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A DPESIGN STUDY OF A NUMERICALLY CONTROLLED FRAME BEND}NG K’AC 1INE
By M. SHAMA, BSC. (Assoc:alc), and N. S. MiLLer, B.Sc.t

Sunmimary

The impact on) production procedure of recent developments in mathematical methods of
defining the shape of a ship hull is briefly considered. 1t is showan that the logical outcome of
these developments is the numerical control of all machine tool operations connected with
forn\im, parts of the hull structure, The traditional methods of frameé forming are discussed
and it is concluded that the cold-forming process using thc 3-point bending mc(hod lS the most
practical for modérii control systems.

The considerations which have to be borