since ,= mk2 by definition if the mass of non-rotating parts 

of the dancer C is small compared to total mass m 

T = mg 
•• 0 "2 

mx ( __ k2 ) 
+ -2 1 

R2 

When k= R,equation (5) becomes 

1 = mg ::: Constant 
o "2 

(5) 

This means that the tension past the dancer is constant irres-

pective of any tension variations prior to the dancer as long 

as the mass of the dancer is distributed so that the radius of 

the dancer cylinder is equal to the radius of gyration of its 

rotating mass. 

Let us now consi~er the probable causes of cyclic tension vari-

ations in a web-fed printing machine as an example. The normal 

maximum diameter for a reel of paper is 1.0 m and core diameter 

of about 0.1 m. If the web is driven at a speed of 10 m/s, the 

rotational speed of the reel will vary beth'een 3.2 and 32 

revolution per second. If the reel is running excentrically 

at this speed this represents a frequency of tension disturbances 

ranging from 3.2 to 32 Hz. This sort of tension variation and 
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similar purturbation resulting from drift in infeed drive 

devices, unwind brake variation, flying pasters and irregular-

shaped rollers prior to the dancer could be compensated by the 

Inertia-Compensated tension control system of Martin Automatic 

Inc. of U.S.A. 

Considering the section of the machine past the dancer C, 

specifically between roller G and the driving rollers D and E 

in Fig. 2.5, D. King 13 showed that the mathematical model of 

web tension in a material passing through this section is of 

the form 

U A (- +-) 
L I 

Kr2] K 
D +"IT T= TL ( AU + Br + T r2) 

o 

The involved paramp.ters of the equation have been estimated as 

follows for a newspaper printing press: 

Web speed (possible maximum) U :::: 10 m/s 

Free web path length L :::: 1 m 

(between rollers G and E) 

Paper 'stiffness' K :::: 6xl05 N 

Radius of roller G r :::: 0.05 m 

0.07 kg.m 2 .. Inertia of roller G 

Viscous friction coefficient A 0.002 N.m.S 

Stat i c fri ct ;0n B :::: 0.2 N.m 

Initial tension prior to G T := 300 N 
0 

A practical solution to the mathematical model equation is 

-a:t 
e sin (wt + rp) 
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where '" = ..!. 
2 

(~ + A) 
L I 

w = I Kr2 
IL 

Us i ng the gi ven va lues it can be seen that ~ « ~ and 

w 

1 U 
"2 L 5 

hence 

-1 
s 

146 rad/s 

312 N 

T 312 + T
B

e-5t sin (146t + ~) 

where TB and ~ are independent variables. 

This represents a damped oscillation of tension, following 

disturbance, with frequency (w/2IT) equal to 23Hz and exponential 

time constant (1/"') equal to 0.2 s. Thus one should expect to 

find a resonunt frequency, of the material/machine system, of 

23 Hz between the printing unit and the previous guide roller. 

This would result even if the "Inertia-Compensated" device 

maintains a constant tension as claimed. 
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Furthermore, the simple analysis of the "Inertia-Compensated" 

tension control, given before, ignored the effect of web 

elasticity. To consider this, the situation can be simply 

described in the manner of Fig. 2.6(a) \1hich shows the "Inertia-

Compensated" dancer with the two guiding rollers and the support-

ing web. Fig. 2.6(b) represents an analogy of the web elasticity 

(stretch) and the dancer inertia. 

Q 

c 

G 

T 
o 

mg 

Fig. 2.6 Analogy of the web elasticity and the dancer 
inert i a 

The effective mass of the dancer, to maintain a "Constant" 

tens ion T of 300N, may be about 60 kg. The "st i ffness" of the 
o 

two supporting \1ebs is 2K '" 12 x 105 N and the free length {''' 

of the paper "spring" could be about ·1 m. In this case the 

resonant frequency of this mass-spring system is given by 

f = 211 / r m = 22.5 IIz 
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which is dangerously close to the natural frequency of the 

material/machine system obtained from the mathematical model. 

Thus, although the Martin System could compensate for the, 

tension variation occurring prior to it in the material/machine 

system, the dynamic analysis showed that it can virtually do 

nothing for the inevitable tension purturbation occurring past 

it. A practical expedient is to use a tension measuring device, 

with appropriate frequency response, as close AS possible to 

the printing unit to evaluate the tension variation. The 

tension control system can then, operating through a feed back 

system, compensate for this variation. The develop,nent i of 

such' measuring device is one of the aims of the recent 

investigation. 
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2.3 PRESSURE IN AIR-FILM SUPpORTING A WEB UNDER TENSION 

The configuration consIdered in this analysis Is illustrated In 

Fig. 2.7. It consists of a web, under tension, in close proximity 

to a cylindrical porous surface. The web, being flexible and the 

cylinder constitute what is known as a foil bearing. The gap between 

the web and the surface is maintained by a film of air Ilrovided 

through the porous wall of the cylinder. The tension in the web is 

balanced by the pressure in the air film supporting the web. 

To simplify the analysis, it is assumed that the web is a perfectly 

flexible, inextensible membrane. A further assumption that the 

centre line of the web lies in a plane dnd that the web itself is 

perpendicular to this plane, rules out cases in which the web is 

twisted or bowed across its \~idth. The assumption impl ies, also, 

that the gap thickness across the web is constant. Such an a~~roach 

ignores completely the problem of determining the manner in which 

the pressure builds up underneath the web. 

Consider now a web of unit width with a wrap angle e around the 

porous cyl inder. The web is under tension which can be represented 

by a mean value T per unit width. Considering the forces acting on 

a polar element of the combination subtended by the two equal radii 

OA and OB we get 

.se 
F = 2T sin 2 (1) 
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If p is the pressure in the air gap then 

p _ Force/area of the arc subtended by OA and OB 

p _ F/(length of arc x width of arc) 

Since we are considering unit width of the web 

:. po::: F/r 88 

Substituting for F in 

p r 08 = 2T sin 

(1) from (2) 

(08) 
2 

yields 

Since 88 is a small angle, hence sin (~) " 
2 

p r 08 = 2T o~ 

T 
... p = r 

88 
2 

(2) 

The supply pressure to the porous cylinder must therefore be ~ p to 

lift the web. In practice it was found that the minimum supply 

pressure for virtual elimination of friction between the web and the 

porous cylinder was 1.5 p. 

Pressure in air gap p Sintered cylinder of radius r 

web 

T 

Fig. 2.7 The principle of externally pressurised 
foi 1 bearings. 

T 

o 
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2.4 FINITE ELEMENT ApPROACH ~O WEB~TENSioN PRciFILE 

2.4.1 INTRODUCTION 

In externally pressurised foil air-bearings, the pressure in 

the air film deflects the flexible web. This deflection, 

changing the air film thickness, alters the pressure distri

bution along the width of the bearing. 

As the tension pressure relationship was established earlier on 

the assumption that film thickness is constant across the web, 

consequently the pressure in the fi lm was taken to be constant. 

This way, one is ignoring the interaction between the pressure 

distribution in the film and the tension in the web. To 

predict the tension profile across the web due to the loading 

conditions and th~ elastic characteristiC?of the web material 

only, it seemed valuable to attempt a finite element solution 

for the problem under consideration. Assuming that this could 

be achieved, one can th;n introduce the effect of the pressure 

distribution into the model to achieve a more comprehensive 

analysis of the problem. 

The finite element method has now become recognised as a general 

method of wide appl:cability to engineering problems. It is 

essentially::! process through which a continuum with infinite 

degrees of freedom can be approximated to by an assemblage of 

elements each. with finite number of unknowns. Conventional 

engineering structures can be visualised as an assemblage of 

structural elements interconnected at a discrete number of 



nodal points. If the force-displacement relationships for the 

individual elements are known it is possible, by using various 

k h . f I I' 43,44 d' h well- nown tee nlques 0 structura ana YSIS ,.' ,to erlve t e 

properties and study the behaviour of the assembled structure. 

2.4.2 NOMENCLATURE 

Jt 

t 

w 

2e 

E 

P 

T 

X,Y,Z 

x,y,z 

0: 

11 

0: 

12 

0: 

13 
0: 

21 
0: 

22 

0: 

23 

Length of web between the frictionless bearings 

Web thickness 

Web width 

Wrap angle around the pad 

Young's modulus of web material 

Poi sson's ratio 

Density of web material 

Average apfll i ed tens i on per un i t \~i dth of the web. 

Global co-ordinates of the nudes 

Local co-ordinates of the nodes 

Angle between x and X 

11 X and Y 

11 X and Z 

11 Y and X 

11 Y and Y 

11 Y and Z 

u Displacement along x 

v 11 y 

w 11 z 
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2.4.3 FINITE ELEMENT ANALYSIS 

In the present analysis the web is treated under some 

assumptions and approximations, as a symmetrical cylindrical 

shell. The force-displacement relationships of each individual 

element were determined from the equations of minimisations 

of total potential energy. The characteristic e~uations of the 

whole structure of the elements \"ere then derived by proper 

summation of the appropriate stiffness coefficients. Solution 

of these characteristic equations defined the nodal point dis

placements, heoce stresses. A brief description of the proced

ure, assumptions, boundary conditions and loading is given 

below: 

(i) Basic assumptions and approximations: 

. 1. The behaviour of the web can be repr~'iented by the 

behaviour of a thin plate built up of small flat 

elements, forming the middle plane of the web. 

2. The classical plate-theory assumptions ar0 valid for 

the present analysis. Namely, that the plate element 

is thin and the deflections are small so that linear 

variation of stresses and strains take place on lines 

normal to the plane of plate elements. 

3. The web material is homogeneous and isotropic, thus 

the elasticity constants and d.,n,;ity remain constant 

throughout the web. 

4. The- effect of gravity on the web elements is negligible 

compared to other forces acting on them. 

5. Linear elasticity does hold for the web material. 
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6. The web is symmetrical about the inplane X and Y axes, 

therefore one quarter of the web section under consider-

ation represents the whole state of stress. 

(ii) Selection of the type of element: 

(i i i) 

In the present problem a complete slope continuity is 

required on the interfaces between the various elements 

without violating the fundamental continuity of the dis-

placement in the Z direction between the elements. It is, 

however, relatively simple to obtain shape functions which 

may violate the slope continuity between the elements but 

not at the nodes where continuity is basically imposed. 

If such functions satisfy the constant strain criterion 

45 
then convergence may still be found 

Rectangular elements of eight nodal points, four at the 

corners and the rest at the midpoints of the element sides, 
46 

have been successfully used for plate and shell analysis. 

With the simple geometry of the present problem, such 

elements appeared to be good enough to represent the web. 

Finite element idealisation of the web: 

Fig.2.8 shows a diagrammatic sketch for the experimental 

rig. The web, fixed at one end, traverses a frictionless 

air bearing acting as a support and guide roller. It then, 

in its course to the second guide roller, wraps around a 

pad. Both the pad and the second guide roller are friction-

less air bearings. At the other end of the web, dead 
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Fig. 2.8 Diagrammatic sketch for the experimental rig. 
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weights are used to apply tension to the web. 

Fig. 2.9 shows the idealised structure of one quarter of 

the loaded web in the region between the two guide rollers. 

The two I ines X = -1 and Y = 0 are I ines of symmetry and 

the flat elements laying within the zone Xo " X" ~ 

are constrained in the direction normal to the element 

plane (the z direction). Fine mesh size was used near 

the lines of the steepest stress gradients. 

(iv) Boundary conditions: 

Due to the symmetry conditions mentioned earlier, the 

displacements are constrained ~s follows: 

u = 0 along the I i ne X 
R, 

= 2: 
v 0 " y 0 = := 

'" 0 " X 0 = ::: 

w = 0 wi th i n the doma i n X 
0" 

X ~ 
J!, 

2 

and 0 " 
w y <{, -
2 

(v) Loading conditions: 

The applied loads may be described by either quantitative 

values of the applied force or by prescribed displacements. 

The procedure followed in the present analysis was to 

prescr;be an assumed value of displacement at the edge 

X= o. Thus the condition is given by 

u = - [, along the edge X = 0 

where S is an assumed small displacement in the negative 

di rection of X. 
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<X - 0 2;[ 
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9 

7 

~ 
5 

3 

1 

z 

<X - 90-e 
'f ~ 

,,=6 
>o;z....-r1-"":":" X 

x, Y,aHd-Z' Global coordinates 
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ZI 
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·t 
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12 
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20 30 37 47 5 6/, 11 81 88 98 105 

-18 29 35 45 52 63 59 80 85 97 103 . 

Fig. 2.9 The idealised structure of one quarter of the loaded web in the 
region between'two guide rollers. 

<X 
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<X 
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<X 
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23 

Z 
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Xi = Xo + R sin e. 
I 

Z. = R - R cos e. , 
.0-

X I I co , 
angle between x & X 
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" " x & Z 

" " Y & X 

" " y & Y 

" " y & Z 
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(vi) Method of solution: 

The local stiffness matrices of the individual elements 

were derived, then transformed into the global co-

ordinate system by using the direction cosines matrix 

established between the two sets (local and global) of 

co-ordinate systems. The structure stiffn",,,s matrix was 

then assembled from those of the individual elements, the 

boundary conditions were introduced and the prescribed 

displacements (resulting from the external load) were 

applied. The resulting n linear equations were then 

solved for the displacements of the discrete nodal points; 

n being the total number of degrees of freedom of the 

whole assemblage of elements. Stresses could be calculated 

within the elements of particular intere~~, e.g. near 

R
by X = 2' 

47 
A standard computer program (PAFEC 70 +) was used with 

the following data (See Fig.2.B and 2.9) to de·termine the 

state of stresses within the region 

w 
~ y ~ + w at X 

R-
2 2 = 2 

Total Number of nodal points 113 

Total Number of elements 30 

R- 00 

t 0.010 

w 5.0 

E 4.118xl05 

i 0.4 

p 1.4xl0:3 

R 25.0 

cm 

cm 

cm 

-2 
N.cm 

-3 kg.cm 

cm 
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2.4.4 RESULTS AND DISCUSSION 

An inspection of the computer program results revealed the 

following: (see Fig. 2. 9 ) 

Stresses at nodal points 86 - 96 are identical 

11 11 97 - 102 11 

11 11 103 - 113 11 

These stresses when converted to give the resultant forces 

acting at the centre of each e'lement would indicate that the 

tension across t~le web is constant. Such results contradict 

practical observation; that is to say the 'siJe edges of any 

flexible web, subjected to a tensile force, appear to be slack 

relative to the central region of the web. This observed 

phenomenon could be explained as follows: 

Consider the case of a web of flexible material, fixed at one 

end and subjected to a tensile force at the other end as shown 

in Fig. 2.1l Let us assume that the normal stress in the X 

direction is equal to that along the y direction. This would 

have the effect of ov~restimating ° ' at the centre of the web, 
y 

since 0- is onl)' a fraction of Ox (0 = "'0 where'" «I). Doing y y x 
this, for simplicity, we get: 

a - At the centre of the web: 

e 
x~ 

e :-x 

ox-

0 0-

2. - ~..::L , 0 = 
E E x 

0 
(H) 

E x 

0 
Y 
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The web 

Fig. 2.10 Web under uniaxlal tension 

b - At the side edge of the web: 

. .. 

e = x 
crx 

E 

cr = Ee x x 

since cr = 0 due to bounda ry "ond it ions 
y 

where crx = normal stress in the x di rection 

cr = y " y " 
e

x
= strain in the x direction 

E _ Young's modulus of the web material 

.)1 :::: Poisson's ratio 

(2) 
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Comparing (1) and (2) yields that a at the side edge is less 
x 

than that ~ at the centre which may explain the phenomenon of 
x 

the slackness of the side edges relative to the centre of the 

web, hence the existence of a tension profile across the web • 

. 2.h.5 CONCLUSIONS 

The approach presented here failed to give any conclusive 

results. One is inclined to believe that an improved model 

for the problem with more realistic features can result in a 

more successful outcome. Considering the difficulties involved 

in simulating tne problem, any further attempt would have 

deviated this study from its original course. 



C H APT E R 3 

EXPERIr1ENTAL RI G 
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3.1 INTRODUCTION 

Bearing in mind the objectives of the present work mentioned earlier, 

one finds that the nature of the problem has dictated the plan for 

experimental work. Web-tension measurement had to be carried out in 

situ where the web is manufactured, processed or transported. Thus 

it was imperative to simulate, in a test rig, conditions as near as 

possible to the actual working conditions to provide a deeper insight 

into the problem of relatively high-frequency tension perturbation. 

The limitations, of co~rse, are the cost and time needed to carry out 

an ultimately comprehensive experimental analysis. 
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3.2 TEST RIG 

3.2.1 MAIN FRAME AND COMPONENTS: 

The main frame was deisgned and fabricated in such a way that 

it can be adapted for extended work on the study of the dynamic 

behaviour of moving webs. As the main requirement was rigidity, 

the frame was constructed of rolled hollow section steel bars 

{R.H.S.} The section used was 2 inch by 2 inch by 0.100 inch 

{50.8 x 50.8 x 2.54mm} wall thickness. The bars were cut and 

machined to the designed lengths, and then welded to construct 

the skeleton of the main frame. The essential components of 

the frame are illustrated in the perspective view shown in 

Fig. 3.1. 

The frame accommod~tes the main drive unit, 6 guide roller units 

and a swinging roll .displacement - guide unit as can be seen in 

Fig. 3.2. The web is moved {at the speed required} by a 1 horse

power, variable speed D.e. motor. The guide roller units, which 

were designed to be easily accommodated at any desired location 

on the frame, support and guide the moving closed loop of web- in' 

its designed course. The swinging roll unit is a self-contained 

unit that controls the lateral alignment of the moving web. 

Guiding is accomplished by a gentle swivel action which minimizes 

the distorti~~ and wrinkling of the web as it enters and leaves 

the un it. The speci fi cat ions of the d r i vi ng motor and the swi ng

ing roll unit are given in Appendix '.11 }. 

One part of the main frame was'utilised with a stationary web 

to carry out, experimentally, static and dynamic analyses of 
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Main frame upright 
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Fig. 3.1 Perspective view. for the main frame. 
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Guide roller unit 
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Fig. 3.2 A view showing the components of the test rig accommodated 
on the main frame. 
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web-tension measuring devices as shown In Plate 4.2. As for 

the analysis of measuring devices on running webs at high speeds, 

the investigation carried out in this study was more of a quali

tative nature •. The top area of the lower section of the main 

frame was used to build on the accessories of the experimental 

rig. One guide unit support bar, located at the .. ear end (near 

to the upright section of the main frame), was used to support 

the fixed end of the web under consideration. Another support 

bar, located at the front of the lower section of the main frame 

(about O.6m ap2rt from the rear one) was used to support the 

externally pressurised cylinder intended to measure the tension 

in the web traversing it . 

. The schematic sketch in Fig. 3.3 shows the bask arrangew.ents 

for static tests. In (a) the web is fixed to a si iding cyl inder 

at one end (near the rear end of the lower section of the main 

frame), traversing a frictionless air bearing at the front end 

of the main frame and coupled to a load carrier, through which 

the desired tension is to be applied at the other end of the web. 

In (b) the rear cyl inder was replaced by another frictionless 

air bearing to support and guide the web, one end of which is 

coupled to a load cell. The load cell, acting a~; a reference 

moni toring the tension appl ied to the web <it its other end, is 

mounted and' fixed to a third guide unit support bar which is 

located across the bottom part of the lower section of the main 

frame. Plate 3.1 shows the second arrangement. 
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Fig. 3.3 Diagrammatic sketch showing web-end fixation 
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3.2 . 2. FRICT ION LE SS AIR-BE ARIN GS 

Fri ct ion less a i r-bea r i ng s we re used fo r t wo d i ffe ren t pu r poses . 

Fi rs t, t o e l imina t e the f ri ct ion betlveen the rea r gu i de ro ll e r 

and the we b trave rs i ng i t on it s way to the load ce l l, wh i ch i s 

a re fe rence s t a nda rd for measlJ r i ng the app l ied t ens ion at the 

othe r end o f the web. Thi s was ach ieved by us ing a stee l t ube , 

ma ch ined and pa l i shed to a 50mm outs i de d i alne t e r . T"IO rOI,s of 

7 sma ll ho l es ,(each 0.775mm d i ame t e r) we re dr ill ed, the two 

o rows subte nd ing 1n ang le of 60 . The wrap ang l e of the web 

when t rave rs ing t he t ube was 900
. The ho le, we re eve n ly spa ced 

a l ong the t ube , 40mm apa rt. Fi g . 3.4 shows the de t a i Is o f t he 

a i r b ~a r i ng use d . As fo r th e second pur pose , t be concept of 

po rous s in te red meta l t urne r ba rs , des c ri bed ear li e r , was 

uti li sed to measure the tens ion i n the web ~ rave r s i ng s uch 

turne r ba r. 

Two of th e pos s i b le ways in wh ich t he s i nte red t ube co u l d be 

made in to an a i r bl own t ur ne r bar a re s hown in Fi g. 3 . 5. The 

mate ri a l used fo r t he f irst des ign wa s s in te red bronze wi t h a 

max imum pore s i ze of 2 .5 )Jm , comme rc i a ll y a va il ab l e i n a va ri e ty 

of t ube s i zes . The s i ze of the tube used was 50 . 8mm 0. 0. (2 i n), 

44.5mrn I. D. ( 1.75 i n) and 279.4mm (11 in ) length. As t he 

o inte nded wrap ang l e wa s 90 , a non porous st i cky t ape was used 

to bl ank off a sec t or of 2400 of t he ins i de s urface of the tu be 

l eavin g an ac ti ve s urface a ngl e of 1200 • Two d rawback s we re 

appa l'ent us i ng t h i s a rrangement . Fi rs tl y, one was us ing a l a rge 

area of s i nte red mater ia l and the n had to b l ank mos t o f i t off. 
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Second ly, the s in te red bronze mate ri a l proved t o have a compar-

ative ly hi gh pe r'mea bi 1 ity coe ffi c ien t . Thi s mea nt highe r rate 

of air flow through it s porous surfa ce (see t abl e 3. 1) . To ove r-

come the se drawba cks the second desi gn was de ve l oped. Rig i d 

mes h, comme rcial l y availabl e in s hee t s (36 x 12 x 1/16 in), 

which i s produced b',' roll i ng and s i nt e ring of seve ra l l aye r's of 

stainl es s stee l wire mes h wa s used. The maxi mu!li pore s i ze of 

the mesh used was 2.5 ~m . This ma t e rial proved to have lower 

permeabi 1 ity coefficient, hence le ss a i r con s " ~ption as shown 

in tab le 3.1 . The va lues I i s ted in t he t a bl e we re de t e rm in ed 

expe rime nta ll y unde r the same condi ti ons for bo th ma t e ri a l s . To 

ecollomi se ,"i th the use of s uch exp,,; .s i ve mater i a l , the ma in body 

of the tu rner bar was made of a luminium t ube . A sector s ub-

tending an ang l e "F 1200 wa s cut a long the wal l of the tube . A 

strip of the mesh ,"as forn, .:.d to have a 25,,,,n radius . I t was the n 

screwed onto the oute r surface of ti, e a luminium tube, cover in g 

the s lot made, to pro"; de the active surfacE' a rea of the turner 

bar. 

Pres sure i nside 
t he c~1 inder 
(kN/m ) , 

20.60 
34 . 31, 
f.R .67 

103 .01 

Table 

Rate of air flGw 
(m3/s .012) 

Bronze Stain less Stee l 

0.475 
0.60 0.198 
1 . 283 0.4 1 

0.548 

3.1 

In both designs the matedals used cou l d be mach in ed i n the 

same way as s imil a r solid materia ls . This made ' it easy to dri l l 
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a th rough ho l e of 3. 2mm diameter at t he midd le of the act i ve 

s ur face centre lin e . Eve ry preca ut ion was taken to ens ure 

tha t the 5 in t e red s urface was no tin a n y \~ay damaged , thereby 

c l os i ng the po res. A p last i c p i lot-t ube \·,as i nserted into the 

ho l e to become f l ush wi th the outer s urface of t he s i ntered 

cyl inder . The tube \Vas then connected to a pres ~ ure gauge , 

name l y a mznome ter at one stage of the expe ri me nta l work and 

to a Kist l e r press ure transducer at anothe r, t o meas ure the 

pressu re in t he a i r gap between the act ive surface of t he 

s i ntered cy l i I're r and the \Veb travers i ng i t. 

At one s tage of the expe rimen tal "ark , the need t o sc~n the state 

of tens ion across t he web had ri se n . With the prev ious arrange

ment, it was found eas i er t o move the web l ate"'a ll y re lat i ve t o 

the pi lot -t ube f itt ed i nto the sintered cyl i nder . To oCl1ieve 

thi s , t he rea r end suppor t fri ct ion less bear i ng was rep l ace d by 

a so li d s t ee l cy li nde r, act in g as a fi xed core, a nd an a luminium 

s leeve of 501Ml outs ide d iameter which s li des smooth l y a long t he 

core cy lin de r. A grub SC rew- v groove a rrangement was made ' to 

guid e and lock the s leeve along the co re cy l inde r, he nce stopping 

the web at the des ired point re la ti ve to th e measuring pi lot 

tube . Pl ate 3.2 shows one of the gu ide unit supcort bars s upport

ing the s intered sta inl ess stee l measu rir.~ cyl i nder . The same 

arrangement was used to support e ith e r the fri ction less a ir

bea rin g or the stee l co re cy li nde r wi th the s i i di ng s leeve at the 

rear end . The la tter is sho"m in deta i I in Fig. 3.6 . 

- - -- -- --- ---
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3.2 . 3 WEB-TENS ION MEASUR ING PAD : 

I t ",as s hown ea r l i e r that the pressu l'e i n the a i r gap (p), 

ba l anc ing the app l ied web-tens ion (T) i s inverse ly proport iona l 

to the radius of cu rvature (R) of the fo il bea r i ng e l ements 

(p = T/R) . The s upply press ure P to the beari ng must therefore 

be greater than p to I i ft the web . In pract i ce i t " as found that 

the minimum supply press ure fO I' v i rtua l e li nl i nation of fr i ct ion 

be tween the web and the other bear i ng e lement was 1.5 to 2.0 p. 

Thus , for a ce r t." i n va l ue of tens ion , the bigge r the radius of 

curvatu re of the bea r i ng the less s upp ly prp~s ure wou l d be 

requ i red ",hich mea ns l ess a i r consumpt ion . 

Takin~ thes e con s ide rat ions i nto account, a prototype portab l e 

dev i ce, referred to as the meas uring pad, to measure web t e ns ion 

was des i gned, made and tested. Fi g . 3.7 shows the detai l ed 

dr aw i ngs of t he pad. The porous cy l indrica l segment was made 

of a st ri p of the s i ntered sta in l ess s t ee l wi re mesh. The s tr ip 

was ben t t o fo rm a she I I of 250mm nom i na I rad i us. I t was then 

screwed onto the top of a cast il l um i n i um box , which had been 

machi ned to a rad i us t hat conformed to that of the str ip, ",; th 

a gasket i n oetween to prevent leakage of comp ressed a i r' s upp l ied. 

A 3.2mm (I< in) ho l e was d r ill ed in the mi dd l e of the s inte red 

segment to accommodate a p i lot tube for measur in g the stat i c 

press ure in the a i r gap as in the case of the sintered cy l inde r 

de sc ri bed ea rli er. Late r , the ho l e wa s bored to a diameter of 

5 . 0mm (0 . 2 in) to f i t i n the pressu re t ransduce r adapter. After 

the assemb l y of t he components of the pad , t he radi us of curva 

t ure of the s i nte red segment was measured and f6und to be 
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258.5Mn (ave rage value ) . The de ta il s of the proced ure of 

measuremcnt i s g i ve n i n (5 . 2) . 

A numbe r of adapte r ~ were made so tha t the transducer, when 

fi tt ed i n, cou l d be e i the r f l us h wi th the bea r i ng surface or 

pu ll cd back from i t by the presc ribed d i s t ance . Such a d ista nce 

I"as accurate l y meas ure d by nleilns of 0.00 01 i nch (2.54 pm) d i a l 

i nd icator I"ith a po inted Sly l us , which cou l d be p laced on the 

t ransduce r d i aphragm and bear ing surface il lterna t e l y . To avoid 

any d i sto rt ion l:, at mi ght happen to the d i aphragm of the trans -

duce r , the adapter was de s igned to prov ide er,me c l ea rance a round 

the circumference of the d i aphragm whi l e t he transduce r was 

l ocat~~ in position on i t s back body as shown in deta i I i n 

Fig . 3.8 

Sintc~ed segment of 
meas uri ng pad 

- "_c , ' .;~ "':_;.~' .' ..••• ~ •. ,': .• :.' ....... .. . . . :~ .. ~. :, ". . . 

Shr i nk i ng tube 

Tr an sduce r back body 

Si I ico ne rubbe r sea lant 

Lead wi res 

Ad"pto r 

.' 

3 .5 

2 .. 79 

!.5 . 0Q~ 

x 

. Con nect i ng tube (to 
atmosphere) 01 MS . in mm . 

Fi g. 3.8 Tran s ducer mount i ng 

10.0 
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Sin ce t he tra nsduce r used was of t he dif f e rent ial press ure t ype 

(see 3. 3. 5) , i ts reference tube "Ias connected to atmospher i c 

pressure (outsi de the pad box) v ia a p last i c t ube go ing t hro ugh 

a ho l e dr ill ed in to t he box wa l I. As fo ,' the e lectr i ca l connect-

ion , D mu lti-po le connec t o r was used . It cons i sted of a chass i s 

socket wh i ch was erebedded i nto the box wa ll and a cab le p l ug t o 

connect the t ransduce r to t he powe r s upp l y-p re amp li f ier un i t . 

The ma i n advantage of th i s mul t i -pole connecto r i s that the wi re 

a nd cab l e c lamp ing i s in co rpo rated on t he cab ·' =- moun ti ng ve rs ion 

to prov i de comp lete sea ling to prevent l eakage of the press ur i sed 

a i r to t he out s i de of t he pad box (Plate 3. 3). 

Sin ce the s uppl y press ure needed in s i de t he pad box Vias fa irly 

sma ll (11.6 1 kN/m2 max i mum), a ."He r manomete r was used to mon i tor 

it to ens ure t hat the req~ : red pressure .'as se t . The ma nomete r 

wa s connected t o t he pad v i a a p l as~ i c t ube fi t t ed t o a ma l e 

st ud coupl i ng sc rewed i n the pad hand l e. Press uri sed a ir was 

suppli ed to t he pad t h ro ugh a hose fitt ed t o a s t anda rd s nap 

ac tion coupling ,. hi ch fit s in a ma l e thread a ir I in e ada pte r 

s c rewed in the pad handl e as shm.n in Fig. : . 7 and Pl ate 3.3. 

As the meas uring pad was an exper imen t a l mode l, fa c il i t ies fo r 

achi ev ing the opti mum wrap ang l e of t he web, a round the ac ti ve 

surface of ~~,e pad , we re needed . The wra p ang le i s dete rmined 

by the rad ius of cu rvature of the cy l ind ri ca l po rous segment 

of the pad a nd how f a r the pad i s pushed aga ins t the we b. Sin ce 

the radius of cu rva ture of the pad was cons t ant, thi s l e ft .us 

with the di s t ance the pad ,.oul d move aga in s t the we b. 
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Ad j us tment of th i s d i s tance Ivas made poss i b I e by the des i gn and 

fabr i cat ion of a mount i ng br idge wh i ch cou l d be bo l ted to the top 

area of t he 10l1er section of the ma i n frame . A s l ot was made 

a l ong the gant ry of the mount i ng b ri dge , to 1·/hich the pad i s 

c l amped , to enab l e t he measur i ng pad to traverse t Ile web pass i ng 

i n c lose p rox imi ty, und e rneath i t. The d i stance ',loved by t he 

pad tovla r ds the \.eb , hence de te rmi n i ng the wrap ang l e , was con-

tro ll ed by t he use of a sp ri ng- loaded mi c rometer arrangement 

f i t t e d to t he measu ri ng pad hand le as shown in Fi g . 3.9 . P late 

3. 3 s hows the "':Junt i ng br idge Iv i th the pad f it ted i nto i t. 

3. 2.4 AIR SUPPL Y 

It i s c l ea rl y essenti a l fo r the a ir s upp l y, t o e i t her t he 

s in tered cy l i nde r s o r t he measu ri ng pad , to be 'l r e-f i l te red by 

a fil t e r of a g rade s i mil a r to o r fi ner than t hat of the 

s i ntered mate ri a l of e i ther of them . The a ir must a l so be dry 

and o il free . Al though t hese requ i reme nts a r e fa i r l y st ri nge n t, 

t hey we re me t by the l atest comme rc i a ll y ava il a bl e f il te rs. The 

fi 1 te r s used had a 5 micron "Mi k ro - Klean 11' ca rt r i dge wh i c h , 

acco rdi ng to t he man ufac ture r s , exhibit s fin e r filtr a ti on cha ra -

cte ri s ti cs whe n used on comp ressed a ir, which i s the case in 

thi s \"o rk, or gas se rvi ce than when used on 1 iq u: d serv ice app l i

ca ti ons . Parti c l e remova l eff i ciency i mp :'oves and r emova l o f 

pa rti c l es down t o 1 mi c ro n i s poss i b l e , t he man ufacture r s c l a i m. 

Two types of r egul a to r s were used in the pne uma ti c c ircuit. The 

fi r s t one was a gene ra l purpose t ype wi th o utp ut p ress ur'es r ange 

2-125 Ib/in
2 

(ga uge ) (13.79- 862. 19 kN /m2) whi ch coul d prov i de 
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complete s hut off . I t was used to regu late the supp l y press ure 

to the s i ntered cy l inder as we ll as the rear s uppo r t a i r bea ring. 

Anothe r one , of the same type, was used as fir s t s tage reg ul ator 

for the s up p ly press ure i ns i de the measur in g pad . S i nce the 

supp ly pre ss ure req u i red in s ide the meas uring pad was compara -

t i ve l y l ow (up to 2 Ib/in2 

I i ne pressure (90 I b/ i n2 

2 
'" 14 kN/m 

'" 620 kN/m2 

compa red to the main 

.) a second type of 

press ure regulator ''la" used to set and contro l the des i red 

va l ue of p ressu'e in s i de the pad . A diagr amma tic l ayout of the 

pneumat i c network us ed i s shovln in Fig . 3.1 ') 

T 

Fl ov/me teF-

Fi I te r 

Press ure reg ul a r 

Rese rvo ir 

Fig. 3 .1 0 Pneumat i c netwo rk l ayout 

3.2 . 5 WE B MATERIALS: 

I 

7~ 
Meas ur i ng 
Cy l in der 

The webs used in the exper iment s 've re of two d i fferent mate rial s . 

The cho ice of the mater i a l s had been influe nced by the fa ct that 
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pract i ca l use of the measur ing pad under cons iderat ion \;ou ld be 

in continuous process i ng systems that a re 1 in ked together by 

the materia l being processed. Typica l examp les are stee l st rip 

product ion 1 in es , pr i nt ing presses , manufacturing and use of 

magnetic tapes, plast ic films and pape r mak ing in dustr ies . 

"fie 1 i nex" polyester f i lms proved to be a usefu l cho ice s in ce 

they are among the most versat i le and usefu l plastic f i lms. They 

are used in p r inting, ma nufact ure of magnetic tapes and photo

graph i c fi lms and packag i ng indust ri es . " Me l i nex" i s the trade 

mark fo r a range of b iax ial ly drawn fi lms man ufact ured by ICI 

Pla; ;-. ic Division from po l yethylene terephtha late p"lymer . 

The films used \;e re transparent, commerc i a ll y ava il able in a 

choice of widths : nd th icknesses. Throughout t he expe riments 

t\;O "Me l inex" webs of d i ffe rent thicknesses "Iere used, name l y 

5 1 pm (0 . 00 2 in) and lD 2 pm (0.004 i n) . As for the width, 

50, 102 , 260mm wide web" were used as will be described late r . 

(Chapter 4). The propert ies of the f il ms used are give n in 

Ap pend ix (I I O. The second web mate ri a l used waS sh im stee l . 

A 10211101 (/1 in), 51 pm (0 .0 02 in) thick stee l s trip was used. 

3.2.6 METHODS OF APPLYING TE NS ION: 

Tens ion was ~pp li ed to t he we b by means of a load - carr i e r. The 

car ri e r, togethe r wi t h combinations of dead we ights, was used 

t o provide the presc ribed stat i c tens ion . An e l ectro-magnetic 

vibra to r ca pab l e of producing a s ine vecto r force, coup led to 

the load - ca rri e r, was used to s imul ate a sou rce of t ens ion 
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pe rtu rbat ion o f d i ffe rent f requenc ies and amp l i tudes . 

The we b was fi xed , a t one e nd , e ithe r to t he s li d i ng cy linde r 

a rrangement as shOl"n in Fi g. 3.3(a ) o r t o a load ce ll as in (b). 

The f irst case was desc ribed i n de ta il ea rli e r (3 . 2 .1). As fo r 

the second, a n ada pte r was ma de to coup I e th e end of t he we b to 

the load ce ll by mea ns of t ,"O me t a l str i ps refe rred to as t he 

end c l amps . To ens ure t ha t the a pp l ied load i s no rma l to the 

cross - sect i on of the web, a doubl e s i ded s ti cky t ape wa s used, 

in con j unct ion wit h a prec i s ion sq ua re and a s t ra i ght edge , t o 

pos i t ion t he web accurate ly in be t"leen t he two me t a l s t r i ps 

whi ch were t he n bo l ted toge t he r ~L prov ide t he necess a ry g rip. 

Fi g . 3.11 sho,"s the load ce ll, adapter a nd t he e nd c l amp s . At 

the o the r end the web i s co upl ed to the load-ca rri e r by mean s 

of t he same a rrangeme nt . 

The load -carri e r, s hown in Fi g . 3 .1 2 , cons i s t ed of 3 ma in 

components ; t he t op par t (be ing bo lted to the we b c :amps th rough 

the adapter) t o ca rry the dead we i ghts , the middl e pa rt . (wh i ch 

i s a diffe renti a l nut with ri ght - hand thread at the top e nd a nd 

a l e ft-h and thread a t the bottom) to adjust the l ength o f the 

carri e r and the lowe r pa rt t o coupl e the carrier vi a it s lowe r 

fl a nge to the vibratin g t ab l e of t he e lect ra - magne t i c v ib rato r. 

The v i brato r load n~unti n g t ab l e i s p rov i ~dd wi th 7 t apped ho les 

fo r this purpose . Bo t h t he load- ca rri e r a nd t he v ib ra t o r a re 

s hown in Pl a t e 4.2. 

The we ight s used to prov ide the required combi nat ions of s=at ic 

t ens ion we re cal ibrated us ing a " Sem i-Auto" Scal e of 5 kg 
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capacity with a sens iti v ity of 1 g in con junct ion wi th a 

ca l ibrated set of dea d we ights . The accu racy of the sca le 
, 

r ead il1 9s was checked us ing a ce r tified set of we ights . The 

sca l e was found to be accurate wi t hin 0. 5 of a gram. Tab l e 3.2 

gives the act ua l we igh t of the l oad ca rri er components as well 

as the set of wei ght s used to app l y the requ i red t ens ion. 

Part and nom ina l we ight Actua l weig ht 

kg kg 

0.500 ma rk 0.494 

0. 500 mark II 0.501 

1.000 0. 989 

2.000 mark 2 .004 

2 . 000 ma rk 11 2.045 

Top part of ca rri e r 0.789 

Mi dd le and bottom pa r ts) 1. 217 
of the ca rri e r ) 

End cl aulp 0. 192 

Tabl e 3.2 

, 
Tens ion perturbati on of known ampl i t udes and frequenci ~s we re 

prov ided by a wide freq uency band e lectro -magnet ic vibra tor 

capab l e of produc ing a s ine vecto r force of up t o 178 N when 

d irec tly coup l ed to the matching pmve r amp l i f i e r unit. The 

spec i f icat ions for hoth the v ibrator and the power unit a re 

g i ven in Appendi x ( IV) . To ens ure the necessa ry a l i gnment 
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betlveen the load-carr ier and the v i brator movi ng tab l e the 

wave form of t he current suppl ie d to the v ib rator , ,vh i ch i s 

converted into me chan i ca l force , as ,"e ll as that of the load 

ce ll output signal we re observed on an asc i ll oscope , Depa rture 

f rom a s ine wave form i s usua ll y a n indi ca tion of a rma ture o r 

suspe nsion mi sa li gnment. I t i s a l so i mpo rta nt not to exceed 

the max i mum specified a i-mature cu rrent. The refore a n amme ter 

was connected in ser i es i n the c i rcuit t o monitor the value of 

the current supp l i ed to the v i brato r armature . 



-8 1-

3. 3 IN STRUME NTATION 

3.3. 1 PN EUMATI C NETWO RK 

Re f e rr ing to Fi g . 3.1 0 it ca n be seen t ha t t he pne uma ti c ne t wo r k 

cons i s t ed of : a compresso r , a f irst stage press ure reg ul a to r 

wi t h an ou t l e t press ure ga uge to mon i tor t he reg ul a t ed press ure , 

a f ine grade f i I te r , a seco nd stage press ure regu lato r , a f low-

me t e r , a meas ur i ng pad wi t h t he press ure transd uce r fi tte d i n 

and a ,.ate r ma nomete r· . The loca l comp ressor used had a nlax i rnUln 

rat ing of 100 Ib/ i n2(a bout 70 0 kN /m
2
)wh i ch Fa r more th an 

needed a t a ny stage of the present wo rk . The ne two rk was 

connec ted to t he ma i n a i r - 1 i ne , f ed by the comp resso r , t hrough 

a conn ec t ing t ube wi t h snap act ion coupli ng a t ea ch e nd . Standard 

p l as t i c connect i ng tubes we re use d i n con j un c t ion wi th s t anda rd 

a ir-l ine f i tt in gs to connect t he d i f fe rent component s of t he 

pne uma t i c network . AI I of the component s , except the press ure 

gauges and t he f l owme t e r, we re descr i bed ea r li e r (3.2 .4) . 

Di a l i ndicato r Sourdon- tube press ure ga uge s of s ui tabl e p ress ur e 

ra nges we re used to moni to r regul ated p ressures fr om the f ir s t 

s t age press ure reg ul ato r as we ll a s t he s upr:y press ure in s i de 

the a ir bea ring s used to s uppo rt the we b. Si nce the s upp ly 

press ure required i ~s i de t he meas ur i ng pad was compa ra t ive l y sma ll, 

a wate r man<::"1e t e r "Ias used to mon i to r i t . The wate r ma nome te r 

used cou ld be read t o an accu racy of l mm "la t e r ( 9. 81 N/m2 _ 

- 3 2 1.42 x 10 Ib / in ) . Anot he r wa te r manome te r was used to meas ure 

the s t a ti c press ure in t he a ir f il m ba l a nc i ng t he tens ion in t he 

we b trave rs ing the s il1 t e red segme nt of t he mea s ur i ng pad . Me rcury 
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co lu mn , whi ch can be read to an acc uracy of 0.7 kN/m2 (0.1 Ib/in 2l, 

wa s used to dete rmine the pressure profil e i n the a ir gap across 

the web trave rs in g the s int e red cy li nde r (re f e r t o 3 . 2 . 2.). 

As for the rate of air fl ow through the sinte red mate ri a l, e i tl,e r 

of the s intere d cy l in der o r the meas uring pad, i t was meas ured 

on a n in-line "Fl owb it s" gap-mete r r l aced in the a ir s up ply line 

prior to e ithe r t he cylinde r or th e pad . The flow- me ter o ut let 

press ure I<as measured to determine the ra te of a i r flow a t standa rd · 

conditi ons . 

3.3. 2 HUY CK TENSOMET ER 

The Hu yck t ensomete r is a commerc i ~ :l y a va il abl e dev ice , made by 

Huy ck Co rporat ion of U. S. A., fo r we boo tens ion meas ureme nts . The 

t ensomete r used i. a portable, hand-he ld device which ope rates 

on a mechanica l bad s. Th ", operat ion ie based on the principle 

that the amount o f de fl ec ti on of a fl ex ibl e membrane unde r load 

i s dependent upon the 'c,' ns i l e s tress in the membrane. The load 

is provided by an inte rnal spring, and the amount of web de fl ection 

is measured by a dial indi ca tor. When using the in s trument to 

measure the t e ns ion in a web wi der than the ~'d t h of th e so ca ll ed 

"picture fra me" of the ten somete r ~ "hich is us ua ll y the case, 

calibration tabl es must be used. The ca libration differs accord

ing to the e l ~s tic prope r t i es of the material of the web unde r 

con s ide ration, and the d i a l in d icator read ing s are converted to 

we b tension in kg. per cm of we b width. The range of the t ens ion 

to be measured with the inst rument used i s 0.88 to 4.4 kN/m 

(5 to 25 Ib /in) . Fig. 3.13 shovls the Huyck Tensomete r wi th its 

ove ra l I dime ns ions. 
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3. 3.3 REFERENCE LOAD- CELL 

As the ma in object i ve of this research i s to deve lop a \',e b-

t ens ion measur ing technique based on an e lectro- pneumatic principl e , 

the perfol'mance of the measur i ng dev i ce deve loped wou ld have, by 

necessity, to be eva l uated by reference to a su i tab l e standard . 

Sin ce t he developed dev ice i s intended to meas ure dynamic tens ion 

perturbation at r e lat i ve ly h i gh frequencies , ~ "KI STLER" load- ce ll 

of high frequency response and suitab l e mounting features appea red 

to be a f avourite cho i ce fo r act i ng as a reference sta nda rd. 

The load- ce ll " ed i s a qua r tz force transduce r that, ,"hen subj ected 

to a comp ress ive load , develops an e lectrostat ic negat i ve charge 

which i s proport iol'a l to t he f orce app l ied, a tensi le load res ult·s 

in a posit i ve charge . The e lect rostat ic charge g i ven out by the 

load- ce ll (pC) i s converted in a charge amp l i f i ~ r into a proport 

iona l vo l tage (mV) , which cou l d be read off the charge alllp l i f ie r 

meter, d i sp layed on an osc i ll oscope and reco rded on a chart reco rder. 

As nega t i ve cha rges resu It in pos it i ve vo I tages a t '.n " cha rge 

amplifier output an i nve r t ing amp li f ie r of uni ty gain .,as used to 

reve rse the po lar i ty of the charge amp li f ier output s i gna l . 

The techni ca l data of the load-ce ll used i s g i ven in appendix 

(IV). Fig. 3.14 shows the basic cl rcui t used wi ~ h the l oad - ce ll. 

The load- cel l mounted i n the adapter was c~own ear li e r in Fig.3.11. 

3.3.4 " K1STLER" LOI. PRESSURE TRAN SDUCER 

For the purpose of conducting pre li mi nary exper iments to meaS ure 

the dynam i c variation o f pressure in the ai r gap between the web 

and the s inte red cylinde r (as a res ult of app l ying a s inuso idal 
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Fig. 3.15 Low press ure quart z transducer 
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force to the "eb, the p i. lot tube inser ted in to the cy l inder wa l l 

(refe r to 3.2 . 2.) was connected to a "KISTLER" pressure trans 

ducer. The transducer used was a 10;·, pressure quartz transducer 

for dynamic and sho l·t term stat i c press ure from vacuum to 10 

atmosphere . The measul'ed pressure acts through a diaphragm on 

the quartz crystal measur ing e l ement "h ich tran s f0rms the pressure 

in to an e lectrostatic charge in the same manner as in the case of 

the load cel l. 

I t ca n be seen from Fi g. 3.1 5 that the transduce r cou ld be used 

with or without the screW-On cover and the hose nipp l e . Due to 

the large s ize of the transducer, it was placed outs i de the sinte red 

cy li nder with the cover and the hose nipp l e connected to the p i lot 

tube. A s imil a r charge amp l ifiel' to that used ·.·ith the load-ce l l 

\"as used to transform the e lectrostat ic charge from the lriln sduce l' 

to voltage outp ut. 

3.3.5 MINIATURE PRESSURE TRAN SDUCER 

Using the "KISTLER" pre ss ure t ransd ucer (wi th the s ;rtered cy l inde r) 

for prel iminary assessment of the pe rformance of the web-te ns ion 

meas uring technique, i t became ev ident that a high frequency response , 

l ow pressure measu ri ng range, min imum s i ze are the primary requ i re 

ment s of the transdu cer to be used. For that , a mini ature p ressure 

transducer of 0 to 100 kN/m2 (0 to 15 Ib/in 2) range a nd 60 kHz 

resonant fr eq uency wa s chosen . It is one 0f the piezo-res istive 

type t ransducers wh ich comb ines a fu ll y act i ve semi-conducto r Wheat 

stone bridge. I t s sem i- conducto r circuitry is compensated for tempe r

ature changes in the environment and includes thermal sens i t i v ity 

compensat ion as a standard speci ficat ion. Therma l compensat ion is 
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avai l ab l e e i ther interna l or ex terna l to the transd uce r. The 

exte rna l compe nsa tion type was used to get t he minimum overa ll 

s ize of the trans duce r its e lf. The transduce r i s supp li ed with 

0.6 m (2 fee t) of ter lon coated l ead wire . The compensat ion 

modu l e i s located 0.450 m (18 in) f rom the transd uce r. The 

modu l e i s esca ps ul a t ed with s hri nl, tub ing and ha. a di ame ter of 

2.5mm (O.lin). Fig. 3. 16(a) s hows thp. t ransduce r with i ts over

all di mens ions wh il e (b) s hows t he bas i c c ircuit. As fo r the 

mount i ng detai Is of t he transduce r, into the adapte r made to be 

fitted into t'l< measur in g pad act i ve surface wa ll, i t was shown 

ear l ie r i n Fig. 3 . 8. 

Al though the tran sduce r i s a diffe ren tial pre ss ure one, it ,,,as 

used to measure gauge press ure by con necting its re f e re nce tube 

to the atmosphere v ia a pl as ti c tube through a ho le dri:l ed i nto 

the wall of the meas uring pad box. 

A unit comb ining a ma in s stab ili sed DC power SUpply with ba la nce 

faciliti es to cope with up to four wire bl'idge connection s was 

us ed in the transducer circuitry. Since the output signa l l eve l 

of the transducer i s comparat i ve ly sma ll (1.94 mV/p s i) a DC pre

amplifier was used prior to the read out system. For static 

pressure meas urements the output s i gnal from the pre - amp l ifi e r 

was read off a digita l vo l tmeter. The t ~rhnical data of the 

transduce r used and it s s upporting in s trumentation in the c ircuitry 

are given in Appendi x (iv). 
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3.3.6 RECOR DIN G OSC ILLO SC OPE 

To monitor and record the output s i gna l s from eac h of the vib,'ato r 

(rep resenting the current s uppl i ed whi ch i s conve r ted i nto me ch 

an ical s inu so idal forcel , the load ce ll (act i ng as a reference 

sta nda rd to meas ure the app l i ed dynamic force by the v i brator) 

and the press ure tran sducer (whi ch i s . the sens ing e l eme nt of th e 

deve loped meas uring pad under t est) , a 4 channe l r eco rding asc i 11 0 -

scope was used. I t i s a fibre-optic r eco r d ing osc illoscope wi t h a 

monitor tube t o r; i s pl ay the s i gna l s out of up to 4 sources even 

whi 1st a reco rding i s be ing made . The mon i V' .- sc r een i s a lways 

vi s ibl e and provides an exact duplicate of the image being r eco rded . 

The r~ ~o rd in g osci ll oscope used i s of th e type M· scope Fo r-4, made 

by Mede lec Ltd . 



C H APT E R F 0 U R 

SCHmE AND PROCEDUR~ OF EXPERI MENTAL I'IORK 
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4.1 I NTRODUCTI ON 

As the present invest igat ion i s d i rected primari ly la g i ve a better 

und e rsta ndin g of the li mi tat ion s of the ex i st ing web-te ns ion measur in g 

techniques and to seek poss ibl e ways of imp rov i ng the ir accu racy and 

dynamic response , th e expe rimenta l scheme was l a i d down to se r ve this 

purpo se . Expe rimenta l work was d i vided in to three ma in phases . 

In the first phase , three techni ques were investigated for stat ic li mit

ation s as wel I as the effect of va ri ous paramete rs assoc iated wi th web

tension meas urements on t he ir acc uracy . The three t echn iques \'Ierc 

based on: a mec han i ca l prin c ip le s uch as the Huyck Te nsomete r , a pn eu 

matic system uti li s in g th e concept of a.~ exte rn a ll y pre ss uri sed fo il 

bearing such as the s inte red turne r ba r (re f e rred to i n thi s thes i s as 

the sintered measur i ng cy l inde r) and an e l ect ro-pne uw~ tic technique , 

which has been deve loped du ri ng the cou rse of t hi s i nves tigatio',l, based 

on the same concept but using a press ure tra nsd uce r as the sens in g 

e l ement of the system su ch as the meas urin g pad. 

In the second phase, the l ast technique was invest igated with a station

ary we b for dynamic li mi tations. The acc uracy of the meas uring dev i ce 

as we ll as the dynamic response of its sensing e l ement were the ma in 

cri te r i a t o be i nves t i ga ted . 

As fo r the l as t phase, concerning the ana l ysis 01 the eva luat ion of the 

pe rfo rmance of the deve loped meas u ring pad on runn i ng we bs at high speed , 

the main frame with the descr ibed components of the te s t was used to 

provide a c losed loop of the runni ng web under cons ide rat ion. The response 

of the measur ing pad to t ens ion var iat ion in the web at d i ffe rent r unning 

's'peeds ~Ia s mo n i tored and reco rded. 
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4.2 STATI C TESTS 

The s t at i c t es ts were carr ied out " i th t he " e b f i xed at one end whi le 

the ot he r end was s ubj ected to the des i red p rescr ibed s ta ti c loa d . The l oad 

wa s a lwa ys app l ied v ia the load- ca "r ie r des c r i bed in 3. 2.6. Three t ech-

n i q ues ; name I y the mechan i ca I , pne uma t i c an d e I ec t ro-pneuma t i c t ech-

niq ues we re use d to mea s ure the app l ied known t ens ion i n the web. The 

obj ect i ve of the t es ts "as to e va l ua t e expe r ime nta ll y , t he s ta ti c li mi t

at ions and a ccuracy of t hos e t echn iques . 

4. 2 . I THE HUYCK TENSOME TER 

The " eb used '"as a Me linex f i lm. I t '"as fa s t ened to a fixed ro ll e r 

at one end " h i le t he o the r end "as coup l ed t o t he load- ca rri e r v ;a 

e nd c lamps s imil ar to thos e des c ri bed in 3. 2. 7. A ca l ibrat ed se t 

of dead we ights was used to provi de t he des i ,.ed t e ns ion in the '"leb . 

The po in te r of the d ia l ind i ca tor o f the i nst r ume nt "as se t to ze ro 

pri or t o eve ry meas urement . Wi t h t he lon ger s i de of t he in str ume nt 

fr ame o ri entated in t he longi tud ina l d i rect ion of t he "e b, the 

t ensome t e r (he l d by hand ) " as pressed s lo" ly aga inst the " eb un t il 

the po in t e r o f t he in dicator stopped . The in s trume nt "as t hen 

removed and the di a l read in g '"as t aken. At eve ry app l ied loa d fi ve 

readings we re t a ken and the ir mea n va lue was reco rded . Fig. 1, . 1 

shows the expe ri me nta l set up d iag rammat i ca ll y . 

The t es t cond i t ions "e re as fo llows: 

Web mate ri a l 

~Ieb wi dth 

Web thickn ess 

Range of app li ed tens ion 

Me 1 i nex 

260mm 

51 jlm 

0. 39 - 2.06 kN /m 
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= 

"'" = = 00' 

Fi xed rOI I~ 

Huyck 
ten somete r 

Web 

End c l amps 

Load ca rrier 

Diagramma tic sketch c~ the Huyck t e nsometer 
set up 

4.2.2 THE SINTERED MEASUR ING CYLINDER: 

--', 

Two possib l e ways i n which a s intered turne r ba r was made into a 

web-te ns i on measuring C) ; i nder we re descr i bed ea rl ie r in 3.2.2. 

Pre l iminary stat i c tests to check exper imenta ll y the va li dity of 

the re lat ionsh ip p = !, \.,here (T) is the tension in the web , (r) 
r 

is the outer rad iu s of the meas uring cy l i nde r and (p) i s the 

pres s ure in the a ir f il m support ing the web (refer to 2.3), we re 

carried out on both des i gns; the sintered bronze cylinder and 

the s i ntered stainless stee l cy linder . Thes e t es t s showed ident i-

cal results unde r the same exper imental cond iti ons. He nce, for 

pract ica l cons iderations mentioned ear l ie r in 3.2.2., it Vias 

decided to carry out the expe rimen tal wo rk in t hi s phase on the 

sintered s tainl ess stee l cy linde r only. 
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The t heoret i ca l re l at ion was checked , expe ri me nta lly, us in g t h'O 

we bs o f the same mate ri a l but with di f f e ren t widt hs a nd thi cknesses . 

The expe l' ime n ta l set up i s shown i n F i g . 3. 3{b) a nd P l ate 3.1. A 

2 I)le r c u ry ma nomete r , wh i ch cou l d be read t o a n accu r acy o f 0 . 7 kN/m 

was used t o meas ure t he p ress ure (p), in the a i r S~P between t he 

web a nd t he meas urin g cy l in de r, ba lanc ing the app l i ed te ns i on . I t 

has bee n s hown ea rl i e r (2 . 3) t hat the s upp ly p ress ure (p) to the 

meas uring cy l in de r mus t be g rea t e r o r a t l eas t equa l to 1. 5 (p). 

In t h i s se t of e;:pe ri me nts t he e ffec t o f supp l y press ure .Ias in vest i " 

gated . Thi s was ach ieved by s upp l y i ng the measu rin g cy l i nde r wi t h 

e ither a p ressure pl'oport iona l t o t he app l i ed t ens io n (p = kp ) 01 
V 

a constant press ure co rres pond i ng t o t he max i mum app l i e d t e ns ion 

thro ugho ut the expe rime nt (Pc = kp , whe r e k i , a cons t a n t = 
max 

1. 5,2 o r 3 a nd p = T I r). 
max max 

Th e t es t cond i t i ons 've re as fo ll ows : 

Ma t e rial of we b used 

(i) FOI' we b th i ckness 

We b width 

Vari a b l e suppl y press ure 

Me 1 i nex 

51)Jm 

50mm 

p =1 . 5,2 and3p v 

Con s tant suppl y pres sure Pc = 1.5,2 an ~ 3 Pmax 

( i i ) Fo r web thi c kness 1 0 2~m 

Web IV i dth 50, 102 an d 260mm 

Va r i a b 1 e s up p 1 y pre s s ure P 
v = 1. 5,2 a nd 3 p 

Con s t a nt s upp 1 y pres s ure P = 1. 5,2 a nd 3 Pmax c 
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2 - Tens ion prof il e 

The measu r ing cy l inde r was used to measu re the tens ion across til e 

web . Thi s was ach ieved by t he use of a s li d ing s l ee ve a rrange-

men t t o '"h i ch one end of the ,"eb was fixed "/h i 1 e the ot he ,. end 

,"as coup l ed to the load-carrier. The expe r ime nta l set up for these 

exper iments was shown d i agramma t i ca ll y i n Fi g . 3 . 3(a ) and i n oeta i I 

i n Fi g, 3 . 6. The same mercury manomete r, previous ly men t i oned , "/a s 

used to measure the press ure i n th e a ir ga p . 

TvJO f1e l inex webs of the same ,vidth, but wi th d i ffe rent t hi cknesses, 

were subjected each to two va l ues of t e ns i on whe re by the t e ns ion 

prof i l e across each w)s determined . A third Me linex web of diff. r -

en t ,,, i<it" was dea l t '" i th in the same ma nne r . A s i mi la r expe r imen t 

'"as ca r'r ied out on a s t ee l web . Tab l e 4 . 1 s umma ri ses the t est 

cond i t ions. 

Web Ma t e ri a l Web width \feb thickness 
mm 11m 

Me I i nex 50 
51 

102 

102 102 

St ee l 10 2 51 

TABLE 4.1 
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4. 2.3 THE MEASURING PAD 

The .'Bb-tens ion meas ur ing pad deve loped dur ing the course of the 

prese nt "ork \Va s de scribed in deta il in 3.2.3. In the case of 

the measur in g cy li nd e r, the \Vrap ang l e of the \Veb a round the cy l in

de r \Vas determ ined by the expe ri me nta l se t up conf igurat ion (90 0
). 

As fo r the measu ri ng ~ad , the ,"rap ang le i s determ ined 

by the d i s tance i t Mo,as aga inst the we b; the radius of curvatu re 

of the pad be ing con s tant. Hence , to determ ine t he ,., rap angle a 

set of expe riments was carr i ed out on the meas uri ng pad . The 

expe ri men ta l se t up i s shOlvn in Plate 4 . 1. 

T 
1 - V;> li dity of P='R 

The same procedure, as in 4 . 2.2 -1, \Vas fo ll o\Ved . Sin ce the pressure 

in the a i r gap "as 'nuch sma ll e r than that when us in g t he mea s urin g 

cylinde r, a wate r manomete r , which could be rea d to an accuracy of 

2 
lmm wat e r (9.81 N/m ), "as used to m,as ure the press ure. 

The tes t conditions " ere as fo ll ows : 

( i ) For Me 1 i nex "eb o f thickness 51]1m 

We b wi dth 50mm 

Vari ab le supp ly press ure P v - 1 . 5, L and 3 p 

Constant s up p ly p res su re P c - 1. 5,2 and 3 Pmax' 

( i i ) Fo . Me 1 i nex web of thickness 102]1m 

~/eb "id t h 50, 102 and 260mm 

Variabl e supp ly press ure P v= I .5,2 and 3 p 

Constant supply press ure P = 1. 5, 2 and 3 Pmax' c 



PLATE 4. 1 EXPERIMENTAL SET UP FOR STAT IC TESTS 

I-____________________________________ ~------

I 
CD 

'" I 
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2 - Tens ion prof i l e 

The s li d ing s l eeve a rra ngement used in 4.2 .2-2 was a l so used to 

dete rmine the tension p r'of i le acr-oss tl>JO webs of diffe rent ma te r iais 

us i ng the web-te ns ion measur i ng pad . Table 4 . 2 summa ri ses the t es t 

cond iti ons : 

Web Ave rage t ens ion app 1 i ed We b >leb 
width kN/m mate ri a l thi ckness 

mm jlm 

fIe 1 i nex 102 
50 0.211 and 0.452 

Steel 51 

TAB LE 4.2 

3 - Opt i mum I.,rap ang I e 

The "eb under cons i de ra tion wa s s ubjected to a ce rt a in tens i l e 

fo rce via the load-ca rr ier wh il e the meas uring pad "a: a"ay from 

the we b. The measu ring pad was then pus hed ag a in s t the we b t o 

prescribed distances contro ll ed by the sp ring-l oaded micromete r 

arrangement (re f e r to 3.2.3). The press ure in the ai r gap between 

the pad act i ve s urface and the web \.,as man i tored a t each co rres-

ponding d i s tan ce moved by the pad. A water manome:e r was used t o 

measu re the press ure in the a ir gap . The d i,;tance after which the 

meas ured pressure ceased to vary determines the opt imum wrap ang l e . 

Tabl e 4. 3 g i ves the test condition s . 



Web width 
mm 

50 

100 

260 
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Web 11ate ri a l 

Web thickness 
]Jm 

51 
102 

102 

TA BLE 4.3 

Me I i nex 

Range of app l ied tension 
kN/m 

0.214 0.548 

0.221 0.413 

0.103 0.312 

4 - Optimum posit ion of the pressure transd ucer 

At one stage of the expe ri menta l work a m i ni~ture pressure trans-

ducer was embedded into the wa ll of the s in tered segment of the 

measuring pad. When the t ran sducer pressure sens iti ve diaph ragm 

was flush with the active s urface of the measu ring pad, the o ut-

put shOl<led an into lerab l e in stab i I i ty and inaccuracy. The refo re 

a series of tests were designed to determine, expe ri mentally, 

the opt imum pos;~ion of the transduce r re lat ive to the active 

surface of the meas uring pad whi ch would give both acc urate and 

stable output . 

Thi s was ach ieved in two stages . In the first, the plastic pil ot -

tube, fi tted into the Via II of the s i ntered segment of the meas ur-

in g pad, was connected via a T- junct ion outs i de the pad box to 

bo th the transducer and a water manometer through equal l eng th s 

of plast ic tube. In this way the known app li ed t ens ion in the 



-99 --

web used for this t est was measured by both the wate r manometer 

and the pressure transdu ce r at the same t ime and th e ir outpu t wa s 

compa red fo r accuracy and s tability. A digital vo ltmete r was used 

to mon i tor the pr-ess ure tr-a nsducer output . The le ngt h of the 

connect ing tubes we re cut down, in steps , t o i ts mi nimum poss i bl e 

and the same expe ri me nts were carr ied out. Fi g . 4.2 s hows the 

expe rimenta l se t up diagrammat i ca lly. 

Wate r ma nome t e r 
Pilo t tube 

T-junction 
Measuring pad 

A 

Connec ting tubes 

Appl i ed 

Fi g . 4. L Di ag rammat i c sketch for exper imenta l set up 
to de t e rmine the opt imum pos i t ion of the 
tran sduce r. 

In the second stage, the pi lot -tube was replace d by a se ri es of 

adapters, one at a time , into which the tran sd uce r was fitt ed . 

The adapters were des i gned to provide d ifferent depths for the 

transducer pressure sens itive d iaphragm from the act ive s urface 

of the s in tered segme nt of the measuring pad ( refe r to 3. 2 . 3). 

The web used in the tes t was subj ec t ed to the Silme range of 

t ens ion, as in the first stage, for eve ry adapter, and the 

measured tension was reco rded and compared with that measured in 

the fi rs t stage unti I the posi tion of stabi I i ty \·/as reached . 
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Tab l e 4.4 gives the test conditi ons with an ill ustrat i ve ske tch 

of the expe r imenta l set up for each stage . 

Tens i on range Expt . Length of tubes 
Stage kN/m No . mm Sketch 

A B C 

I 1000 2300 2300 A c 

U 1 0 - 0.598 B 
2 10 50 2300 

\ 

Expt . Transd . depth 
No . X (mm) 

J 
1 2 . 31 

C .······· ·········· 

. . ' .. 
• 

2 3. 25 ,-, 
x 

11 I 0 - 0.598 3 3. 81 

4 5 .08 

5 5.72 

6 6. 17 

i 
TABLE 4. 4 

... . 
",,'0 
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4.3 DYNAMI C TE STS 

In t hi s phase the e l ec tra - pneumatic t echni que used f or t he web-tens iDn 

meas uremen ts was i nves ti gated fo r acc uracy and dy nam i c response on a 

s t a t ionary web . The web was coup led at one end to a load - ce ll wh i ch 

ac t ed as a re f ere nce stil ndard to meas ure t he dyn am i c tens ion app l ied 

a t the ot he r end of t he v';:, b by means of t he e lect ra-magnet i c v ib r ato r, 

desc ribed in 3. 2. 6, v ia the load - ca rri e r . Pl a t e 4.2 s hows t he expe r

men ta l se t up f or th is phase . I t can be see n t hat t he web in i ts 

cou rse fr om t he load- ce l l to t he load - ca rr ier (bo l t cd to t he v ib rator ) 

was s uppo r ted and gui ded by f r ict ionl ess a i r bea r ings t o ens ure tha t 

the app li ed t ens ion at one end i s t ransm i tted through the web , wi thout 

f ri c t ion losses , t o bo th the meas uring d~~ i ce un de r t es t a nd t l,e re f e r

ence load - ce ll a t t he o t he r en d. The same set up ,"as used , ,"hen t he 

s i nte red meas ur i ng cyl ; rde r vias unde r t est , wi th the pad be ing ,no ved 

away fr om t he se t up. 

Some pre l imi na ry expe ri me nts '-/e re carr i ed ou t on t he s i ntered meas urin g 

cy l inder . The pi lo t t ube i ,,;erted i nt o the cy l i nde r wa ll {fo r s t at i c 

iests} was connec t ed to t he Ki s t l e r low press ure t r an sduce r wh i c l, Wil ~ 

pl aced ou ts ide the cy linde r. As fo r t he meas uring pad , a mi n iat ure 

press ure t ransducer rep laced t he p i l o t t ube . The device pe r forma nce 

wa s t hen t es t ed for acc uracy and dyn am i c res ponse with the tran s duce r 

mo unted flu sh wi th the pad act i ve surface and when i t was se t a t i t s 

opt imum pos i t ion f rom the surface as in d icated i n 4.2.3-4. 
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PLATE 4.2 EXP ERIMENTAL SET UP FOR DYNAMIC TESTS 
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4.3.1 PREL1~1I NARY TESTS ON MEASUR ING CYLIN DE R 

The obj ect i ve of the pre l imi nary t ests \-Ias to test the accu racy 

and response of the Kist le r transduce r to press ure var iat ions, 

resu l ting from dy nam i c var iat ions in t ens ion, wi th refe rence to 

the load - ce ll. Te ns ion pe rturbat i o~ ofd i fferent known fr equen -

ci es we re prov ided by t he e lectro-magnet i c vibratc . wh i ch i s bo lted 

to the load - ca rri e r. The vibrator when connected to i ts match i ng 

pOl"e r amp l if i e r uni t i s capab l e of produc ing a s i ne vecto r force pro-. 

portion a l to the current s uppl ied to i ts moving co ; I . The prod uced 

for ce was mon i t) l ~d on the reco rdin g osc i Il oscope to ens ure that 

i t i s not d i s to rted from its true s i nol/ so ida l wave fo rm. The load -

ce ll, be i ng the ref~rence, was used to measure the app li ed dynam i c 

for ce and to ensu re that it was transmitted to the web with no 

distortion in its form and to mon i tor phase s hif~ if it was the re . 

The ob j ec tive of the pre li minary tests was achi eved in two ways . 

lil The vib rato r was connected to i ts match ing a .c. powe r s upply 

unit and a lternat i ve l y to a 6 V d.c . powe r s upply as sho,m 

in Fi g. 4.3. 

Osc ill ator and 
amp I if i er 
unit 

Two-way switch 

Vi brator _ _ _ 
mov i ng 
co i I 

Fig . 4.3 Vibr ato r Circuit 

6 V d . c. s up p l y 
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Ilhen the mov ing co i l i s s uppli ed '/I;th a d irect current (i) 

a stat i c force i s produced '''hi ch i s propo rti ona l t o ( i). 

Th i s fo r ce i s meas ured by the transducer and the refe rence 

load ce ll. The output from the transduce r i s of t he form 

o f a step A , whe re UkoO i nd i cates that the for'ce ",as 
w=o 

app l ied a t zero freque ncy and A i s the amp i i tud e of t hat 

fo rce . Then the v i bra to r co i I was s upp li ed wi t h the same 

va l ue of ( i ) from the a.c. power supp ly unit a t d i fferent 

frequenc ies . The res u l ting s inuso ida l force "as meas ured 

by the ",eb-tens ion measu ri ng pad and th ~ load-cel l . The 

output s i gna l of both was recorded on the reco rder cha rt. 

o:g. ~.4 sho",s a typ i ca l examp le of a record for thi s t es t. 

1+ ve Tens ion Tens ion co rrespond i\g 
to 1.0 A. c. \ 

Tension correspond i ng to I A 
1 . 0 Ad. c . --.1.1-"'=--.:."::0_ 

Ini t i a l ~en s i on 

/ 
Signal a t No load 

Fi g . 4.4 Record of t ransd ucer output s i gna l 

The ra tio A lA throughou t the range of frequenc i es of m w=o 

the app li ed sinuso ida l force ",as t aken to determ ine the 

dyn am i c res ponse of the web-tens ion meas uring cy linde r ove r 

the frequency range , A be i ng t he amp li tude of the 5 1nus 
m 

oidal for ce as meas ured by the t ransducer. 
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Th e tes t cond it ions we re as fa 11 OI.S: 

,Jeb ma t e ri a l 

14e b wi dth 

We b thi c kness 

Initi a l stat ic tension 

Curre nt supp li ed to 
the v i brator mov in g 
coi I 

Range of fr eq ue ncy 

Me li nex and Stee l 

102mm 

0.52 kN/m 

( i ) A d.c. 

A a.c. 

(w) 1.5-50 Hz 

(ii) In thi s me thod the reference load-ce ll \.as used to e nsu re 

that a constant dynam i c for t O was provided by the vibrator, 

i rrespec t i ve of the current s uppl ie d to i ts mov i n9 co i I, 

and tran!.m i tted t o the web (v i a the load-r'rr ier ) throug h-

ou t the freq uency range. Th i s dynam i c fa rce was mec:s ured 

by the load-ce ll and t he transducer of the web- tension 

meas uring cy l inde r a t the same t i me , moni tared and recorded 

on the reco rding osc illoscope . Fig. 4.5 s hows an examp l e 

of such a record . 

t +ve Ten s i on . 

Tra nsduce r N\f'\/'\j FT ~V\ 
trace 

Load ce ll 
trace MMt 

5 Hz 10 Hz 

Fig. 4.5 Reco rd of Transducer/Load-ce ll output 
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The ra tio of the amp litude of t he fo r ce measu ," ed by the 

tr ansducer to that measured by the refe rence load-ce ll, 

which was kept cons tan t , ove r the frequency range was 

t aken to determine the dyn am i c response of the web-tension 

",easur i ng cy I i nder " 

Th e t es t ' cond i t ion s we'"e as fo ll ows : 

\.Jeb materia l 

We b width 

Web thickness 

In it i a I tens ion 

Frequency range 

Stee l 

10 2 mm 

51 )lm 

0.52 kN/m 

1.5 - 6fJ Hz 

4.3.2.TE STS ON THE MEASUR ING PA D WITH THE MINIATURE PRESSURE TRANSDUCER 

The web-tension measu ring pad was tested for dynamic response with 

the mini a ture press ure transdu ce r, descr i bed ea rli er in 3.3.5 , 

fitt ed f lu sh with the oute r sur face of the s intered segmen t of the 

pad. The dynami c respo,)se of the dev i ce ,,,as aga i n tes ted ,,,hen the 

transd uce r was mo unted within the appropr iate adapte r at its optimum 

stabil ity pos iti on. The experimenta l set up i s shown i n Plate 4.2. 

Test condi tions v'e re as follows : 

i-Transducer flu s ;, wi th th e surface 

Web m2. ~eri a l 

Web 'vi dth 

Web thicknes s 

lnitial tension 

frequency range 

Me l inex 

102 mm 

10 2 )lm 

0.211 kN/m 

1.5 - 80 Hz 
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i i - Transducer at optimum stab i l i ty pos i tion 

a - Me I l nex web 

\;eb ." i dth. 

We b thickness 

I n it i a I tens i on 

Fre quency range 

b - Steel \veb 

~leb width 

Web th i ckness 

I n i tial tension 

Frequen cy range 

-- - - - --- - - - - --- ---

102 mm 

102 11m 

0.211,0 . 307,0.402 

and 0" :;94 kN Im 

1 . 5 - 80 Hz 

102 mm 

51 >lm 

0 . 211 and 0 . 594 kN/m 

1. 5-80Hz 
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~. ~ RUNN I NG WEB TE STS 

Plate ~.3 s hows the exper ime nta l set up for thi s pha se of the wo rk. 

Two Me l i ne x films of different width s were used , one at a time, to 

form a cont i nuous loop of r unning we b. In both cases the two ends of 

the web we re bonded toget he r us ing a " Permabond" contact adhes ive, 

res ultin g i ~ an overlap j o int. The adhes ive used proved to s t and a 

tens i 1 e fa rce we 11 beyond the in i t i a 1 t ens i on ap p 1 i ed t o the web . 

With the web-te ns ion ~~as uring pad located in pos iti on, th e guide 

ro ll er (ma rked A) in Pl ate ~ . 3 was pu ll ed away fro', the pad unti 1 the 

requ ired va l ue of initi a l t e ns ion to be appl ied to t he web was reached . 

Thi s was de t p. rmi ned by the output of the pad transducer mon ito red on 

the di g it a l vo l t me t e r. The guide ro ll e r unit was then secured in 

pos i t ion. The clo se d l oop of the we b was moved a t the requ i red speed 

by ~Iea n s of the var i ab le speed motor coup l ed to the ma in drive ro ll e r. 

The ten s ion pe rturbat ions , res ulting from the i nte ract ion be twee n the 

stiffness of the web and t he ine rti a of the guide roll ers , we re 

measu red by the web - tens ion measuring pad unde r t es t. The output sign a l 

was monitored and recorded on the reco rding oscilloscope. 

Test conditions were as follows: 

Web mater ia l 

Web thickness 

Web Ivi dth 

In ; ti a l tension 

Running speed 

Me 1 i nex 

10 2]Jm 

10 2 and 260 mm 

0.35~ kN/m 

1. 22, 2.~~ , 3.66, 6.10 

and 7. 11 m/s 



RUNN ING WEB 

MEASUR ING PAD 

DI GITAL VO LTMETER 

OSCOPE co 
I.D 

I 

MA IN DRIVE ROL L 

PLATE 4.3 EXP ERIMENTAL SET UP FOR RUNN ING WEB TESTS 
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5.1 INTRODUCTION 

A summary-of analytical formulation pertinent to the present study has 

been given in Chapter 2. A correlation of theoretical and of experi

mental results requires a knowledge of some, if not all, of the follow

ing quantities: 

t Web thickness 

w Web wi dth 

K "Stiffness" of web material (defined here as the product 

of the Modulus of Elasticity of the mate! ial and the 

cross-sectional area of the web under test, i.e. 

K", E.w. t. 

T Tension in the web 

R Radius of the measuring pad 

p Pressure in ~he air film supporting the web 

It has not been possible, of course, to determine each and everyone 

of the foregoing quantities to the same order of accuracy. However, 

each one of them was determined with the appropriate accuracy by the 

available means. 

Throughout this investigation the main devices used for measurement 

and the corresponding parameters (sho~m betl'men brackets) were: 

the web-tension measuring device (R), the miniature pressure trans

ducer fitted into I[ as the sensing element of the device (p) and the 

reference load-cell (T). Another important element in each experi

menta I set up, a 11 the way th rough th i s study, was the web. A I though 

not an instrument, the web properties can sometimes have a consider

able effect on the dynamic behaviour of the system. Among those 

properties is the web stiffness. 
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Thus it can be seen that the source of measuring errors should, wherever 

possible, be determined and due allowances made for them in the measured 

quantity. For a start, the measuring instrument itselF might give rise 

to different sources of errors due to the inaccuracies of manufacturing 

its elements. Since measurements are no more reliable than the devices 

used in making them, it is of vital importance, in the field of research, 

to commence with the calibration of the instruments used. 
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5.2 MEASUREMENT OF THE RADIUS OF CURVATURE OF THE 

MEASURING PAD 

The radius of curvature of the measuring pad was measured, after its 

components were finally assembled, on the SIP universal measuring 

machine using a method based on that described by K.J. Hume and 

48 
G. H. Sha rp In their method, a surface plate, a straight edge, 

a set of sI ip gauges and a pair of standard rollers are used to deter-

mine the radius of curvature of a plate gauge of large radius. The 

same principle was used on the SIP machine. Fig. 5.1 shows the princ-

iple of the method described by Hume and Sharp whi i~t Fig. 5.2 shows 

the equivalent used in this calibration. 

A locating indicator, with its arm set at a known radius about the 

vertical spindle of its holder, acted as the pair of standard rollers. 

The travel of the longitudinal carriage, from one point on the cylind-

rical segmen~ of the pad (Xl) to another point (x2) at the same y co

ordinate (Yl; Y2)' determined the span along which the radius of curva

ture was measured (2e = x2 - Xl); the measuring pad being fixed to 

the carriage working table. As for the gap C, it was determined by the 

distance travelled b) the locating indicator from the position Yl = Y2 

to where it touched the apex of the cylindrical segment (y ) at the 
o 

middle of the prescribed span. 

The radius of curvature was measured along 6 parallel spans in the long-

itudinal direction of the measuring ~ad. The SIP machine scales could 

be read to an accuracy of 1. 25)lm. The average value of the 6 measure-

ments was taken as the radius of curvature of the measuring pad. A 

typical set of measurements is given below as an example: 



e = 

, h = 

R :=: 

a + d 
2 

(b + %) -

2 
+ h

2 
(e 

2h 
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-------
'-,*:-1-' 

t C 

-- -1.,- • - ~-:-r-.-

1.-----· ~-----.I 
R 

d 
d Cz b +-2 

-'-+-..J-<"I-==-=- - - b - - :-

d (c - -) 
2 

i) -
2 

a d 

= 2e 

h 

~d 

·1 

Fig. 5.1 Principle of the tneasurement method on a 
surface plate. 

d 

-r~~.-------------+--------~---- ' 

e'=:; x 2 - Xl 
2 

2 2 
R =:;(e + h - i) 

2h, 2 

x 
o 

R 

Fig. 5.2' Principle of the measurement method on the 
SIP machine 
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Mounting indicator set at a radius of 15.300mm 

X2 ::: 10.44908 in :::: "5.'" ~} at Yl = Y2 = 1.22154 in 

xl :::: 5.50000 in :::: 139.700 mm =-31.027 mm 

2e= x2 - xl 

= 125.707mm 

e:::: 62.8S4mm (2.47454in) 

Xo= 202.554mm (7.97454in) at which Yo::: 0.93452 in 

Referring ~J Figs. 5.1 and 5.2 we have , 

r :::: e
2 

+ h
2 

2h 

= 23.737 mm 

R:::: r - (~) , where ~ is the radius at which the mounting 

indicctor was set. 

Substituting in the foregoing equations with the corresponding 

measured quantities yields 

R_[(62.854)
2 

+ (7. 290)2J _ 15.300 = 259.307 mm -t 2 X 7.290 

The average value of six measurements was found to be: 

R= 258.501 mm 
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5.3 TRANSDUCER CALIBRATION 

The miniature pressure transducer used was supplied with a calibration 

data sheet, a photocopy of which is included (Fig. 5.3). Since the 

transducer was the corner stone of the developed device, its cal ibra-

tion was of paramount importance. Therefore it was calibrated in two 

different ways; first on its own in a specially made adapter and 

second being fitted in position in the developed measuring pad. 

(i) Cal ibration in the adapter: 

Figure 5.4 shows the adapter made to accommodate the transducer 

to cal ibrate it. The appl ied pressure was measured by a water 

manometer whi ch coul,; be read to an accuracy of lmm water 

(9.8 N/m2 = 1.42 x 10-3psi) • Enough clearance was maintained 

around the periphery of the transducer cap to avoid any distort-

ion that might happen to the diaphragm when mounted into the 

adapte;". The transducer reference tube was open to the atmosphere. 

Silicon rubber sealant was used to seal the calibration adapter. 

The transducer was connected to a digital voltmeter via the pre-

amplifier which was SP.t to its maximum magnification range, namely 

1000 times. W1.h the digital voltmeter set at 2 mV range the 

transducer output could be read to an accuracy of 0.001 mV. 

The result of the calibration proved the figure quoted by the 

manufacturers to be accurate as the measured sensitivity was found 

-2 
to be 0.28 mV/kN.m (1.935 mV/psi). The plotted values in Fig.5.5 

were the means of four sets of readings taken with both increasing 

and decreasing the applied pressure. It was found that, for any 

set of readings, either increasing or decreasin~ the supply 



Fig. 5.3 
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Pressure Calibration 

PLEASE REA!) TRANSDUCER OPFRAl"ING INSmUCT10NS BEFO[<E POWEHt!~G UNIT 

Moeicl No.: ___ !::~~l.?'?Y,~>---,l"S",G,-__ :
Miniature' Pre~:;sun~ Transducer Type: 

Range:. ~_~ __ psi __ cL ______ Overrangc _______ 5.Q __ psl_9 ....... 

Recommended Excitation:. 6.00 V DC or AC Max. Voltage: ___ 2.00 V 

Pressure Reference: 0 psia 0 psis ~ psig 0 psid ___ _ 

Operating Temperature Range: __ ~~_-'F __ to_3~O __ oF __ 
Compensated Temperature Har.ge:JO __ 'F __ to_l:.~Q __ oF. ________ _ 

CAUTION; DO NOT PRESS ON PR[SSURE sr,NSITIVE AREA \'/I:rH SHAHP OBJECT 

CALIBRATION DATA 

6.000 Excitation: V DC ______ -'-_______ _ 

Sen~iti\'itY:----------=:l'-. 9::.4'--___ 'mV Ipsi--2g,-__ _ at ___ 77 __ 'F ____ -

Zero Offset: mY. 

Thermal Sensitivity Shift: ________ mVI 10CFF ~ :!:? __ % 1100"~ _____ _ 

" TherOlalZcroShift: _________ mV/100"F.< !.3 ___ %FS/10Q")F ____ _ 

Combined Non-Linearity and Hysteresis: 
< +1\ F.S. 

Non-Linearlty·'-_____ ---, _____ Hysteresls: ________ ---, ___ _ 

Repeatabitity: Descriptive: ______ ~_ -,-___ _ 

Oescriptivc: ______________________________ _ 

WIRING 

+ Input: Kl Red OOran,Jc OOin __ + Output: El Green 0 Blue OPin __ 

-Input: [J OIack o Brown o Pin....:..- - Ou!;::.ut: (] White 0 Yel!ow 0 Pin __ 

Shield: OPin_"_O 

1'ransducer Connector: ______ _ Mating Conr.t:ctor:-________ _ 

- 384 
Input Imp6dance ________ ohms 

• 230 
Output Impedancc ____ ohms 

si9nalure: ___ !lJ;.... ------ 1/7/76 Dato: ___________ _ 

for(l'\ No. COO;2-1113 

A copy of'the miniat-ure pressure transducer cal ibration 
data sheet (supplied with it). 
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pressure, the repeti tion of the digital voltmeter readings was 

of the order of 0.003 mV. The plotted values in Fig. 5.5 are 

'listed in Table 5.1. 

Transducer diaphragm 

Transducer back 
,/)ody 

Air sup p J..,..-l"f--
~~H~j 

To water 
I-~:;:~::==:;;;l:::-~nome te r 

( 
Reference 
tube 

Sealant 

Lead wi res 

Wi res 

To digital--~ 
voltmeter 

Figure 5.4 Cal ibration Adapter 

(ii) Calibration in situ: 

Transducer 

The second calibration was carried out with the transducer fitted 

in situ in the measuring pad at its optimum stable position. A 

Cap was made to fit the measuring pad box as shown in Fig.' 5.6. 

The intention here was to provide closed chamber on top of the 

active surface area of the measuring pad. Once more, the 

silicon rubber sealant proved to be an adequate means to prevent 

leakage of air from the produced closed chamber. The cap had two 

ports, one for supplying the pressurised air and the other was 

connected to the Ivater manometer to measure the 'applied pressure 

to which the transducer was subjected. 
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. CALIBRATION OF THE MINIATURE PRESSURE TRANSDUCER 

I N THE ADAPTER 

Applied pressure Transducer output 

kN/m2 mV 

0.00 0.00 

1. 08 0.30 

2.IJIl 0.55 

2.95 . 0, Rl 

3.43 0.95 

3.97 1. 10 

4.93 1. 37 

5.88 1.64 

6.87 1.94 

13~7 3.91 

20.6 5.90 

27.5 7.89 

TABLE 5.1 
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• / I 
~~ I l!' ~~f' 
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~:~~--' V ~({j<f 
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I V 
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V Sensitivity of transducer 

= 0.28 mV/kN. m 
/ 

94.0 
'" 

N/mV 

V (1.935 mV/psi) 

8 12 

-2 Applied pressure/kN.m 

16 20 

-2 

Miniature transducer calibration curve using 
cal ibration adapter. ' 

24 

/ 

28 
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Top cap 

Reference tube (to atmosphere) 

Air supply(run'1 

) Pad box 

Pad handle 

To water 
----- manometer 

To digital 
vo I tmeter 

---Air supply 
(run 2 and 3) 

Fig. 5.6 Calibration arrangement for miniature transducer in situ 

Three calibration runs have been made with the same procedure 

described in (i), except that the applied pressure range was 

I imi ted to 6.87 kN/i (0: 1 I bli n2). However, th i s pressure range 

was more than the actual working range of the transducer through

out th~ experimental work. 

In the first run the air was supplied to the closed chamber 

through the air supply port at the top of the cap shown in Fig. 

~6, whilst in the second and third runs pressurised air was 
. 

supplied to the pad box through the port made in its handle as 

In the actual operating conditions (refer to Fig. 3.7). In the 

second run the air supply port at the top of the,cap was closed 
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(no ai r flow through the system) whi 1st in the thi rd run the 

port was opened resl.!lting in an air flow to the atmosphere. 

It can be seen, from the experimental values for Fig. 5.7 

listed in Table 5.2, that there is no significant differences 

between the outcome of the three calibration runs. At the 

same time, Fig. 5.7 reveals, almost, a complete agreement with 

the result obtained when the transducer was calibrated in the 

adapter made for this purpose •. 
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CAll BRAT ION OF MINIATURE TRANSDUCER 

IN SITU 

Applied pressure Transducer output!, 

Run 2 

Run 3 

kN/m2 mV 

Run 1 Run 2 Run 3 

0.00 0.00 0.00 0.00 

0.49 0.13 0.13 

0.98 0.25 0.26 0.26 

1.47 0.40 0.40 

1.96 0.52 0.53 0.54 

2.45 0.67 0.68 

?94 0.79 0.81 0.81 

3.43 0.95 0.95 

3.92 1. 08 1.08 1.08 

4.42 1. 21 1.23 

',.91 1.33 1.35 1.36 

5.40 1.49 1.50 

5.89 1.61 1.63 1.64 

6.38 1.77 1. 78 

6.87 1.90 1.91 1. 91 

TABLE 5.2 

Air supplied from the port at the top of the cap 
(no air flow through the system) 

Air supplied through the pad handle and the port 
at the top of the cap closed (no air flow) 

Air. supplied as in Run 2 but the port in the cap 
\"as open 
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Fig. 5.7 Miniature transducer calibration in situ 
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5.4 LOAD-CELL CALIB~ATION 

The load cell 'used was cal ibrated by the manufacturers and the cal i-

bration curve shown in Fig. 5.8 was supplied with it. The specified 

sensitivity in pC/kp together with known sensitivity of charge amp~ 

I iHer in mV/pCyields a known output sensitivity in mV/kp(1 kp = 1 kg 

force; IN = 0.102 kp). 

However, since the load-cell was acting, in the experimental set up, 

as a standard reference for the measurement of the applied tension to 

the web, the need for recal ibrating it against a proving ring was 

imperative. On top of that, the load-cell was calibrated once more 

under- the wJl'king conditions, in the experimental set up, ,Ising a 

calibrated set of dead weights as a means of applying the tension to 

the web. 

(i) Calibration against Proving ring: 

The proving ring used was cal ibrated',-;i against a NPL certified 

proving ring ." A photocopy of the certi fi cate 

is included (Fig. 5.9). Fig. 5.10 shows the cal ibration set 

up. The proving ring bottom end was clamped to the table of a 

vertical milling machine with its axis in line with the centre 

line of the machine spindle. An adapter, made to accommodate 

the load-cell, was then screwed into the top end of the proving 

ring. The lo_~'j was appl ied by the machine spindle via a spherical 

contact to ensure al ignment of the applied load with both the 

load-cell and the proving ring axes. 

The appl ied load was measured on the proving ring dial gauge and 

plotted against the measured load by the load-cell. The load-
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Calibration curve supplied with the ref~rence 
Load-ce 11 

~~~~~~~~----------------------------
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CERTlFICA.TE of CALIBUA'IION 

200 lb Proving Ring No. 152'7 

filled with Dial Gauge No. 71j·462 

----------._----
LOAD DIAL GAUGE r.i,':/\DltJG 

( lb) TeST I -
20 ,147 

l~O . 291• 

60 lj.lf'~ 

80 593 
100 7'+0 

120 893 

1LJO 1041 

160 1193 

180 134 3 
200 1502 

MeAN SENSITIVI,( 

•.. -----
Tt=ST 2 

111'7 

294 
1j.l~ 

593 
71+0 

893 
10L).1' 

1193 
131~3 

'1502 

.1332 lb 

T~ST 3 

1 11.'7 

291~ 

4'1.1+ 

593 
7'10 

893 
1011.1 

1193 

131f3 

1502 

l\ VEn 

11' 

29 
'l·l!. 

59 

l]. 

;, 
o 7'+ 

89 
101\ ·1 

'119 
131, 
1"-..- 02 

P;:R DIVISION 

1'his proving ring hi:l~ been. calibrated in CompJ.'9ss1on 
at 62. 'F agaillst an ll?I, certified l)rovinc; :d.nr;· 
It has been. pt'cstrc~~etl once to a lO'Yo oycrload arul thl'ee times to it~ 
maxim HIll rated load. 
Rcg\\\ar checking nnd f\~caHbr::,.t10!\ ~n,;\lrc continued accunH.'.y. 
'Vc operate a 48-hour service at lixccl prices. ~. ".... ,-.([. 

(.~ ... ,,-z- / .... __ /!-~ ... ll?~ . ~.. I ~ IT ~ 

.. <~" / 
t··· /cJUEl" l';NG(NI·:!m. 

Dat<: of calilH'ation 

1st OctoboI', 1952. 

Bl(llOKllll.!. ROAD • NEW IlAHNET • IlERTFOrWSlllltE • EXCLAND 

Fig. 5.9' A copy ~f CalibratIon Certifi~ate for 
tl-je prov ing ring 
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App 1 i ed load 

Machine spindle 

Load-ce 11 

Load-cell fixture 

Proving ring 

Milling machine table 

Load-cell - Proving ring calibration set up 
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cell was connected to a charge amplifier which was set to the 

range and the resolution required to calibrate the load-cell 

over its maximum range (50 kp). The output from the load-cell 

was read off the charge amplifier meter. The sensitivity of 

the load-cell over this range was found to be 43.38 pelN 

(425.5 pC/kp), a value which differs from that stdted by the 

manufacturers by 1.7%. 

(i i) Ca 1 i bra t i on ins i tu: 

The second cal ibration was carried out under typical experimental 

conditions, i.e. with the load-cell in situ within the experi

mental set up as shown in Plate 3.) and illustrated diagrammatic

ally in Fig. 3.3-(b). Load was applied to the web at one end 

via the Joad-carrier using a cal ibrated set of dead weights 

while the other end of the web was fixed to the load-cell by means 

of the end clamps. Frictionless air bearings ensured virtual 

elimination of friction in the system so that the applied load 

at one end of the web is transmitted to the load-celi without 

friction losses. 

The load-cell output in pC was read off the charge amplifier 

meter and plotted against the load applied as shown in Fig.5.1l. 

A record of the output signal of the amplifier was obtained 

using the recording oscilloscope and corr0oponding output in 

volts was plotted against the applied load as shown in Fig. 5.12. 

The sensitivity of the load-cell in situ was found to be 43.11 

pCIN on the charge amplifier meter or 11.733N/V on the recorder 

chart. The 2mV!pC range on the charge amplifier was used through

out the experimental work. Table 5.3 gives the calibration results. 
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CALIBRATION OF THE LOAD-CELL IN SITU 

App lied load Load-cell output 

On the meter On the cha rt 

N pC V 

0.00 0.0 0.00 

1.88 75.0 0.20 

9.62 400.0 0.80 

21.56 912.5 1.80 

26.41 1137.5 2.23 

3;.32 1325.0 2.63 

36.11 1550.0 3.05 

41.03 1762.0 3.50 

4('.07 1975.0 3.90 

50.98 2187.5 4.35 

55.77 2400.0 4.75 

60.68 2625.0 5.15 

TABLE 5.3 
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5.5 ,DETERMINATION OF THE STIFFNESS OF THE WEB MATERIAL 

A J.J. tensile testing machine of the type T5002, made by J.J. Lloyd 

Instruments Ltd., was used to determine, experimentally, the stiffness 

(S) of the melinex web used in this study. The machine enabled the 

specimen to be fitted between a fixed base and a movable crosshead via 

a pair of general purpose grips of the eccentric roller type. The 

force applied to the specimen under test was measured by means of an 

electric load-cell of 500 N capacity. The distance travelled and the 

speed of movement of the crosshead were controlled and monitored whilst 

the load i ng deve loped on the spec i men was measured "nd recorded. For 

this purpose an X-V plotter, provided as an integral part of the system, 

was used. ~!!th the Y-axis connected to the load-cell output, whi 1st 

the X-axis was directly coupled to the crosshead displacement, the 

applied force was plotted automatically against the extension resulting 

in the specimen. 

The test conditions were as follows: 

Specimen material 

Specimen thickness 

Specimen wi dth 

Distance between the gripped 
sections of the specimen 

Capacity of the load-cell used 

Load full scale on chart paper 

Crosshead speed 

Chart paper/crosshead ratio 

Melinex 

10211m 

75mm 

500 N 

200 N 

50mm/min 

1 0 : 1 

Referring to Fig. 5.13, which shOl,",s the load-extension curve obtained, 

it has been found that the stiffness (S) of the Melinex specimen is 

44.4 N/mm. 
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Testing machine: J-J tensi le mic type T5002 
Capacity of load-cell used: 500 N 
Moving head speed: 50 mm/min 
Web material: Melinex 
Sample size: 75 x 2.54 x 0.102 mm 

Firs run 

If / 

2 3 

Sample extension/mm 

Sec nd run 
(shIfted to 
2 m 1 as an 
ori i nJ. 

5 

Fig. 5.13 Load-extension curve 
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6.1 INTRODUCTION 

The key to the successful operation of any continuous processi,ng 

system that is 1 inked together by the material being processed is 

positive control of the various parameters involved in the system. 

Among those parameters is the tens ion appl ied to the web of the 

material being processed. The automatic control of the web-tension 

comprises three basic elements the measuring device, which senses 

the variations; the controller, which interprets the measuring device 

signal and amplifies it, if need be, to indicate control action; and 

the transmission link, which operates from the controller to compensate 

for the unr;csired variations. It is the first element of the three 

which has been the sole concern of this study. 

A brief account of diffe;~nt methods of web-tension measurement was 

given at the very beginning of this thesis (refer to 1.1). Various 

techniques, which are in use nowadays, have been described. Due to 

practical limitations, namely ,he cost and time needed, it was not 

possible to investigate all the existing techniques experimentally. 

However, a theoretical analysis was made for one of them, viz the 

"Inertia Compensated dancer" (refer to 2.2). Anoth8i' commercial instru

ment, the"Huyck Tensometer", was tested experimentally. Then a proto

type of a device based on the electro-pneumatic principle was developed 

and tested for statr," and dynamic accuracy, 1 imitations and most import

ant of all dynamic response. 

The results achieved are given and discussed in this Chapter in the 

same order that their corresponding experiments were laid down and 
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described in more detai I in Chapter 4. An attempt has been made to 

present the graphs in the most self-explanatory way. Every graph 

is preceded by a table I isting the corresponding experimental values. 

A terminology including all the symbols used throughout the discussion, 

or those appearing on the grap~s, is given in the next section of this 

Chapter. The SI units were used and a t~ble for conversion is given 

in Appendix (V). 
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6.2 TERMINOLOGY 

w web wi dth 

t web thickness 

L web 1 ength 

r radius of measuring cyl inder 

R radius of curvature of measuring pad 

2b width of the pad 

y distance moved by the pad against the web (se~ Fig. 6~iii) 

2~ span between guiding rollers 

e wrap angle of the web 

Pt theoretical value of the pressure in the air gap 

Pmax maximum theoretical pressure corresponding to maximum 

apPl.ied tension (p = max 

k constant = 1.5,2 or 3 

T :nax 
r 

T 
or = max) 

-R-

Pv = k.pt = variable suppiy pressure (function of theoretical 

pressure) 

Pc = k.Pmax = constant supply pressure 

All pressures are gauge pressures, i.e. measured above atmospheric 

pressure. 

Tt theoretical t8nsion per unit width of the web = PtX r or 

Pt x R 

T applied mean tension per unit width of the web a 

gravitational force of applied dead weights 
width of the web 
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T measured tension per unit width of the web 
m 

T1 . local tension per unit width measured across the web 

w 

A 
w=o 

A m 

frequency of 

amplitude of 

amplitude of 

11 

11 

applied tension perturbations 

the measured tension at zero frequency 

the measured tension perturbiltions 

11 11 11 by transducer 

11 11 11 by load-cell 

---_._--
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6.3 STATIC TESTS 

6.3.1 THE HUYCKTENSOMETER 

The objective of carrying out experimental tests on the Huyck 

tensometer was to evaluate its performance under static 

conditions by measuring different applied tensionsof known 

values. The tension was measured in the longitudinal direction 

of the web along its centreline. The deflection of the web 

under tension, which is dependent upon the tensile stress in 

the web, was plotted against the applied tension as shown in 

Fig. 6.1 {the corresponding data are tabulated in Table 6.1}. 

In wp~-fed printing presses web-tension may be of the order of 

0.1 to 0.5 kN/m {values vary according to printing processes)49. 

but in practice experience has shown that the level of tension, 

to reduce the possibility of a web break, is normally somewhere 

betwe~n 0.06 and 0.3 kN/mI4. In steel strip rolling lines, the 

range of tensions encountered varies from 5 kN/m in first stage 

foil rolling to some 500 kN/m on stainless steel rolling mills 50. 

These figures are re"orted for comparison wi th the range of I,eb-

tension measurable by the Huyck tensometer which is 0.9 to 4.4 

kN/m, intended primarily for measurement of "felt" tension in 

paper mills. It can be seen that such a range is too high for 

a web-fed printing press and too low for a steel strip line. 

Although this fact should not be considered as a criticism of 

the device, the experimental results obtained show obvious non-

linearity in the output of the tensometer even within its speci-

fied measuring range. 
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In Fig. 6.1,. data obtained from the "tension versus deflection 

conversion tables",. given in the manufacturer's instruction 

manual, are plotted resulting in curves (2) and (3) for compari-

son with the experimental results obtained on a Melinex web 

(refer to 4.2.1). The data corresponding to curve (2) and (3) 

are for web-tensior. measurements encountered in paper mills, 

~" namely Formex fabrics (design 22) and super plate press felt 

respectively. Both curves confirm the non-linearity in the 

instrument output shown by curve (1). It can also be seen that 

the instrument reading depends on the material of the web under 

consideration due to the fact that the web is wider than the 

instrument. 

6.3.2 THE SINTERED MEASURING CYLINDER - Validity of p = I 
r 

The.main objective .of the ~eries of experiments carried out on 

the sintered measuring cylinder was to check the validity of 

the theoretical relationship p = I reported earlier in 2.3, 
r 

where p .is the pressure in the air film supporting the tension 

T in the web passing in close proximity to the porous surface 

of the sintered cylinder of radius r. The rp.lation suggests 

a linear correlation between the pressure in the air gap and 

the tension in the web. 

It has been nointed out in Section 2.3 of this thesis, that 

the minimum supply pressure to the sintered cylinder to provide 

an air film capable of supporting the web under tension should 

be 1.5 times the pressure required in that film. A higher 

* Trade mark of Huyck Corporation. Registered in USA and other 
countries. 
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figure than this merely increases sl.lghtly the gap between 

the web and the cyli.nder surface36 . The experiments dealt with 

here wel"e carried out at different variable and constant supply 

pressures (refer to 4.2.2-1) to achieve another objective, 

namely the study of the effect of supply pressure on the validity 

of the theoretical relationship. 

The measured value of the pressure in the air film was substi
T . 

tuted in the equ3tion p = - to get the corresponding measured 
r 

tension, which was then plotted against the ~pplied tension as 

shown in Figs. 6.2 to 6.16. The corresponding experimental 

valu~" are listed in tables 6.2 to 6.5. 

Figs. 6.2, 6.6, 6.9 and 6.13 show the web-tension measured at 

different val"iable supply pressures, proportional to the appl ied 

tensi':'n (p = k p). The results obtained reveal an excellent 
v 

confirmation of the I inearity suggested by. the theoretical 

T 
relation p= r' 

A comparison of theuretical and experimental curves in these 

figures indic~~e that the measured values exceed the theoretical 

ones linearly. It can be seen that the increase in the experi-

mental values depends on the supply pressure inside the cylinder; 

the higher the supply pressure the higher the increase in the 

tension measured values relative to the theoretical ones. 

Fig. 6.2, as an example, shows that the measured values are 

higher than the theoretical by 7. 11, 12 and 16% corresponding 

to supply pressures P = 1.5, 2 and 3 p respectively for a 
v 
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Mel inex web of .51 llm thicknes.s and 50mm width. The deviation 

from theoretical values for other webs of different thicknesses 

and widths, as shown in Figs. 6.2, 6.6, 6.9 and 6.13, at Pv = 
1.5 Pt is 7.4, 6.4, 8.0 and 2.0% respectively. The difference 

between the first three v~lues of deviation appear to be rather 

insignificant considering the experimental errors. This may 

suggest that relatively small differences in web thickness t 

or width w bear no significant effect on the amount of deviation 

(7.4% for t = 50 llm and w = 50 mm, 6.4% for t = 102 llm and 

w = 102 mm). No further attempt was made at this point to 

con~irm this suggestion. As for the 260 mm wide web (Fig. 6.13) 

the. deviation appear to be signif;:::antly lower than the previous 

ones (2% compared to an average value for the previous three 

cases of about 7%). This and the entire phenomenon of the devi-

ation from theoretical values is attributed to the variation 

across the web of pressure distribution in the air film, the 

effect of which is de~Jnstrated and discussed in 6.3.3. 

In Figs. 6.3 to 6.16, with the exception of Figs. 6.6,6.9 and 

6.13, the calculated tension values, based ~n the measured 

pressure in the air film at constant supply pressures corres-

ponding to the max:'num appl ied tension throughout each experi-

ment (p = k p . where k is a constant = 1.5, 2 or 3 and Pmax= 
c max 

T /r), are plotted against the corresponding values of 
max 

. applied tension. The results of the series of experiments 

described herewith show that the tension calculated at Pc= k ~max 

is higher than that calculated at Pv = k Pt at.the bottom end 
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of the applied tension range as a result of the measured 

pressure in the air gap being higher in the former case than 

the latter. I t can also be seen that as P approaches P , i.e. 
c v 

at the top end of the appl i.ed range, the di fference diminishes. 

This suggests that the increase in the supply pressure would 

result in a distortion in the web and higher value of pressure 

in the air gap at the central region of the web. Bearing in 

mind that the porou·s wall of the cyl inder has a constant 

"impedance", this explanation seems plausible in view of the 

fact that at r~latively low tensions the rate of air flow, 

monitored on the flowmeter, showerl a clear increase. 

6.3.3 THE SINTERED MEASURING CYLINDER - Tension Profile 

A comparison between the applied and experimentallY determined 

values of tension in the previous section, namely in Fi9~. 6.2, 

6.6,6.9 and 6.13, showed the measured values to be higher than 

the theoretical ones in a linear manner. The object~ve of the 

series of experiments dealt with here was to seek an explanation 

for such a phenomenon. 

One of the assumptions made, when deriving the relation T 
P = r' 

was that the air gap thickness across the web is constant (refer 

to 2.3). In a more elaborate analysis concerning a porous gas 

foil bearing, Baumann 35 arrived at the formula 

h - ho 
P = Et 2- where 

ro 

p = pressure in the air gap 

E = Young's modulus for the web material 

.' 
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t = web thi. cknes s 

r _ outer radius of the bearing element (cylinder) 
o 

h = separation between the web and the bearing (cyl inderl 

h = o 
11 

the edge of the web 
11 11 at 

For more details the reader is referred to reference 35, in ~/hich 

the author included graphs of predicted separation and pressure 

profiles across the web. No experimental determination of such 

profiles have been reported in the open literature with the 

exception of l~a experiments done by Licht 28 to scan the separ-

ation across a foil bearing of finite width, but not the pressure. 

Bearing in mind that the tension determined in the previous exper-

iments was measured along the centreline of the web, a series of 

experiments was carried out to determine the tension pr0file 

across the web. The pressure in the air gap was measured at 

equal intervals underneath the web and the calculated tension 

was plotted against the corresponding position across webs of 

different materials, thicknesses and widths as shown in Figs. 

6.17 to 6.19. Since it was not possible to measure the pressure 

in the air gap right underneath the edges of the web, the corres-

ponding values of tension were extrapolated, taken as half the 

tension values of the nearest points to tilt-m on the web (2.5mm 

from the edges). The corresponding data of the figures are 

listed in tables 6.6 to 6.8 respectively. The areas under the 

resulting curves were then integrated by Simpson's rule and the 

average values of the measured tension Per unii width.of the web 
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were <:alculated and shDl"n on the figures compared to the 

everage values of the appl ied tensi.on. 

A comparison between the applied values of tension and the 

average values obtained experimentally reveals a good correlation 

considering the experimental errors .. A qual itative comparison 

could also be made with the predicted profiles by Baumann. The 

reader is referred again at this point to reference 35 page 462, 

wherein it is sr.~wn that local tension across the web varies in 

the same manner as in Figs. 6.17 to 6.19. 

Although these experiments were confined to 50mm and 102mm wid n 

webs conly, it is reasonable to expect the tension profile for 

a 260mm wide·web, in view of the behaviour determined experi-

mentally for the narrower webs, to take the shape marked (3) 

on the illustrative diagram (6-i) compared to those of the 50 

and 102mm wide webs marked (1) and (2) respectively on the same 

graph. 

(3) 

w-l02mm .1 
w= 260mm 

Diagram (6-i) 



Proceeding outwards from the centre I ine of the diagram, which 

represents the centreline of the web under consideration, the 

pressure in the air gap decreases at first gradually and then 

with a faster rate in the vicinity of the edges for the 50 and 

the 102mm wide webs. As for the 260mm wide web, onc would expect 

the pressure, the peak value of which is lower than those of (I) 

and (2), to remain fairly constant along a wider span on both 

sides of the centreline and then decreases rapidly towards both 

edges of the web. I nail these cases the average va I ue of the 

calculated tensions, based on the measured pressure in cases (I) 

and (2) and postulated in (3), is the same within the experimental 

error. 

Recalling the valu9 of 2% reported in 6.3.2, representing the 

amount by which the.measured value of tension at the centreline 

of the 260mm wi de web exceeded the 'PIerage value of app lied 

tension in Fig. 6.13 compared to an average increase of 7% for 
o 

the 5.9 and the 102mm wide webs· (Figs. 6.2, 6.6 and 6.9), the 

explanation given with the aid of the illustrative diagram (6-;)' 

seems reasonable. 

The significance of the verification of the behaviour of a flexi-

ble web of finite width, as predicted by Baumann, does not lie 

only in beiny the first to be done (to the best of the author's 

knowledge), but in establishing the fact that the measuring 

cylinder, as a web-tension measuring device, does measure the 

actual local tension in the web with a reliable accuracy at the 

point of measurement. It also provides the reason behind the 
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higher values of ten~ion, measured by the device along the centre-

llne of the web, relative to the average applied values in the 

experiments dealt with in the previous section. 

6.3.4 THE MEASURING PAD - Val idity of p = ~ 

As the series of experiments carried out on the mAasuring cylinder, 

which is a web-tension measuring device based on an electro-

pneumatic principle, gave promising results, a similar series was 

carried out to val idate the relation p = ~ on the measuring pad. 

It can be seen "rom Figs. 6.20, 6.24, 6.28 and 6.32 that p= ~ 

still holds good over the whole range of the web widths used in 

this series. A simi lar trend to ·'~,at observed in the case of 

the measuring cylinder, that is the measured values of tension 

being higher than those appl ied, are apparent 1;, the mentioned 

figures. This phenomenon could be accounted for in the qme way 

as in the case of the measuring cylinder (refer to 6.3.3). 

A comparison between the results shown in Figs. 6.2 "od 6.20, 

whereby the web thickness and width, the applied tension and the 

supply pressures (p = 1.5, 2 and 3 p ) were the same whi 1st the 
v t 

radii of the measuring device and the wrap angles of the web were 

different, reveals that the amount by which the measured values 

of tension exceed the applied ones is higher for the pad than for 

the cyl inder (16, 19 and 2n for the pad and 7.4, 12 and 16% for 

the cylinder). These higher values, with the pad, proved to be 

genuine when the tension profile across the web was determined 

experimentally as will be seen in 6.3.5. However, it remains to 

be seen if these higher values, compared to those in Fig. 6.2, 
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are .due to the change in ei ther the radius of curvature of the 

device or the wrap angle of the web around it or both since no 

further experimental information was obtained to clarify this 

po i nt. 

Results in Fig. 6.32 whereby the web under test was 260mm wide 

(about twice the width of the measuring pad) indicate that the 

measured tension exceeds the applied values by as much as 50% at 

a supply pressure of P = 1.5 P and even higher percentage at 
v t 

higher values of supply pressures (94 and 126% at P = 2 and 
v 

3 Pt respectively). In viewing these values it should be 

remembered that the value of the 2~plied tension is equal to the 

gravitational force of the dead weight divided by the width of 

the web to give the applied tension per unit wi~th of the web. 

In the experiment described herewith, slackness in the l"':eral 

direction of the web was observed over the region: 

o < x < (~ - b) 
2 

and (1 + b) < x < w 

as shown in the diagramatic s~etch (6-ii). 

Measuring r-ad 

2 b Web 

w 

x 

Diagram (6-i i) 
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T~i5 implies ·that the applied tensile force is concentrated in 

that region resulting in a higher value of tension per unit 

width th~n that calculated on the full width of the web. A 

theoretical attempt was made to predict the tension profile 

across the web in the region underneath the web using the Finite 

Element Method. The formulated model for the problem was over-

simplified, hence it failed to give any conclusive results 

(refer to 2.4). 

Figs. 6.21 to 6.35, with the exception of Fi~,; 6.24, 6.28 and 

6.32, show similar results to those obtained on the measuring 

cyl ind"'r, i.e. the tension measured at P = kp is higher than c max 

that measured at P = kp at the lower end of the applied tension 
v t 

range and the difference diminishes as P approaches P. The 
c v 

explanatio~ offered for the measuring cylinder still holds for 

the mc~suring pad (see 6.3.2). 

Experimental values for Figs. 6.20 to 6.35 are listed in tables 

6.9 to 6.12; each figure is preceded by the corresponding table. 

6.3.5 THE MEASURING PAD - Tension profile 

The tension profile across a SOmm wide steel web (51~m thick) 

was determined for two average values of applied tension, namely 

0.21 and 0.45 kN/rn. The results obtained, 2S shown in Fig. 6.36, 

reveal that the measuring pad measures the local tension in the 

web at the points of measurement since the average values of 

measured tension .agree, within experimental errors, with the 

applied values. The corresponding experimental data are listed 

in table 6.13. 
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A most interesting result can be seen in Fig. 6.37, whereby the 

tension profile across another section on the same steel web 

used i.n the previous experiment, was determined. The average 

applied tension was the same for both sections. In the figure 

described herewith the profile presented in Fig. 6.36, corres

ponding to an average applied tension of 0.21 kN/m, is plotted 

(marked A) together with the profile across the other section 

(marked B) for comparison. It can be seen that profile B is 

skewed to the left with a higher peak value than that of profile 

A. The interesting remark is that the value" of average measured 

tension, determined by integrating the area under both curves 

and d('viding each by the web width, were found to agree with the 

average applied value (+ 0.5% for profile A and -1% for profile B). 

A close inspection of the section of the web, corresponding to 

profile B, has shown distortion and kinks across the section; 

believed to be due to cutting the web used from a wider steel 

strip and mishandling of the web when set in position for the 

experiment. Hence th~ higher peak value is thought to be due to 

stress concentrdtion at a kinked point on the section. 

The overall agreement between the measured average values of 

tension at both sections and the applied value confirms, yet 

again, the argument put forward earlier stating that the measuring 

pad does, in fact, measure the local tension in the web with a 

reliable accuracy. 

Tension profiles were determined across a 50mm wide Melinex web 

(102~m thick) for the same two values of average applied tension 
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on the steel web dealt wHh earl [er. Fig. 6.38 shows the 

resul ts obtained, whi.ch comply wi th the trend indicated by the 

steel web on the measuring pad and the Melinex web on the 

measuring cylinder. It should be noted that the two profiles 

have a very wide plateau, covering about 60% of the web width 

around its centreline, in sharp contrast with tho;e of the steel 

web (of the same width) in Fig. 6.36; one of them is replotted 

in Fig. 6.38 for comparison. This would suggest that with a 

stiff web greater resistance to bending manifests itself as we 

proceed outwarc. from the centreline resulting in a higher value 

of local tension at the centreline. The important fact, however, 

is that the average measured tension, determined from the graph 

for both the steel and Melinex web agrees with the value of the 

applied tension. 

6.3.6 THE MEASURING PAD - Optimum wrap angle 

When· us i ng the si ntered cyl i nder to measure web-tens ion, the wrap 

angle of the web around the measuring cylinder is determined by 

. the set-up configuration. The wrap angle resulting from the con-

o figuration used was 90. As for the measuring pad, it was impera-

tive to find out the optimum wrap angle. if it exists, defined 

here as the angle beyond which the output signal from the web-

tension measuring device remains unchanged. To achieve this object-

ive a series of experi.ments, described with the associated condi-

tion in 4.2.3-3, were carried out on webs of different materials 

and wi.dths. The di.agrammatic sketch shown in Fig. (6-i i i) i llus~ 

trates how an expression for the wrap angle (2e) was derived; 
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e", tan -1 f where y is the distance moved by the pad against 

the we.b and !C is h.alf the span between the guide rollers. 

Tane e! f 

Measuring pad 

Guide roller 
6, 

Web / 

2 

-ti 
~ s, ·c ~ 

z 

, I 

Iq 
• e 

, I 

Diagram (6-iii) 

The results obtained are shown in Figs. 6.39 - 6.42 and their 

~ 

corresponding experimental data are given in tables 6.16 to 6.19 

respectively. It can be seen that neither the thickness (see 

Figs. 6.39 and 6.40) nor the width (see Figs. 6.40, 6.41 and 6.42) 

of the web has any significant effect on the value of the optimum 

wrap angle, which was found to be about 13.50 in all cases. It 

was also found that the material of the l'Ieb has no effect on the 

wrap angle as can be seen in Fig. 6.39. 
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6.3.7 THE MEASURING PAD - Optimum position of the miniature pressure 
transducer 

In the foregoing experiments the pressure in the ai r gap between 

the web under tens i on and the act i. ve surface of the measur ing 

pad was measured by a water manometer via a pilot tube inserted 

into a hole made in the centre of the sintered segment of the 

pad. For dynamic measurements, the miniature pressure transducer 

replaced the pilot tube - water manometer arrangement (refer to 

3.2.3). Therefore, before proceeding to the next phase of this 

investigation, which deals \~i th the determin'l~ion of the dynamic 

performance of the measuring pad, it was thought to be instruct-

ive to test the sensing element of the device, namely the trans· 

ducer, under static conditions. 

When the transducer was fitted, with its pressure sensitive dia-

phragm flush with the active surface of the measuring pad, the 

output signal was found to be erratic, intolerably unstable and 

inaccurate. The transducer was giving negative readings at lower 

values of applied tension implying that the pressure in the air 

gap corresponding to these values is subambient. One tends to 

believe that this could be due to a turbulent flow in the vicinity 

of the area where the transducer is fitted. Considering th~ 

difficulties involved in working out the flow pattern in such an 

area theoretically, no attempt is made here to confirm this 

explanation. 

However, to overcome these shortcomings, and to elucidate such 

a phenomenon, experimental tests were carried out in two stages 
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(refer to 2.2.3-4). The results of.the first stage,whereby 

the pressure in th.e a i_r gap between the web and the pad, and 

consequently- the tension in the web, was measured by both the 

transducer and the water manometer at the same time, are shown 

in Fig. 6.43. With the transducer being placed outside the pad 

box, the results indicated a complete agreement between the 

output of the transducer and ·the water manon,eter. The resul ting 

straight line, correlating the measured and applied tension, in 

this stage was then considered as the reference for the transducer 

in the second stage. The transducer was then fitted into the 

wall of the sintered segment of the pad-within different 

adapters, one at a time, resulting in the pressure sensitive dia-

-phragm of the transducer being placed at different depths from 

the outer surface of the sintered segment of the pad. With the 

transducer set at depths less than 2.31mm (the smallest listed 

-in-table 6.21), an erratic output from the transducer was sti 11 

- observed. 1 t was requi '-ed, therefore, to set the transducer 

further back from the disturbed area. The tension measured by 

the transducer at each depth is plotted against the applied 

tension and the results of these experiments are plotted together 

with the reference straight 1 ine, from the first stage, for compar-

-i50n as shown in Fig. 6.44. Table 6.21 includes the measured 

values of tec,sion in the first stage in addition to those obtained 

in the second. 

Referring to Fig. 6.44, it can be seen that at a depth of 2.31mm the 

t'ransducer was sti 11 giving negative output at the lower end of 
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the range of applied tension. At larger depths the negative 

output ceased to prevail but up to a depth of 5.08mm nonlinearity 

'of the lower part of the resulting curves was evident. The 

"values of measured tension with the transducer set at the last 

two positions in this series of experiments, namely at a depth 

of 5.72 and 6.17mm, were plotted; although not joined on the 

graph both show obvious linearity. It would be noted that the 

points corresponding to the depth of 6.17mm could be represented, 

confidently, by the reference straight line obtained in the first 

stage and shown on the same graph. Hence, it was concluded that 

this is the optimum stable position for the transducer. There

fore it was decided to set the miniature pressure transducer at 

this position for the rest of the experimental work in this invest

igation. 

In viel" of the experimental fact revealed by the previous set of 

experiments, the derivation of the minimum volume of the pneumatic 

circuit, introduced earlier in 2.1, may seem irrelevant. However, 

the erratic behaviour of the transducer used in the present invest

gation, when fitted within a depth less than 5.72mm from the 

active surface of the web-tension measuring device, should not 

imply that this is an inherent characteristic of miniature pressure 

transducers under different conditions. 

The mathematical formulation for the minimum volume of the pneum

atic circuit was derived before the turbulent behaviour of this 

"arrangement became Clpparent and is included in the earl ier part 

of the text (2.1) for completeness. 
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6.4 DYNAMIC TESTS 

6.4.1 PRELIMINARY TESTS - Measuri.ng cyl inder 

The main objecti.ve of these prel iminary tests was to evaluate 

the dynamic performance of the electro-pneumatic technique, 

tested earlier under static conditions, when used to measure web-

tension perturbations of relatively high (requencies. 

Fig. 6.45 shows the result of the first experiment. The ratio 

of a dynamic tension (A) to a static tensile force (A ) is m ~o 

plotted against the frequency of the appl ied dynamic force. In 

this case A corresponds to 1.0 A a.c. suppl ied to the vibrator 
m 

at dtfferent frequencies and A corresponds to l.a A d.c. Both 
w=o 

stadc and dynamic forces were measured by the Kistler pressure 

transducer while t~e dynamic force ~Ias monitored at the same 

time'by the reference load-cell via the recording oscilloscope 

(refer to 4.3 and 4.3.1). In the fi~ure described herewith it 

can be seen that for the Melinex web the ratio starts to exceed 

unityat 5 Hz, rises rapidly to a maximum and then decreases at 

a resonant frequency of about 13 Hz indicating that the natural 

frequency of the load-web system lies around that value. The 

load-cell, monitoring the dynamic force at the same time, showed 

the same rap i d i ncrNlse in the rat i 0 fo II owed by a decrease at 

the same vabt.; of frequency, i.e. 13 Hz. A steel web of the same 

dimensions was used under the same conditions to extend the 

natural frequency of the lo~d-web system; the steel web being 

about 80 times as stiff as the Melinex one. The result of the 

test presented by the curve shi fted to the right of the Mel inex 
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curve, extended the natural frequency of the system to a value 

around 20 Hz, which is far below what was expected. 

One way of overcoming this hurdle was to keep the magnitude of 

the applied dynamic tension constant by adjustment of the value 

of the current supp1 ied to the moving coi 1 of the vibrator. The 

ratio of ampl itude of the measured tension by the transducer (AT) 

to the amplitude of the constant applied tension by the reference 

load-cell (AL•e) was then plotted against the frequency of the 

applied force as shown in Fig. 6.46. Thus the frequency response 

of the web-tension measuring system, namely the measuring cylinder 

associated with the Kistler pressure transducer, was determined. 

It can be seen that the frequency response of the system under 

consideration proved to be satisfactory up to a frequency of 

25 Hz, after which attenuation of the transducer output signal 

starts to take place. This is attributed to the relatively large 

volume of air contained within the screw-on cover and the hose 

nipple of the transducer (refer to 3.3.4) in addition to that 

contained in the connecting pilot-tube. 

Experimental data of Figs. 6.45 and 6.46 are given in tables 6.22 

and 6.23 respectively. 

6.4.2 THE MEASURING PAD - Miniature pressure transducer 

Prior to proper analysis of any recordings of measured changes 

in web-tension the frequency response as well as the dynamic 

accuracy of the measuring system should be known. The frequency 

response of the measuring pad associated with the miniature 

--------.. ~----
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pressure transducer was tested .against the reference load-cell 

following the procedure des.crIbed i.n 4.3.1-ii. The reader is 

also referred to Fig. 4.5 whereby a typical example of a record 

of transducer/load-cell output signals is given. Inspection of 

such a trace would reveal any distortion in the "wave" form of 

the measured tension variation compared to the applied dynamic 

tension as well as any phase shift, if it exists, between the 

two. 

Fig. 6.47 shows the results of a series of experiments carried 

out on a Melinex web for different values of initial (static) 

tension with the transducer fitte.i in the appropriate adapter at 

its optimum stable position (refer to 6.3.7). The result of a 

similar experiment, but with the transducer flush with the active 

surface of the pad, is present in the same figure for comoarison. 

In addition, two more experiments were carried out on a steel web 

at the lowest and highest values of the range of tension applied 

in the first series. The results of these two experiments are 

shown in Fig. 6.48. Tables 6.24 and 6.25 give the experimental 

data of Figs. 6.47 and 6.48 respectively. 

Referring to both figures, it can be seen that the measuring pad 

associated with the miniature pressure transducer has a very good 

dynamic response up to a frequency of 80 nL. It was not possible 

to extend the frequency range of the appl ied tension perturbations 

due to the 1 imitation on the maximum working current of the 

vibrator. However, it is quite evident that up to 80 Hz there 

was no trace of any tendency of attenuation in the transducer 
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output signal. A comparison between the result obtained wi th 

the transducer flush. and those obtai.ned wi th the transducer 

mounted at 6.2mm (stable position) reveals that the dynamic 

response of th.e measuring pad was not affected by setting the 

transducer back by that distance over the frequency range used 

throughout the experiments. With the transducer flush, the 

negative drift reported in 6.3.7 had no effect on the dynamic 

measurements due to the fact that the transducer output during 

this phase of the experimental work was coupled to an a.c. built 

in amplifier, within the recording oscilloscope, thus blocking 

any d.c. component. 

An inspection of table 6.24 shows that the calculated ratio is 

higher than unity. The average value of the ratio as calculated 

for the transducer at optimum position, was found to be 1.19 

with a standard deviation of 0.04. This confirms, yet again, 

that while the load-cell measures the average value of the applied 

tension the transducer measures the local variations in web

tension (at the centre of the web), which has proved to be 

higher than th,> average applied (refer to 6.3.4). The agreement 

between the excess of the average over the local tension, deter

mined under static and dynamic conditions, is remarkable (19% 

in both cases). The reader is referred to 6.3.4 wherein it was 

shown that local measured tension, along the centreline of the 

web, is 19% higher than the average applied at a supply pressure 

P= 2Pt which was the case when these dynamic tests were carried 

out. Thus it could be concluded that the measuring pad associated 



-iS9-

wlt~ the miniature pressure transducer is capable of measuring 

tension perturbation with a reliable accuracy. 

The recording osci lloscope traces of the transducer output 

signal showed no significant distortion in the sinusoidal form 

of the measured ten~ion compared with that monitored and recorded 

by the reference load cell at the same time, on the same chart. 

In some cases where the loading condi tions \~ere not accurately 

aligned resulting in a distorted output signal from the trans

ducer, identical distortion was monitored by the reference load

cell. This impl ies that the transducer, and consequently the 

measuring pad as a web-tension measl~~ing device, is detecting 

what is actually happening to the web under consideration. 

As f?r phase shift between the two output signals,from the trans

ducer and the reference load-cell, no measurable time lag could 

be detected. 
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6.5 RUNNING WEB TESTS 

The last phase of th.e experimental work in the present study was to 

investigate the performance of the measuring pad, as a web-tension 

measuring technique, under running web conditions. A closed loop of a 

Melinex web, run at the required speeds, was used to achieve this 

objective, the experiment jeing repeated with two different web widths. 

The procedure of setting up the experiments is described in detail in 

4.4. The output signal was monitored on the oscilloscope screen and 

recorded on the recording oscilloscope chart. 

In the first experiment, a 102mm wide web was run at three different 

speeds, nimely 1.22, 2.44 and 3.66m/s. Fig. 6.49 shows 'he trace of 

the tension variations, measured by the pad, at a Iveb speed of 1.22m/s 

over three consecutive running cycles of the closed loop of the web. 

The traces.of the three cycles are put one below the other for the sake 

of comparison. It can be seen that the th~ee cycles are almost repeti

tive. The figure described herewith, although concerning the first 

running speed only, is a typical example of the output at the other 

two speeds. In other words, at every speed of the three, the measur-' 

ing pad was reproducing its output at the speed un~~r consideration. 

In Fig. 6.50 tension variations, recorded at the three speeds mentioned 

in the previous paragraph, are shown over a complete cycle of the 

running web. A qu::'l i tative comparison bebleen the three traces reveals 

tha t a I though they correspond to different speeds they show the same 

pattern of cyclic variation in tension. This and the remark made earlier 

about the results shown in Fig. 6.49; were also noted on the traces of 

tension variations measured by the pad on a 260mm wide web running at 
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six different speeds in the second experiment. Table 6.26 summarises 

the running speeds and the corresponding frequencies of tension vari-

ati.ons as determined from the traces obtained in the two experiments. 

Web speed 

(U) 

m/s 

1.22 

2.44 

3.66 

6.10 

7.32 

8.53 

Measured frequency of tension 
variations 

(f) • Hz 
102mm wide web. 260mm wide web 

6-7 6-7 

13 13 

19-20 19-20 

32-33 

38-39 

47 

U/f 
102mm 260mm 

0.188 0.188 

0.188 0.188 

0.188 0.188 

0.188 

0.190 

0.182 

Average value of ratio U/f = 0.187 

Table 6.26 Web speed vs. measured frequency 

The numerical data listed in table 6.26 reveal that the frequency of 

tension variations measured by the pad increases linearly with the 

running speed of the web. This would suggest that the pad is detect-

ing tension variation resulting from a possible out of balance in the 

guide rollers. 

The well known expression for the rotational frequency of a roller is: 

U 
r o 

(1) 

in which U is the peripheral speed of the roller and r is its outside 
o 

rad i us. 

I 
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(2) 

. U 
Substituting in equation .(2) for (I') with. the average value of those 

listed in table 6.26 yields 

r = 0.0298 m o 

A comparison between the calculated value of r (0.0298 m), which is 
o 

based on the measured frequencies and the running speeds of the web, 

and the radius of the guide rollers actually used on the test rig 

(0.0302 m) indicate that the tension variations measured by the measur-

ing pad under test are those resulting from out of balance in the guide 

rollers. 

For the measuring pad to detect tension perturbations resulting from 

the interaction between the stiffness of the web material and the 

inertia of the guide rollers, the interference of any out of balance 

in the rollers or any other sources of tension variations must be kept 

to a minimum. If not, freql1e.lcies of such variations may overshadow 

the sought frequency, which is believed to be the case in the experi-

ments carried out in this phase of the work. 

The analysis presented here gives an overall understanding of the 

performance of the measuring pad under test on a running web. It 

should neverthelef: be remembered that the significance of the results 

should not be extended too far before carrying out more comprehensive 

studies, considering all the associated factors, such as web width 

and material stiffness. 
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STATIC TESTS -Huyck tensometer 

Web Material; Mel inex 

w = 260mm 

t = 51lJm 

Applied Tension 

kN/m 

0.425 

0.618 

0.811 

1. 004 

1. 197 

1.3/3 

1. 548 

1.723 

I. 8~9 

2.047 

* Average value of 5 readings 

Dial indicator read ings'" 

division 

13.5 

31.0 

40.0 

50.0 

54.5 

62.0 

66.0 

72.0 

74.0 

79.5 

Table 6.1 Huyck tensometer readings vs applied tension 
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STATIC TESTS V 
Huyck Tensometer ;/ Mel inex Web 
W 

t 

, 

~ 

0.4 

260 mm 

.51 l1m / 

/ 
/ 7 

,~ / /' 
0 

/ / 
/ 

/ '3 I 
/ 

! / 
/ 

I 
/ 

/ 
I 

/ 

.I 
I 

I 
I 

/ 
I 

I 
I 

I 
I 

I 1 Melinex 
/ I 

/ 
/ 2 Formex , 

(design 22 
, 3 Super plat~ , 

Press Felt /. 

f 
./ 

0.8 1.2 1.6 
-1 

Applied Tension T /kN.m 
a 

2.0 

/ 

/ 
I 

/ 

/ 

2.4 

Fig. 6.1 Huyck tensometer dial readi.ng vs. applied tension 
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STATIC TESTS - Val idity of p - T/r 

Measuring cylinder r .. 25.65 mm 

Web Material: Mel inex Thickness t = 51]lm 

0.214 8.339 

0.311 12. 164 

0.452 17.658 

o. 548 21. 386 

w = 50mm 

P - 1.5, 2, 3 p c - max 

T 
m 

kN/m 

at P at P 

0.239 

0.244 

0.252 

0.340 

0.350 

0.362 

0.486 

0.501 

0.521 

0.584 

0.604 

0.627 

v c 

0.257 

0.264 

0.269 

0.360 

0.370 

0.377 

0.496 

0.51"3 

0.531 

0.584 

0.604 

0.627 

Table 6.2 Web-tension measured by the measuring cylinder 
at different supply pressures. 
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STATIC TESTS 

Measuring Cylinder J r 25;65 mm 

Tt 

---- T at m 

-- T· at 
m 

- T at 
m 

" 

P 1.5 Pt v 

P 2 Pt v 

P 
v 3 Pt 

Mel inex web 

t 

w 

0.2 0.4 

-1 
Appl ied tension T/kN.m 

51 j.lm 

50 mm 

0.6 

Fig. 6.2· Web-tension measured by the measuring cyl inder 
at different variable supply pressures. 
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0.2 0.4 

Melinex web 

t = 51 ]lm 

w = 50 mm 

Applied tension T /kN.m- 1. 
a 

0.6 

Fig. 6.3 Web-tension measured by the measuring cyl inder at 
variable and constant supply pressure. 
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U.G -

STl\llC 1l.STS 

Hc~sIJri~g cylind~r 

r;ll 2~.GS mill ----- ----~-. 
/ 

--- Tt 

---~, -7/'-' 
,/, 

--h-~-Tm at Pc::: 2: Pm<1X /.-

0." --.--.- ---'-I--~ ;P-,' -'----- ----.. 
-_.,----/, - ---- ,-,- ----_._--' 

/ 

/ 
0.2----/-

t = 51 1Jm 

w = SO mm 

o 

/ 

-I 
~pplicd tension la/kN.~ 

Fig. 6.~ \1<:b-tcnsiorl measured by the measuring cyl indcl' at 
variable and c.onstant supply pressure. 

STATIC TESTS 

Bcasuring cyl indcr 

Cl.6 - r :::: 25.(,5 rwn 

Tt 

T at P = 3 p 
m v t. 

__ A-_ ~m ilt P (; ...:. ~ Pmax 
'E 0.4 ----,.----r----t
z 
-< ... 
... E 

c 
2 · . c 
~ 

" " ~ 0.2 
• • ~ 
>: 

o 

o 0.2 0.4 
-I' 

Applied tension Ta/kN.m 

Me I i nex "/cb 

t = SI pm 

w'==.50nm 

0.6 

FI.g. 6.5 \!dJ-tcnsion mcusurcd by the mc;:]suri'lg cylinder at 
\'ariable and 'const<lnt supply pressLlre 
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STATIC TESTS" Validity of p=T/ r 

Table 6.3 

Measuring Cyl i nder , , r= 25.65 mm 

Web Material Mel inex "Thickness t =; 102 ).Im 

T 
a Pt 

kN/m kN/m2 

0.214 8.339 

0.311 12.16,', 

0.452 17.658 

0.548 21.386 

w "" 

T 
m 

50 mm 

Pc = 1. 5, 2 and 3 p max 

kN/m 

at P 

0.234 

0.242 

0.247 

0.335 

0.342 

0.352 

0.478 

0.491 

0.511 

0.574 

0.594 

0.625 

v 
at P 

0.252 

0.259 

0.350 

0.357 

0.486 

0.498 

0.574 

0.594 

c 

Web-tendon measured by the measuring 
cylinder at different supply pressures. 
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STATIC TESTS 

Measuring cylinder 
r=25.65 mm 

Tt 

--<>- T at 
m 

-- T at 
m 

_Tm at 

P v = 1. 5 Pt 

P = 2 Pt v 

P - 3 p v - t 

Me I i nex 

t 

w 

0.2 0.4 

-1 
Applied tension Ta/kN.m 

:: 102 

= 50 

~ 

web 

Ilm 

mm 

0.6 

Fig. 6.6 Web-tension measured by the measuring cylinder at 
different variable supply pressures. 
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STATIC TESTS 

Measuring cy I i nde r 

mm 1/ r 25:65 
-

~ -- Tt 

- ---<>- T at P 1.5 Pt ~ 
m v 

W --/r- Tm at P 1.5 Pmax /~ c 

/' V /L' 

~ Me I i nex web 
/ 

/ t 102 Ilm / 

V 
w 50 mm 

V 
o 

. 

0.2 0.4 
-1 

Applied tension T /kN.m a 

q.6 

Fig. 6.7. Web-tension measured by the measuring cylinder at 
variable and constant supply pressure 
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STATlC TESTS V Measur i ng cyl i nder 

/ I- r 25.65 mm 

-- Tt V T at P 2 Pt ,/ f- --1<- m v ;y T :at P 2 Pmax /f --(;-- m c 
. 

~ " 
// 

V Mel i nex web 

. 

V 
o 

" / 

'L' 
t 

V' 
w 

0.2 0.4 
-1 

Applied tension T /kN.m 
a 

102 I1m 

50 mm 

.. 

0.6 

Fig. 6.8 Web-tension measured by the measuring cylinder at 
variable and constant supply pressure 
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STATIC TESTS - Val idity of p", T/r 

MeasurIng Cylinder 

Web Material Mel inex 

w =. 

r = 25.65 mm 

Thickness t ~. 102 pm 

102mm 

T a Pt 

kN/m kN/m2 

0.222 8.633 

0.26910.497 

0.318 12.361 

0.364 14.225 

0.413 16.088 

at P 
v· 

0.247 

0.252 

0.259 

0.292 

0.305 

0.315 

0.345 

0.357 

0.372 

0.398 

0.410 

0.425 

0.448 

0.461 

0.478 

T 

Pc =. 1.5. 2 and 3 p max 

m 
kN/m 

at P c 

0.262 

0.269 

0.274 

0.307 

0.320 

0.327 

0.355 

0.367 

0.377 

0.403 

0.415 

0.428 

0.461 

0.481 

Table 6.4 Web-tension measured by the measuring cylinder 
at different supply pressures. . 
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STATI C TESTS 
Measur i ng cyl inder 
r = 25.65 mm 

--\ 
-o-T at P y= 1.5 Pt m 

__ Tm at P y::: 2 Pt 

_T at P y:= 3 Pt m 

Mel inex web 

t=l02 llm 
"'Cl 

~ 0.2~------+---~~7f-------t------~ w ::: 102 mm 
" tI\ 

'" Q) 
;,: 

o 
o 0.2 0.4 

-1 Applied tension T /kN.m 
a 

0.6 

Fig. 6.9 Web-tension measured by the measuring cylinder at 
different variable supply pressures. 
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STATIC TESTS 

/ . Measuring cyl inder 

r ",. 25.65 mm 

-

/ -- Tt 

T at P ,; 1.5 Pt - --c- m v 

V --..... - T at P = 1.5 Pmax / m c 

;:(f ~ 
:p Mel inex web 

/' t = 102 \1m 
/ 

V 
w - . 102 mm 

I/~ 
o 0.2 0.4 

Applied tension T / kN.m- 1 
a 

0.6 

Fig. 6.10 Web-tension measured by the measuring cylinder at 
variable an'd constant pressure. 
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Tt 
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__ ..J __ _ 

Mc 1 i ne>;. tleb 
t :::: 102 jHll 

w 102 1'111 

-1 
Applied tension T./kN.m 

FI~. 6.11 Wcb-tens.ion r.lcaSl'reu by the mcasuring cyl inder at 
variable und con5tant supply pressure 
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rIg_ 6.f2: ~~':I-tenslo" r:lea~urcd by th(> rn~ilsurin9 cylinder at 
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STATIC TESTS - Validity of p = T/r 

Table 6.5 

Measuring Cylinder 

Web Material Mel inex 
r = 25.65 mm 

Thickness t _. 102. \lm 

w =. 260 mm 

p v -. 1.5. 2 and 3 Pt 

T a Pt 
kN/m kN/m2 

0.103 4.022 

0.122 4.709 

o. 159 6.180 

0.236 9.221 

0.312 12.164 

at P 
v 

0.106 

O. III 

0.118 

0.123 

0.128 

0.133 

0.164 

0.169 

0.176 

0.244 

0.252 

0.262 

0.322 

0.330 

0.345 

PI. 5. 2 and 3 p c - . max 

T m 
kN/m 

at P c 

0.171 

0.123 

0.128 

0.138 

0.143 

0.148 

0.176 

0.181 

0.191 

0.252 

0.259 

0.269 

0.322 

0.330 

0.342 

Web-tension measured by the measuring cylinder 
at different supply pressures. . 



0.4 

0.3 

I 
E 

z 
.Y. 

0.2 ...... 
E 

l-
e 
0 

'" e 
(j) .., 

-0 
(j) 
I... 
;:J 

'" co 
(j) 

:>: 

0.1 

o 

-178-

STATIC TESTS 
Measuring cylinder 

r:::25.65 mm 

Tt 
-0-

T at P v ::: 1. 5p t m 

---T at P - Z P m v - t 

-->--
T at P = 3 p m v t 

Mel inex web 

t = 
w ::: 

I 
o 0.2 

Applied tension T IkN.m- 1 
a 

102 )lm 

260 mm 

0.4 

Fig. 6.13 Web-tension measured by the measuring cylinder at 
different variable supply pressures. 
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Fig. 6.14 Web-tension measured by the measuring cylinder 
at variable and constant supply pressure. 
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... ~--------- . 
Sl/\TIe 1£515 

HNsurilvJ Cri i ndcl 

r .. 25.(,5 n~\I 

It 

-1"-
" .p = 2 

m v 

-<>--
r " p = 2 
m G 

o 

Pt 

Pm,)x 

Melinex WQb 

<; = 102 ~m 

w = 26ll rM1 

0.2 

App1ied tension -I 
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Fig. 6.15 \Jt::'-tensiQ~ mea::.ured by the Ir.cClsuring cy'ind,~r 
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STATIC TESTS - Tension profile 

Measuring Cylinder 

Web Material Meli nex 

r=25.65 mm 

t =51 ]lnl 

w=50 mm 

Average appl ied tension T :: 0.438 & 0.933 kN/m a . 

Position across Local tension T~ 
the web (1) kN/m (2) 

mm at T :: 0.438 at T= 0.933 
a a 

0 (0.149)'~ (0.39»\ 

2.5 0.298 0.779 Experimental average 

5.0 0.376 0.901 te~sion (1) ::: 0.441 kN/m 

10.0 0.455 0.988 (+ 0.]%) 

15.0 0.492 1.035 

20.0 0.515 1. 058 

25.0 . 0.525 1.067 

30.0 0.525 1. 062 Experimental average 

35.0 0.507 1.035 tens i on (2) = 0.941 kN/m 

40.0 0.463 0.983 (+0.7%) 

45.0 0.363 0.865 

47.5 0.227 0.706 

50.0 (0.114»\ (0. 353)'~ 

* Values between brackets are extrapolated. 

Table 6.6 Tensiun profile across a 50mm wide Melinex web. 
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Fig. 6.17 Tension profile across a 50 mm wide Melinex web 
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STATIC TESTS - Tension erofi 1 e 

Measuring Cyl i.nder ; r = 25.65 mm 

Web Material' Me 1 inex t - . lQ2 )1m 

w = . 102 mm 

Average app 1 i.ed tensi.on T a = 0.214 kN/m 

TR, = PR, • r 

Position across Local tension 
the web TR, 

mm kN/m 

0 (0.061) 

3.5 0.121 

6 0.141 

11 0.182 

15 0.206 

21 0.222 

26 0.229 

31 0.239 Experimental av~rage 

36 0.244 tens ion = 0.210 kN/m 

41 0.246 (- 1.9%) 

46 0.249 

51 0.249 

56 0.249 

61 0.246 

66 0.246 

71 0.244 

76 0.239 

81 0.232 

86 0.222 

91 0.209 

96 0.182 

98.5 0.156 

102 (0.078) 

. Table 6.7 Tension profile across a 102 mm wide Melinex web. 
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Fig. 6.18· Tension profi le across a 102mm wide Mel inex web. 
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STATIC TESTS - Tension profile 

Measuring Cylinder ; r = 25.65 mm 

Web Material· Steel t =.51 Jlm 

w", 102 mm 

Average appl ied tension T = 0.221 kN/m 
a 

T£ = p£ r 

Position across Local tension 
the web TR. mm kN/m 

0 (0.025) 

3.5 0.053 

6 0.098 

11 O. 151 

16 0.186 

21 0.215 

26 0.229 

31 . 0.244 Experimental average 

36 0.254 tens ion = 0.218 kN/m 

41 0.259 (- 1 %) 

46 0.264 

51 0.269 

56 0.269 

61 0.269 

66 0.267 

71 0.263 

76 0.257 

81 0.246 

86 0.229 

.91 0.206 

96 O. 151 

98.5 0.119 

102 (0.060) 

·Table 6.8 Tension profile across a 102 mm wide steel· web. 
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Fig. -6.19 Tension profile across a 102mm wide Steel web: 
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STATIC TESTS - Validity of p <= T/R 

Measuring Pad 

Web Material 

T a 

kN/m 

0.214 

0.311 

---

0.452 

0.548 

Mellnex 

w = 

Pt 

k~jfm2 

0.824 

1. 207 

1.746 

2.119 

R = 258.5 mm 

thickness t = .51 ~m 

50 mm 

P - 1. 5, 2 and 3 p 
c - max 

at P v 

0.254 

0.259 
0.264 

0.360 

0.370 
0.378 

0.525 
0.535 
0.548 

0.629 
0.649 
0.664 

T m 

kN/m 

at P 
c 

0.271 
0.274 
0.279 

0.375 
0.380 

0.393 

0.533 
0.540 

0.555 

0.629 
0.649 
0.664 

Table 6.9 Web-tension measured by the measuring 
pad at different supply pressures. 
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;Y 0.4 
t: 
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o 
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Applied ten,ion T /kN.m 

a 

Mel inex web 

t = 51 ]Jm 

w = 50 mm 

0.4 0.6 

Fig. 6.20 ·Web-tension measured by the measuring pad at different 
variable supply pressures. 
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STATIC TESTS 

Measuring pad 
R =: 258.5 mm 

--/r- -

0.4~-----r------r------+~7'--'~-----+------+-----~· 

0.2 

o 

Mel inex web 

t = 51 jJm 

1-----1----7''-;1''-----+-----1 w =: 50 mm 

o 0.2 

-1 
Applied tension T IkN.m a 

0.4 0.6 

Fig. 6.21 Web-tension measured by the measuring pad at variable 
.and constant supply pressure. 
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STATIC nSTS 

Ilcilsur I n9 p.ld 

0.6 _R :0. 258.5 mm 

Tt 

0.,1---+--

o 
0.2 

Kcllncx web 

t ~ 51 ).ml 

---!I----i w = 50 mrrI 

0.4 
. -1 

ApplteiJ tension Talk/un 

rig. 6.22 \.!eb-tcnsion r:,easured by the measuring pad at 
variable and constant supply pressure. 

STATIC 1[STS / ttCil!otlring pad 
_R = 258.511111 

0.6 

L 0.6 
-- Tt / 1/, 
~ Tm at P v::: J Pt 

0.4 

0.' 

o 

_-6-__ T at Pc= 3 Pmax • 

/l 
~ / 

/ 

y 
/ ., 

-1 Applled tension Ta/kN.m 

/ // // 
V 

Kcllnex web 

t = 51 um 

-= 50 mm 

. , 

Fig. 6;23 Web-tension measured by the m(l.1suring pad at 
variable and constant supply pressure. 
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STATIC TESTS - Validity of P - T/R 

Measuring Pad 

Web Material 

T a 

kN/m 

0.214 

0.311 

0.452 

0.548 

; 

Me I i nex 

w = 

Pt 

kN/m2 

0.824 

1.207 

1. 746 

2.119 

R = 258.5 mm 

thickness t ~ 102 ~m 

50 mm 

p _. 1.5, 2 and 3 p c max 

at P v 

0.251 

0.263 

0.272 

0.360 

0.376 

0.388 

0.521 

0.542 

0.550 

0.625 

0.654 

0.675 

T m 

kN/m 

at P c 

0.274 

0.278 

0.284 

0.381 

0.390 

0.399 

0.530 

0.549 

0.564 

0.627 

0.653 

0.675 

Table 6.10 Web-tension measured by the measuring pad at 
different supply pressures. 
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STATIC TESTS 

Measuring pad 
R = 258.5 mm 

Tt 

---<>-- T at P = 1 .5 Pt m v 

- T at P = 2 Pt m v 

-- T at P v := 3 Pt m 

-1 App lied ter.s i on T /kN. m 
a 

Mel inex web 
t = 102 jlm 

w = 50 mm 

Fig. 6.24 Web-tension measured by the measuring pad at 
different variable supply pressures. 
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/ 
,It 

0.2 

Applied tension T /kN.m-
1 

a 

Mel inex web 

t = 102 \lm 

W '" 50 mm 

0.4 

Fig. 6.25 Web-tension m.easured by the measuring pad at 
variable and constant supply pressure. 
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STATIC TESTS 

tlcasurlng p,d 

0.6 _R '>SR. S "'" 
" 

-~ 
1 at P = '- Pt m v 

'-
z o.~ f-:.-I---
~s 
2 . 
c 
II 

e , 
Hellnex web 

:: 0.2 
102 llm 

• 
'" W:: 50 RIll 

o 
o 0.2 o.~ 0.6 

Applied tension T /kN.m· 1 

• 

Fig. 6.26· \.Ieb-tension measured by the measuring pad at variable 
alld constant s.upply pressure. 

STATIC TESTS 

Measuring pad 

0.6 R = 258.5 nm 

Tt 

T .t P c l Pt m v 

-.... - Tm at P c= l Pmax . 

0.4 

0.2 ~--l---/-

Mellnex wcb 

t "" 102 1l1n 
-¥:...---l----- w = 50 fMi 

o 
o 0.2 0.\ 

Applied tension T
a
/kN.m- 1 

Fig. 6.27 \lcb-tcnsion mCilsurcd by the mNlsuril\g p<ld at 
variable and constant supply pressure. 

0.6 
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STAll C TESTS ; Va lid i ty of p == T /R 

Measuring Pad 

Web Material 

0.364 

0.413 

R =258.5 mm 

Melinex thickness t '" 102 )lm 

1.413 

1.599 

w '" 102. mm 

P = 1. 5. 2 and 3 p c max 

0.412 
0.427 
0.437 

0.463 
0.481 
0.491 

0.418 
0.429 
0.443 

0.464 
0.480 
0.491 

Table 6 •. 11 Web-tension measured by the measuring pad at 
different supply pressures. . 
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STATIC TESTS 

Measuring pad 
R = 258.5 mm 

Tt 

-0-- T at P v =.1.5 Pt m 

-- T at P = 2 P 
m v t 

T at P = 3 p -- m v t 

Mel inex web 

t ~ 102 llm 

VI = 102 mm 

0.2 0.4 

Applied tension T /kN.m- 1 
a 

. 0.6 

Fig. 6.28 Web-tension measured by the measuring p~d at different 
variable supply pressures. 
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STATIC TESTS IV Measuring pad 

R = 258.5 mm 
-

__ Tt 

V T at P = 1.5 Pt / - --<>-- m v 

V --b-- T at P = 1.5 Pmax ./ m c 

yj V 
/ r 

. / 
V 
0 0.2 

-1 
Applied tension T IkN.m a 

Mel inex web 

t = 102 ]1m 

w = 102 mm 

0.4 

Fig. 6.29 Web. tension measured by the measuring p.Jd at 
variable and constant supply pressure. 
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STA11C "E~1S 

HC,Jsur I Ilg p.:Id 

o. 
/ (, _R.::25S.S "rum ----
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__ Tm at Pit:; 2 Pt -_.-

/ I 
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~ /J 
/'.._-

~ 
Mel rnex web 

, t;:10Z11m 

/ w == 102 mm r 
V-
o 0.2 0.4 

-I Applied tension Ta/kN.m 

F19. £.)0 Web~ten~ion measured by the measuring pad at 
variable and constant supply pressure •. 

SlAT! C TESts 

Heasuring pad 
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-

0.6 

L f- •• 258.5 "'" 

--Tt / 
0.6 

o. 4 

O. 2 

0 

- - Till at P v = 3 Pt 

V 
I 

_--6-_ Tm at Pc::: 3 Pt / 
L 

. 

Y.l 
" 

, V Mel tnex \o/cb 

/ 
t _ 

102 urn 

V 
w= 102 "'" 

V-
o 0.2 0,4 

. ·1 
Applied tension Ta/kN.m . 

Fig. 6.)1 I..'qb-t!'n'Sion measured C)" the (,\c<lsurlnq pad.at 
variable a~d constant supply pressure. ' 
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STATIC TESTS - Validity of p = T/R 

Measuring Pad 

Web Material 

T a 

kN/m 

0.103 

0.122 

0.159 

0.236 

0.312 

R = 258.5 mm 

Me I i nex th i ckness t:= 102 Jlm 

w _. 260 mm 

Pt 

kN/m2 

0.392 

0.491 

0.589 

0.785 

1.177 

Pc =.. 1.5. 2 and 3 p max 

at P 
·v 

0.155 

0.202 

0.246 

0.190 

0.251 

0.287 

0.229 

0.304 

0.364 

0.350 

0.450 

0.535 

0.455 

0.601 

0.675 

T m 

kN/m 

at P c 

0.261 

0.268 

0.276 

0.298 
. 0.304 

0.315 

0.325 
. 0.376 

0.390 

0.391 

0.484 

0.539 

0.456 

0.603 

0.676 

Table 6.12 Web-tension measured by the measuring pad 
at different supply pressures . 
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STATIC TESTS 
Measuring pad 

R=258.5mm 

Tt 

-<>- T ~t P ::: 1.5 Pt m v 

--- T at P ==2 ;> m v t 

-- T at P =3 Pt m v 

Mel inex web 
t == 102 llm, W = 260 

Applied tension T '/kN.m- 1 
a 

Fig. 6.32 Web-tension measured by the measuring pad at 
different variable supply pressures. 

mm 
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STATIC TESTS 

Measuring pad 

R = 258.5 mm /0/// Tt --

--0-- T at P := 

~/ 
m v 

--6-- T at P = m c 

Mel inex web 

t = 102 )Jm, 

I 
0.2 0.4 

-1 Applied tension T IkN.m 
a 

1.5 Pt 

1. 5 Pmax 

w == 260 mm 

I 
0.6 

Fig. 6.33 Web-tension measured by measuring pad at variable 
and constant supply pressure. 
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STATIC TESiS 

MC<l~llrin9 pad 
R ~ 258.5 mm 

llel inex web 
t .. 102 \Jm 

w .. 260 mm 

0.6 

Applied tensioo T /kN.m~l a . 

Fig_ 6.34 Vcb~ten5ion measured by the measuring pad at 
variable and constant supply pre~sure 

J.. 1/ f f--.. 

/ 
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,/1 

,f / STATIC TESTS 

Meas'lIri ng pad 
R;:: 2S8.5 iM1 

AI 1/ -T 
. t 

/ L 
--Tm at Pv=)P t 

~+- Tm at Pc=3Pmax 

Melfne" web 

:j/ t:o:: 102 wn 
w ;: 26D "'" 

, , 
o D.2 0.4 

-, 
m Applied tension Ta/~N. 

fig. 6.35 Web-tension measured by the M~<l5Urlng pad at 
variable and con$t~nt pr~s$ure. 
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STATIC TESTS - Tension Profile 

Measuring Pad 

Web Materia I Steel ; 

-203-

R = 258.8 mm 

t = .51 jlm 

w = 50 mm 

Average appl ied tension T = 0.214 & 0.452 kN/m . a 

Position across 
the web 

R 

local tension T~ 
kN/m 

mm at T = 0.214 at T = 0.452 a a 

o 
2.5 

5.0 

10.0 

20.0 

25.0 

30.0 

35.0 

40.0 

45.0 

47.5 

50.0 

Experimental average 

tension 

(0.029) 

0.058 

0.107 

0.218 

0.296 

0.327 

0.333 

0.322 

0.291 

0.199 

0.061 

0.022 

(0.011) 

0.215 

(+ 0.5%) 

(0.017) 

0.033 

0.114 

0.505 

0.560 

0.611 

0.643 

0.619 

0.553 

0.512 

0.259 

0.173 

(0.086) 

0.443 

(- 1.9%) 

Table 6.13 Tension profile across a 50 mm wide steel web. 
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0 
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/ ~ 
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1\ 
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T = 0.443 " \ m \ 
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I T = 0.215 " :p m 
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Position across the web/mm 

Fig. 6.36 Tension profile across a 50m01 wide Steel web. 
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STATIC TESTS - Tension Profile 

Measuring Pad 

. Web Material Stee I 

Average applied tension 

Position across 
the web 

mm 

o 
2.S 

5.0 

10,0 

12.5 

15.0 

20.0 

2~.0 

30.0 

35.0 

40.0 

4S.0 

, 47.5 

SO.O 

Experimental average 

tension = 

R = 258.5 mm 

t=.SI)lm 

w = 50 mm 

T = 0.214 kN/m a 

Local tension 
kN/m 

across d is torted 
Section (B) 

(0.050) 

0.101 

0.205 

0.346 

0.36[' 

0.351 

0.309 

0.274 

0.237 

0.168 

0.121 

0.039 

0.021 

(0.010) 

0.212 

(- 1.0%) 

Tl!, 

across a true 
Section (A) 

(0.029) 

0.OS8 

0.107 

0.218 

0.296 

0.327 

0.333 

0.322 

0.291 

0.199 

0.061 

0.022 

(0.011) 

0.215 

(+ 0.5%) 

Table 6.14 Tension profile across a SOmm wide steel web at 
different sections. 



I 
E 

z 
-"...... 
I-~ 

t: 
o 
V> 
t: 
ID .., 
III .., 
o 

0.4 

0.3 

0.2 

O. 1 

0 

Fig. 6.37 

----------------------------------------------- -

-206-

. 

STATI C TESTS 
Measuring pad 
R = 258.5 mm 
Steel web 

It" 51 jJm 
1--1--/--1 w " 50 mm 

/1 -- T a = 0.214 kN/m 

I 
I TmA =0.215 kN/m 
I f ----

. 
I 

TmB =0.212 kN/m I -'-

I I 

0 10 20 30 

Position across the web/mm 

Tension profile across a 50mm wide 
different sections. 

1\ 

\ 

~ )}\ 
40 50 

steel web at two 

~----------------------------------------------------
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STATlC TESTS- Tension Profile 

; R _. 258.5 mm Measuring Pad 

Web Material Mel inex t == 102. pm 

w == 50 mm 

Average applied tension 

T,e = P,e' R 

Position across 
the web 

mm 

0 

2.5 

5.0 

10.0 

15.0 

20.0 

2.5'.0 

30.0 

35.0 

40.0 

45.0 

47.5 

50.0 

Experimental average 

tension = 

T = 0.214 & 0.452 kN/m 
a 

Local Tension T,e 
kN/m 

at T = 0.214 a 
at. T 

,~ 
0.452 

(0.044) (0.113) 

0.088 0.226 

0.218 0.;94 

0.241l 0.522 

0.252 0.533 

0.253 0.535 

0.255 0.535 

0.25f- 0.535 

0.253 0.535 

0.253 0.533 

0.218 0.507 

0.066 0.248 

(0.032) (0.124) 

0.218 0.460 

(+ 1.9%) (+ 1. 8%) 

Table 6.15 Tension profi le across a 50 mm \~ide Mel inex web. 
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Fig. 6.38 Tension profile across a 50mm wide Melinex web in 
comparison with a 50mm wide Steel web. 
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STATICTESTS- Optimum Wrap Angle 

Measuring Pad 

Web Material 

Distance moved 
by the pad 
aga ins t the web 

mm in. 

0.00 

2.54 

5.08 

7.62 

10.16 

12.70 

15.24 

17.78 

20.32 

22.86 

25.40 

27.94 

30.48 

33.02 

35.56 

38.10 

40.64 

43.18 

0.0 

O. 1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 
1.4 

1.5 

1.6 

1.7 

; R =. 258.5 mm P - 2 P - t 

Mel inex'~ ; t =51 Ilm 

w = 50 mm 

Measured tension in the web at 
different applied tensions 

(T = p R) m m 

Wrap Ang 1 e 

degrees _______ k....;N/....;m ______ _ 

,T 2 . a T 
.' a3 

T ,~ 

a5 

0.0 0.000 0.000 0.000 0.000 0.000 

0.98 0.005 0.013 0.020 0.025 0.018 

1.88 0.018 0.030 0.038 0.048 0.030 

2.92 0.038 0.058 0.089 6.104 0.051 

3.88 0.076 0.114 0.172 0.213 0.086 

4.84 0.127 0.193 0.284 0.355 0.134 

5.82 0.178 0.261 0.385 0.472 0.183 

6.78 0.213 0.304 0.449 0.548 0.228 

7.76 0.228 0.335 0.487 0.593 0.264 

8.72 0.243 0.350 0.507 0.616 0.287 

9.68 0.251 0.360 0.514 0.63h 0.294 
10.64 0.254 0.368 0.525 0.642 0.309 

11.60 0.256 0.370 0.533 0.647 0.317 

12.56 0.259 0.373 0.535 0.649 0.322 

13.52 0.259 0.373 0.535 0.649 0.322 

14.48 0.259 0.373 0.535 0.649 0.322 

15.44 0.259 0.373 0.535 0.649 0.322 

16.38 0.259 0.373 0.535 0.649 0.322 

,\ The same experiment was carried out on a steel web, for 
comparison, at T 5 = T 1. The steel web had the same 
dimensions as th~ MellRex one. 

Table 6.16 Optimum wrap angle for a 50 mm wide'web, 51 Ilm thick 
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STATIC TESTS Ta 0.5 48 kN/m 
Measuring pad 

~ 
. 

_R=258.5 mm 

P = 2 Pt 1/ T =0.4 52 kN/m a 

...,---0 

L V T=0.3 11 kN/m 

/1. --- T"=0.2 4 kN/m 

/ 
·a 

f/ ~ 
~o Ta=0.2 4 kN/m 

9/ ---
/J, 1/ 

V 
Me1 inex web 

. 

t =: 51 llm 

w =: 50 mm 

~ 
V 

" Stee 1 web 

~ 
." J 

o 2 4 6 8 10 12 14 

Wrap angle/degree 

Fig. 6.39 Optimum wrap angle for a SOmm wide Me1inex web 
(t .. 51 llm) 

-
.--

I 

16 



-211-

STATIC TESTS - Optimum ",rap Angle 

Measuring Pad R = 258.5 mm P = 2 P t 
",eb Materia 1 Mel inex ; t '" 1 02 flm 

w = 50 mm 

Distance moved Measured tension in the web 
by the pad Wrap Angle at different applied tensions 
against the web (T = Pm R) 

mm in degrees m . 
kN/m 

Tal Ta2 Ta3 T 4 . a 

0.00 0.0 0.0 0.000 0.000 0.000 0.000 

2.54 0.1 0.98 0.014 0.0:9 0.025 0.032 

5.08 0.2 1.88 0.027 0.037 0.052 0.066 

7.62 0.3 <:.92 0.048 0.071 0.112 o. 136 

10.16 0.4 3.88 0.082 0.128 0.202 0.251 

12.70 0.5 4.84 o. 126 o. 190 0.302 0.382 

15.24 0.6 5.82 0.161 0.251 0.383 0.475 

17.78 0.7 6.78 0.188 0.288 0.434 0.535 

20.32 0.8 7.76 0.207 0.314 0.465 0.571 

22.86 0.9 8.72 0.221 0.330 0.489 0.600 

25.40 1.0 9.68 0.236 0.344 0.507 0.617 

27.94 1 • 1 10.('4 0.240 0.352 0.520 0.633 

30.48 1.2 11. 60 0.247 0.361 0.527 0.640 

33.02 1.3 12.56 0.251 0.368 0.535 0.649 

35.56 1.4 13.52 0.256 0.369 0.539 0.653 

38.10 1.5 14.48 0.258 0.373 0.540 0.653 

40.64 1.6 15.44 0.261 0.373 0.540 0.653 

43.18 1.7 16.38 0.261 0.373 0.540 0.653 

Table 6.17 Optimum wrap angle for a 50 mm wide web, 
102 flm thick. 
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STATIC TESTS T = o. 548 kN/m a 
Measuring pad 

~-" R = 258. 5 mm ~ c:. V T = O. ~52 kN/m P = 2 Pt 

/ 
a 

..c-~ 

/ 
/ . 

/ T :; O. ~11 kN/m 

/1 ~ I--"" /'" T ~n ? ~ /, kM" 

[;1/ '/ 
a 

I 
I 

J --->-r---
~ 

t l/ V 
Mel inex 
t = 102 llm , 

J~ 
w = 50 mm 

. 1 1 

o 2 4 6 8 10 12 14 16 

Wrap angle/degrees 

Fig. 6.40 Optimum wrap angle for a 50 mm wide Melinex web 

(t = 102 llm) 

-
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STATIC TESTS - O~timum Wrae Angle 

Measuring Pad R = 258.5 mm ; P= 2 Pt 
Web Material Mel inex t = 102 ]Jm 

w = 102 mm 

Distance moved Measured tension in the web at 
by the pad Wrap different applied tensions 

angle against the web (T = Pm . R) m 
mm in degrees kN/m 

Tal Ta2 Ta3 Ta4 Ta5 

0.00 0.0 0.0 0.000 0.000 0.000 0.000 0.000 
2.54 O. 1 0.98 0.009 0.013 0.015 0.019 0.022 
5.08 0.2 1.88 0.023 0.028 0.037 0.042 0.049 
7.62 0.3 2.92 0.049 0.063 0.076 0.090 0.099 

10. 16 0.4 3.88 0.091 0.117 0.143 0.169 0.189 
12.70 0.5 4.84 0.141 O. 181 0.219 0.257 0.295 
15.24 0.6 5.82 0.183 0.228 0.275 0.321 0.368 
17.78 0.7 6.78 0.205 0.260 0.308 0.358 0.410 
20.32 0.8 j'.76 0.219 0.276 0.330 0.380 0.435 
22.86 0.9 8.72 ~.231 0.288 0.344 0.397 0.455 
25.40 1.0 9.68 0.240 0.'97 0.354 0.408 0.464 
27.94 1.1 10.64 0.249 0.304 0.360 0.417 0.472 
30.48 1.2 11.60 0.252 0.308 0.364 0.420 0.475 
33.02 1.3 12.56 0.256 0.311 0.368 0.423 0. 1'79 
35.56 1.4 13.52 0.257 0.313 0.370 0.426 0. 1,81 
38.10 1.5 14.48 0.257 0.313 0.370 0.426 0.482 
40.64 1.6 15.44 0.257 0.313 0.37U 0.426 0.482 
43.18 1.7 16.38 0.257 0.313 0.370 0.426 0.482 

T 1 = 0.222, T ~ := 0.268, T 3 = 0.319, . T 4 = 0.364, Ta5 ::::0.413 kN/m .a -a~ a a 

Table 6.18 Optimum Wrap Angle for a 102 mm wide web. 

-
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STATI C TESTS 
Measuring pad 
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~ c---

If/; V :..--<" = 0.2 2 kN/m 
a 

~ 
~ 
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~ w = 102 mm 
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Fig. 6;41 Optimumwrap -angle for a 102 mm wide Me! inex web. 
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STATIC TESTS - Optimum Wrap Angle 

Measuring Pad R = 258.5 mm P = 2 Pt 
Web Material Me 1 inex ; t = 102 Ilm 

w = 260 mm 

Distance moved 
Measured tension in the web at 

by the pad Wrap different applied tensions 
angle (T = Pm R) against the web m . 

. 
mm in degrees kN/m 

Tal \2 Ta3 Ta4 Ta5 

0.00 0.0 0.0 0.000 0.000 0.000 0.000 0.000 

2.54 o. 1 0.98 0.015 0.019 0.023 0.036 0.052 

5.08 0.2 1.88 0.037 0.047 0.0,(0 0.082 o. 117 

7.62 0.3 2.92 0.075 0.072 O. 118 0.162 0.221 

10. 16 0.4 3.88 0.096 O. 151 0.184 0.251 0.344 

12.70 0.5 4.84 0.156 0.191 0.237 0.322 0.434 

15.24 0.6 5.82 0.178 0.213 0.264 0.363 0.494 

17.78 0.7 6.78 0.188 0.228 0.278 0.383 0.531 

20.32 O.S 7.76 0.193 0.233 0.288 0.394 0.553 

22.86 0.9 8.72 0.197 0.237 0.293 0.399 0.566 

25.40 1.0 9.68 0.199 O. 2/j 1 0.295 0.402 0.576 

27.94 1.1 10.64 0.202 0.243 0.299 0.404 0.586 

30.48 1.2 11.60 0.204 0.245 0.303 0.407 0.595 

33.02 1.3 12.56 0.204 0.249 0.306 0.407 0.600 

35.56 1.4 13.5;' 0.205 0.250 0.306 0.408 0.602 

38.10 1.5 14.48 0.205 0.250 0.306 0.408 0.602 

110.64 1.6 15.44 0.205 0.250 0.306 0.408 0.602 

113.18 1.7 16.38 0.205 0.250 0.306 0.408 0.602 

Tal = 0.103. Ta2 ", 0.122. Ta3 = 0.159. Ta4 = 0.236. Ta5 = 0.312 kN/m 

Table 6.19 Optimum Wrap Angle for a 260 mm wide web. 
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0.7 
STATIC TESTS 

Measuring pad T :0.31 kN/m 
a 
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Fig. 6.42 Optimum wrap angle for a 260 mm wide Melinex web 
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STAT! C TESTS -

Optimum position for the miniature pressure transducer 

R = 258.5 mm T = 2 p max Measuring Pad 

Web Materi.al 

Stage I 

Mellnex t ,; 102 )Jm w = 102 mm 

Transducer in the 
outside the pad 

Experiment No. 

2 

A 

1000 

10 

Calibration adapter 

B C 
mm 

2300 2300 

50 2300 

Water manometer ~ 

Pad \ 

~A BC U 
Web 

Transducer 

Appl ied Measured tension 
tension ( 1 ) kN/m (2) 

kN/m By manometer By transducer I By manometer By transducer 

0.000 0.000 0.000 0.000 0.000 

0.018 0.018 0.023 0.015 0.010 

0.094 0.108 O. 111 0.107 0.101 

0.211 0.235 0.239 0.237 0.239 

0.259 0.287 0.294 0.290 o. ~77 
0.308 0.341 0.345 0.3'12 0.340 

0.354 0.391 0.395 0.390 0.396 

0.402 0.442 0.446 0.443 0.451 

0.452 0.494 0.502 0.494 0.506 

0.500 0.545 0.552 0.546 0~562 

0.547 0.594 0.598 0.595 0.608 

0.595 0.645 0.645 0.645 0.654 

Table 6.20 Calibration of the Miniature pressure transducer 
against water manometer. 
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STATI C TESTS 

/ Measuring pad 

R=258.5 mm 
_ P " 2 Pt 

/ 
Stage I 
Mel inex web 
t '" 102 l1m 
w= 102 mm 

c-

I 
/ 

, J 

/ 

I Expt • 
No. 

Manometer • , 

I .. 2 

Tra~sdllcer 
~ , 
• 2 

/ E xper imen t A B C 

/ 
140. mm 

I 
1 1000 2300 2300 

2 10 50 2300 

11 Manomete/ 

~ Measuring 
Pad n. 

T-
j07 

/ h 
A C 

B L 
\~eb 

/ 1/ 
o 0.1 0.2 0.3 

App lied tens ion 

I 

0.4 
-1 

T/kN.m 

Trans-
ducer 

onnecting 
Tubes 

I 1 

0.5 0.6 0.7 

Fig. 6.43 Cal ibration of the Miniature pressure transducer 
against water manometer. 
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STATIC TESTS -

Optimum positionof the miniature pressure transducer 

'Measuring Pad 

Web Material 

Stage 1I 

; R = 258.5 mm 

Mel i nex t == l02 lJm 

Transducer fitted into the 
pad within different adapters 

Sintered segment of the pad' 

Measured tension at different positions 
App lied the pressure transducer 
tension kN/m 

kN/m 
xl x2 x3 xl; x5 x6 

0.000 (, 000 0.000 0.000 0.000 0.000 0.000 

0.018 -0.019 0.009 0.005 0.009 0.014 0.023 

0.094 0.019 0.024 0.014 0.0l;6 0.097 o. 101 

0.211 o. 115 O. 111 (I. 106 0.176 0.225 0.231 

0.259 0,176 0.171 0.157 o. 'l:i 1 0.271 0.277 

0.308 0.212 0.231 0.207 0.277 0.323 0.332 

0.354 0.272 0.267 0.253 0.328 0.374 0.383 
0.402 0.336 0.323 0.309 0.374 0.429 0.442 

0.452 0.396 0.369 0.359 0.438 0.480 0.489 

0.500 0.l;51 0.438 0.424 0.493 0.535 0.548 
0.547 0.511 0.502 0.451 0.548 0.590 0.599 

0.595 0.567 0.557 0.521 0.608 0.645 0.654 

Xl :: 2.31 mm (0.091 in) x4 =:5.08 mm 

x2 =3.25 mm (0.128 in) x5 :: 5.72 mm 

x3 == 3.81 mm (0. i 50 in) x6 ::6.17 mm 

P:: 2 Pmax 

w = 102 mm 

Transducer 

Adapter 

- ' ..... '. 
of ~ 

in Stage I 

0.000 

0.017 

0.106 

0.239 

0.286 

0.343 

0.396 

0.449 

0.504 

0.557 
0.603 

0.654 

(0.200 in) 

(0.225 in) 

(0.243 in) 

. .'.','.' .... X 

Web 

Table 6.21 Optimum position of the pressure transducer - Stage I1 
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Transd. Posi·tion (xl 

2.31 mm 

] 0.2 ~------~----~~~~---7,~--------j --0-- 3.25 mm 
'
:> 
III 
co 

'" :>: 

o 

-l>-- 3.81 mm 

- 5.08 mm 

• 

5.72 mm 

6.17 mm 

Stable output 
(Stage I) 

-0.1 ~ ____ ~ ______ ~~ __ ~~ ____ ~ ______ ~ ____ -J ______ ~ 

o O. 1 0.2 0.3 0.4 

Applied tension T /kN.m- 1 
a 

0.5 0.6 

Fig. 6.44 Optimum stable position of the Miniature pressure 
transducer. 

0.7 
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.DYNAMIC TESTS - Measurlng cylinder with Kistler transducer 

Measuring Cylinder "Ki.stler" pressure 

'. 1-. Mel i.nex}; t ",,51 )Jm Web Material· 

2- Steel w = lQ2 mm 

Initial static tension 

transducer 

0.52 kN/m 

Direct current appJi.ed to vibrator moving coil A 

Alternating current applied to vibrator moving A 

-

coi 1 

Amplitude of sinusoidal force measured at different frequencies 
Amplitude of equivalent force measured at zero frequency 

A lA· m w=o 
A lA 

Frequency of m w=o 

applied force (w) Melinex Web Steel Web 
Hz Load-ce 11 Transdu("::, r Load-cell Transducer 

1.5 0.96 1. 00 0.99 1. 01 

3 0.96 0.98 0.99 1. 0 1 

5 1. 03 1.09 0.99 1. III 

7 1.25 1.29 0.99 1. 0 1 

9 1.62 1.69 

10 1. 13 1. 13 

11 3.62 3.38 

12 1; 33 1.33 

13 5.60 5.38 

15 2.36 2.45 1.55 1.52 

17 0.85 0.88 3. 15 3.05 

20 0.52 0.52 

25 0.29 0.32 1.85 1.77 
. 30 0.22 0.24 0.87 0.88 

40 0.39 0.39 

50 0.28 0.25 

Table 6.22 Frequency response of the Kistler transducer I. 
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I , . - --
I I 
I I OYNAMIC TESTS 
I I 

I I Measuring cyJinder 
I r = 25.65 mm I l Kistler pressure transducer I 

I I In it i a I tension 0.52=kN/m I I 

I I 
I I t = 51 jJm 

I 102 I I w= mm 

I 
I 
I 
I 
! 

I 
! MeJ i nex web Ii 

I 
I 
I Steel web I -0--

I 
I 

I 
I 
I 

~ 

h 

i P \ 
<"-'K '\ 

\ ~ I-

I~,- "'" ~-
10 20 30 40 50 

Frequency of applied force w/Hz 

Fig. 6.45 Preliminary test on the Kistler pressure 
transducer. 

60 
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DYNAMIC TESTS - Measuring Cylinder with Kistler transducer 

Measuring Cylinder 

Web Material Steel 

"Kistler" pressure transducer 

t ='51 \lm 

w = 102 mm 

Initial static tension 0.52 kN/m 

Constant sinusoidal force, monitored by the load-cell, applied 
to the web at different frequencies. 

Amplitude of the measured force by the'transducer 
Amplitude of the constant applied force measured 

by the load-cell 

Frequency of Amplitude of measured force 
app lied force 

(w) mm AT/AL•C• 
Hz By I oad-ce 11 By trarl:::.ducer 

1.5 17.50 19.00 1. 09 

3 17.5 19.0 1. 09 

5 17.75 19.50 1. 10 

7 19.00 20.50 1. 08 

10 21. 25 22.75 1. 07 

12 21.00 22.75 1. 08 

15. 19.50 21.00 1.08 

17 20.00 21.50 1. 08 

20 19.00 20.25 1.07 

25. 21. 50 22.25 1. 06 

30 22.75 23.00 1 .01 

35. 23.50 23.00 0.98 

40 24.00 22.50 0.94 

45 25.50 23.50 0.92 

50 24.50 21. 75 0.89 

55 23.50 20.00 0.85 

60 23.50 18.00 0.77 

Table 6.23 Frequency response of the Kistler transducer 11. 
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Frequency of the applied force.w/Hz 

DYNAMIC TESTS 

Measuring Cylirder' r = 26.65 mm 

Kistler pressure transducer 

Initial tension 0.52 kN/m 

Steel web 

Fig. 6.46 Frequency response of the measuring cylinder 
associated with the Kistler pressure transducer 

60 
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DYNAMIC·TESTS 

Test~·on the mea~uring padwlth·the·mlnlature pressure transd~cer 

Measuri.ng Pad 

Web Material·' Mel inex 

MIniature pressure transducer 

t'::102 ]Jm 

w;:·102 mm 

Amplitude of themeas~redforte·by·thetransduter 
Ampl i tude of the constant appl ied force measured by - AT/AL•C• 

the I oad-ce 11 

Frequency (w) AT/AL. C. at different initial tension 
Hz 

(Trans. fl ush) (Transducer at optimum stable position) 

Tal 

1.5 1. 14 

3 1. 15 

5 1. 15 

10 1. 13 

15 1 • 17 

20 1. 13 

25 1. 13 

30 1. 15 

40 1. 13 

50 1. 15 

60 1. 13 

70 1.13 

80 1. 15 

Tal = 0.211 kN/m 

Ta2 ;: 0.307 kN/m 

Tal Ta2 
~ , 

a3 

1. 18 1.20 1.28 

1. 17 1. 17 1.20 

1. 19 1. 16 1. 18 

1. 17 1. 17 1. 16 

1. 18 1. 16 1. 16 

1. 17 1. 15 1.21 

1. 16 1. 19 1. 21 

1. 16 1. 17 1.25 

1. 15 1.2 1. 17 

1. 15 1. 15 1. 21 

1. 13 

T
a3

·;: 0.402 kN/m 

Ta4;: 0.594 kN/m 

Table 6.24 Dynamic response of measuring pad on 
a Melinex web. 

Ta4 

1. 20 

1.30 

1. 20 

1.20 

1. 14 

1. 19 

1. 19 

1 • 19 

1.23 

1.22 

1.29 
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tTran ducer flush) T -a .215 kNI fn 
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2 
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I 

o 

2 

T = ( .313 kN/m 
a 

. 1 1-

0 

2 -
T = ( .410 kN/ m 

a 
0 

u 

o 

2 
T 

a = .606 kN/m 
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-

o I -
o 10 20 30 40 50 60 70 

Frequency of the applied force w/Hz 

DYNAMIC TESTS: 
Measuring pad . - Miniature pressure transducer 
Melinex web; t = i02).lm and w =102 mm 

Fig. 6.47 Frequency response of the measuring pad associated with 
the Miniature pressure transducer (fitted at optimum 
stable position) at different ini tial tensions 

I 

! 

80 
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DYNAMIC TESTS 

Tests on the measuring pad wit~ the·mlniature pressure· tranSducer 

Meas u rlng pad 

Web material Stee I 

Miniature pressure transducer 

t = .51 Ilm 

w = 102 mm 

Amp I i tudeof· themeasyted force by the transducer -- A/A
L

•C• 
Amplitude of the constant applied force --

measured by the load-cell 

Frequency (w) 
Hz 

1.5 

5 

10 

15 

20 

30 

40 

50 

60 

70 

80 

Tal = 0.211 kN/m 

AT/AL•C• at different initial tension 
(Transducer at optimum stable position) 

Ta 1 T a2 

1 . 211 1. 31 

1.36 1.28 

1.36 1.28 

1.42 1.24 

1.3~ 1.28 

1.35 1.26 

1.22 1.28 

1.47 1. 32 

1.43 1.32 

1.43 1.32 

1.47 1.34 

Table 6.25 Dynamic response of measuring pad on 
Steel web. 
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(Me 1 i ne web) 

10 20 30 40 50 

Frequency of the applied force w/Hz 

DYNAM I C TESTS 

T ::: o. 15 kN/m a 

T '" o. 15 kN/m a 

T = O. a 
06 kN/m 

60 70 80 

Measuring pad 
Steel web 

Miniature pressure transducer 
t= 51 llnl and w = 102 mm 

6.48 Frequency response of the measuring pad associated with 
the Miniature pressure transducer at two different initial 
tensions 
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Fig. 6. 119 Tcnsion perturbations detected by the measuring pad 
at web speed of 1.22m/s for 3 cyclcs of the running 
loop of a 50mm wide M~linex web. 
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7.1 CONCLUSION 

The following main conclusions are drawn from the results achieved 

and their analysi.s throughout the present investigation. Reference 

is made to the section of the thesis wherein the details corresponding 

to each conclusion were laid down. 

1. The Huyck tensometer, a portable hand-held instrument for 

measuring web-tension, proved to have a non-linear output even 

within its specified measuring range under static conditions. 

(Ref. 6.3.1). 

2. Uti I ising the concept of externally pressuriGed ai r foi I-bearings 

to measure web-tension, the theoretical linear relation governing 

the tension in the web, the radius of the bearing and the pressure 

in the air film supporting the web was verified experimentally. 

(Ref'. 6.3.2 and 6.3~4). 

3. The apparent 1 inear deviation of the measured tension values from 

the mean applied tensions was proved, experimentally, to be due 

to the tension profile across the web. This profile is a result 

of a combination of the distribution of the 5~plied tensile force 

and the. pressure distribution in the air film provided by external 

pressurisation. (Ref. 6.3.3 and 6.3.5). 

4, The prototyp~ of the portable hand-held device (called the web

tension measuring pad), when tested for static accuracy, prc;ved 

to be capab I e of measu ring the I oca I tens ion in the v/eb at the 

centre-line of the pad with a reliable accuracy. (Ref. 6.3.5). 
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5. Static stability of the measuring pad output, associated with a 

miniature pressure transducer, was achieved by setti,ng the trans

ducer at a distance of 6 mm from the active surface of the device. 

This ,experimental fact did not affect the dynamic response of the 

device to tension perturbations applied to the web with frequencies 

up to 80 Hz, the maximum available on the test rig. 

(Ref. 6.3.7 and 6.4.2). 

6. The frequency response of a web-tension measuring technique, based 

on the electro.pneumatic principle, would be unsatisfactory if the 

volume of air in the pneumatic circuit is relatively large. 

(Rei. 6.4.0. 

7. The developed measuring pad, associated with the miniature pressure 

transducer used, "howed a very good frequency response to tension 

perturbations of frequencies up to 80 Hz. This improved result of 

the measuring pad, although it is based on an electro-pneumatic 

principle, is attribu~;ed to cutting down the volume of ai r in the 

pneumatic circuit to its minimum possible. The experimental invest

igation showed clearly that the pad is also capable of measuring 

tension perturbations with a reliable accura~y and with no measur

able time lag between the measured and the applied tension perturb

ations. (Ref. 6.4.2). 

8. Testing the performance of the developed prototype of the measuring 

pad on running webs, with different speeds up to 8.5 m/s, proved the 

device to be capable of detecting the tension perturbations in a 

practical environment. The tension perturbations in the corres

ponding experiments were caused by out of balance in the guide rollers 

on the test rig. (Ref. 6.5). 
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7.2 RECOMMENDATIONS FOR FUTURE WORK 

In view of the fact that the open literature does not provide enough 

material relevant to the subject of the present investigation, it is 

believed that this field of research is a fruitful area for further 

investigations. The following points which have been brought about 

from the present study, are recommended for future work. Again, 

reference is made to the section of the present thesis wherein the 

corresponding point had been discussed. 

1. The tension profile across the web, determined experimentally 

in the present study, is believed to be due to a combination of 

the distribution of the applied tensile force and the pressure 

distribution in the air film provided by external pressurisation. 

Further investigations, both analytical and experimental, to assess 

the contribution of each of the two factors would throw more light 

on this interesting phenomenon. It is also suggested to extend 

the present experimental work concerning the effect of the thick

ness, width and material stiffness of the web on the tension 

profi le. (Ref. 2.4, 6.3.2 and 6.3.3). 

2. The study of the effect of the radius of curvature of the measur

ing pad and the wrap angle of the web around its active surface 

on the peak va I ue of the tens i on prof i le, is recommended for .the 

case in which the web is narrower than the pad. An analytical 

study aiming at the prediction of the state of tens~on at the 

centreline of a web, which is wider than the measuring pad devel

oped in the present study, would be of practical importance. 

(Ref. 2.4 and 6.3.4). 
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3. A theoretical derivation of the flow pattern of the pressurised 

ai r, in th.e vicinity of the area where the miniature pressure 

transducer was fitted into the pad, would elucidate the negative 

output of the measuring pad at relatively low values of applied 

tension. (Ref. 6.3.7). 

4. The existing experimental rig can be adapted to evaluate quant

itavely the performance of the developed prototype under running 

web conditions. This could be achieved by introducing, in the 

rig, a source to induce tension perturbations of known amplitudes 

and frequencies to the running web at different speeds. 

5. Analytical determination of the frequency response of a web

tension measuring technique, based on the electro-pneumatic 

principle, would be beneficial. Particular reference to applied 

pressure and pneumatic circuit parameters, e.g. volume and resist

ance, I"ould be of practical importance. 
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APPENDIX I 
MINIMUM VOLUME OF PNEUMATIC CIRCUIT 

Fig. (1.1) shows the geometry of the volume of air pocket resulting from the 

intersection of two cylinders perpendicular to each other (see 2.1). 
! 

Terminology: 

R Outer radius of the cyl indrical sintered segment 

r radius of the pressure transducer ~ radius of int~rsection circle 
(between sintered segment and transducer). 

h distance between the centre line of the cylindrical ~egment and the 
plane containing the intersection circle. 

t length of the element of volume. 

s height of the element of volume. 

dx width of the element of volume. 

v 1/4 the resulting volume 

V total resulting volume=4 v. 

FI G.I • 1 

, , 
/ 

/ /. 

I 
I 

/ 
/ 

/. 
/ 

/ 

222 R:(h·+S) +x 
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Referring to Fig. (1.1) it can be seen that one can work on one quarter of 

the resulting volume. Due to symmetry the total resulting volume is ·four-

fold of the calculated one. 

v - f t.S. dx 

But we hav,e t=/r
2 

and h + S=/R2 

since h=/R
2 

hence S=/R2 

Substituting in \1) for t 

v = {// 
0 

= 

2 
- x 

2 
- r 

2 
- x 

2 
- x 

2 - r 

2 
- x 

and s 

}2 _ 

/R2 

we get 

2 
dx x 

v = 11 r2 }R2 2 
~ - r 

. where I 
2 

- x 

• ••••••••••••••• 0 •• 

· ................. . 

2 - r 

2 
- x 

.............. 

2 
}2 - r J f2 

i. 
r 

+-
2 

0 

. -1 
sin 

· ................. . 

dx .............. 

(2) 

(3) 

2 
dx - x 

(4) 

(s) 

Referring to "Tables of Integral Series and Products" by Gradshteyn and 

RyzhikS1 we get 

2 2 2, 
- x ) (b - x I 

2 2 2 ~ [ J + 1- (u - 2a - b )/~) a>b>u>o 
a - u 

... (6) 
u· 
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A quick look at equations (5) and (6) reveals the resemblance between the 

right hand side of the first and the left hand side of the second except for 

one thing; the lower limit of integration u in equation (6) equals zero in 

(5). Hence equation (6) becomes 

J)a2 _l)(b2 -l) dx=j{(a2 + b
2

)E(k) - (} - b
2
)K(k)} •.• (?) 

o 

where k = £ and E and K are the complete elliptic integrals of the 2nd and 
a 

1st kind respectively5 1• 

r 
I n our case b = r , a = Rand k = R 

The complete elliptic integrals are defined by 51: 

K (k)" r-;=l =k::;:;::=i n:;2=e :

o . 

E(k) = Jt /1 - k
2
sin

2
e de 

o 

............ 

............ 

They could also be given in series representation as follows: 

2 

(~~~) 2 k \ •.• +~2~~~;! !] k2n 
K(k) = + •• , J 

2 

E(k) .'!!:{1_l k2_12x3k4 _t(2n-1)!!]k
2n 

= 2 2 2 2 +.. • n 2n-1 .... 
. 2 2 x4 2 n! 

where (2n-1) !! = (2n-1) • (2n-3) • (2n-5) .... (1) 

Turning now to equation (5), if we put 

x = r sine then dx = r cose dO 

equation (5) becomes 

(8) 

(10) 

( 11) 

" 



o 

2 . 2 
r sin e 

2R J¥ 2e. /1-
R

r2
2 

s'ln 2e = r cos /1 

o 
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r cose de 

de 

Substi tuti ng 
r2 2 2 1 

for '2 by k & cos e by 2 (cos2e + 1) we get 
R 

11 

rCOS28 

o 

.!1_k2 . 2e de Sin 

( 12) 

The second integration in the last equation equals E(k), equation (9), and, 

integrating the first one by parts we get 

o 

.. 

k2 • 2e - sin cos2e k2 • 2e - sin 1 • 2'eJ 2sln -

_k2 sine cose 
11 . 2e 2e r 2 sin cos de 

/l-kZs i nZe 
de = 0 + k ;, 2 2 

0 
1-k sin e 

2 11 2 2 r2R _ ~ J2k2 sin e cos e de + E (k) 
- 2 0 !1-k

L
sin

L
8 

-2-

J¥cos
2

e - cos
2
e (l-k

2
sin

2
e) 

o 0-k2 sin
2

e 

2 11 2 

= r 2 R r ~-;o=s =:==2::' 
o y'l-k sin e 

de 
2 2.2 rR 

J
¥- ~-- . 2 

cos e 1-k sin ede + -2-

o 

E(k) 
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Substituting by { from equation (12) for the second term of the last 

equation and for cos 2Sby l-sin2e in the first term we get: 

r2R 
11 

r2R 1f • 2 r2R r de J2 sIn e d e ~ 1 E (k) -- -2- - -y "2 + -2-
oj-k

2
sin2a . }-k2sin2 

0 

Substituting by K(k) from equation (8) for the first integral and multiplying 

2 
and dividing the second term by k we get 

Z!: 

31 = r2R.K(k)- r R2 k sin e d 8+ r2R. E(k) .•.. 212 2 2 

k f 2 2 yl-k sin e 
o 

:, (k) -

Substituting in (13) for the integration in the middle term 

.. 1 = r2~ [(1+k
2
,)E(k) - (1-k

2
)K(k) ] •••..••••.•• 

3k 

Substituting for E(k) and K(k) from (10) and (11) in (14) reveals 

( 13) 

(14) 
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r2R 11 [1 (l+k
2

) 
. k2 3 4 5 6 175 

k
8 

.... )} 1= 
3k2 '2 (1- 11 - - k - 2s6 k - 256x64 64 25 

-{ (l+k
2

) 
k

2 9 
(1-111 + 6T.i k4 25 6 

+ 256 k 
175x7 k8 

+ 256x64 + .: .)]] 

:: 6 6 120 ill k - 256x64 k8.. •.. ) 

,', 1 11 2 12 1 4 5 6 
:: 1j' r R (1 - ak -bli k - T021i k ••••• ) ••• • 0" ( 15) 

Substituting for 1 from (15) in (4) yields 

11 2 r-:;::2) 2 
- 1j ,r R /H1\"-

Since total volume V = 4v 

., V:1Ir R (1- 8 k - 6T.i k - T021i , 2 {'1 214 5 6 2 !} k - ••• ) - (l-k ) 

2 ( 1 k2 7 k4 59 k
6 ) =1Ir R 8 + 6T.i + -1024 + .•.. 

V _ 311 
4 

7 r 2 59 
4 

r ( 1 (1:.) ) - 8 if" + 2li ("R) + 384 R 
+ •.•. ( 16) 
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APPENDIX r I 
ADJUSTABLE SPEED DRIVE SYSTEM AND SWINGING ROLL GUIDE UNIT 

1. The Drive System 

The system used was the Morse SCR adjustable speed drive system for 

control I ing the speed and torque of a di rect current motor. It 

consisted of the following: 

Main Control Unit 

Remote Control Station 

Primary Circuit Protector 

D.C. Motor 

D.C. MOTOR DATA 

Type 

Ra t i ng 

Maximum speed 

Power requirements 

G/N60K 

0.75 kW(1 hp) 

1500 rev/min 

220-240V, 50 Hz 

Suppliers: Morse Chain, division of Borg-Warner Ltd., 

Letchworth, Herts. England. 

2. The Guide Unit 

The unit, used to control the lateral alignment of the moving webs 

throughout this investigation, consisted of: 

Power Unit 

Sensing Head 

Swinging roll displacement guide 



GUIDE UNIT DATA 

Power Unit Model 

Sensing Head 

Swinging roll 
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AH71 Air jet/hydraulic sensing and 

control system 

TypeJl guiding head 

Unit will correct a maximum of inch 

on either side of the centreline 

Manufacturers: Mount Hope Machinery Ltd., Dartford, Kent. England 
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APPEND I X I II 
PROPERTIES OF THE MELINEX WEB USED 

"Mel inex" is the trade mark for a range of biaxially drawn fi lms manufactured 

by ICI Plastics Division from polyethylene terephthalate polymer. The use of 

Melinex films in many industries, such as printing, manufacturing of magnetic 

tapes and photographic films and packaging industries, made ita favourable 

choice for a material of the web used in the present investigation. 

The following are values for a 23 vm thick Melinex Type S film52• They are 

included to give an idea about the properties of such films. 

PROPERTIES (along the machine direction) 

Density 

Yield strength 

Tensile strength 

Elongation at yield 

Elongation at break 

Thermal coefficient 

of expansion 

1.395 - 1.405 g/ml 

10.3 x 104 

19.6 x 104 

5% 

110 - 140% 

-5 2.7 x 10 

+ 1.4 x 

+ 2.0 x 

104 kN/m2 

104 kN/m2 
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APPENDIX IV 
SPECIFICATIONS OF INSTRUMENTS USED 

1. The Electro-magnetic Vibrator and the associated Power Amplifier 

VI BRATOR DATA 

Model 

Maximum thrust {sine vector 

with force cooling 

D.C. Force factor (force/A) 

Maximum working current:-

Naturally cooled 

Force cooled 

Maximum acceleration 

Useful frequency range 

Maximum stroke 

Suspension stiffness 

Fundamental armature resonance 

AMPLIFIER AND OSCILLATOR DATA 

Model 

Output power 

Output voltage 

Power requirements 

Oscillator frequency range 

Scale accuracy 

405 

196 N 

7.7 N 

9 A 

18 A 

981 m/s 2 

1.5 Hz to 9 k Hz with TPO 

300 Ampl ifier 

:!" 8.8 mm 

14.1 N/mm 

9 k Hz 

TPO 300 

300 V.A. at any load power 

factor of between 0.1 to 1.0 

19 V R.M.S. at 300 watts 

240 - 210 V, 50 Hz, 850 Watts 

1.5 Hz - 25 k Hz in four ranges 

3% between 25 Hz - 25 k Hz 

Manufacturers: Ling Dynamic Systems, Herts. England. 
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2. The reference Load-cell and the associated charge amplifier 

LOAD CELL DATA 

Model 

Maximum measuring range 

Resolution 

Maximum force 

Resonant frequency 

Ri se- time 

Lineari ty 

Tightening torque for M3 

Working temperature range 

*1 kp = I kg force 1 P 

CHARGE AMPLIFIER DATA 

Model 

+ Ranges (for + 10 V or - 5 V 

output) 

Output voltage (to high 

impedance load) 

Output current (to low-

impedance load) 

Frequency response (nominal) 

Linearity error 

Input and output connectors 

= 

Force transducer type 9203 
+ 1( 
- 50 kp (490.4 N) 

0.1 p* (1 x 10-3 N) 

+ - 60 kp" (588.4 N) 

27kHz 

15 jlS 

+ 1% -

5 cm.kp* (0.49 N.m) 

- 150 to + 2400 C 

1 g force 

566 

0.05, 0.1, 0.2, 0.5, 1.0,2.0, 

5.0, .10, ?O, ,50 and 100 mV/pC 

+ 10V, - 5V 

+ 10 mA 

d.c. to 150 k Hz 

0.1 % 

BNC co-axial 

Manufacturers: Kistler Instrument Corporation, Switzerland. 
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3. The miniature pressure transducer and the associated circuit 

MINIATURE PRESSURE TRANSDUCER DATA 

Model 

Range 

Over range 

Sensitivity (Nomina)) 

Resonant frequency (Nominal) 

Exci tation 

Combined non-linearity and 

hysteresis 

Repeatability 

Operating temperature range 

Dimensions 

EPA-125-15 

15 psi (103.4 kN/m2) 

50 ps i 1344.8 kN/m2) 

30 mV full scale 

60 k H:z 

6.0 V d.c. or a.c. 

+ - 1% full ~cale 

0.25% 

~40oC to 121°C 

3.18mm diameter (See Fig. 3.3) 

Manufacturers: ~ntran Devices, Inc., N.J., U.S.A. 

BRIDGE SUPPLY AND BALANCE UNIT DATA 

Model FE-492 BBS 

Output - Voltage Mode 

voltage 3-12 V Constant voltage 

current 35 mA maximum 

Current Mode 

current 3.35 mA Constant current 

voltage 8 V maximum 

Stability: with temperature 

against mains changes 500 

Main supply requirements 200 - 240 V, 50 Hz 
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PRE AMPLIFIER DATA 

Model FE-251-GA 

Ga in: (Voltage) Switched 20, 50, lOO, 200, 

500, 1000 

accuracy ~ 1% maximum 

I ineari ty <0.1% deviation from best 

straight line 

Stabi I i ty better than 0.02% IOe 

" " 0;1% long term 

Output: voltage + 8v . maximum 

current + 1.5 mA maximum 

impedance <2 ,Sl.. . 

Shift ~ 8 V referred to output 

Bandwidth. d. c. to 20 k Hz 

Power supply 200-240 V, 50 Hz 

Manufacturers: Fylde Electronic Labcratorie Ltd., Preston, 

England. 
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APPENDIX· V 

INTERNATIONAL SYSTEM OF UNITS (S I) CONVERSION FACTORS 

Symbol given Multiply by To obtain Symbol 

in inch 25.41' mi 11 imeters mm 

ft. feet 0.30481, meters m 

ft 3 cubic feet 0.02832 cubic meters m3 

ft/min feet per O. 00508'~ meters per second m/s 
mi nute 

1& pound mass 0.4536 ki lograms kg 

kgf ki log ram-force 9.807 newtons N 

kgf/cm kilogram-force 0.981 k i lonewtons per kN/m 
per centimeter meter 

kgf/cm 2 ki logram-force 98.1 k i lonewtons kN/m2 per 
per square square meter 
centimeter 

lbf/in 2 pound force 6.895 kilonewtons per kN/m2 
per square square meter 
inch 

* Indicates exact value. 
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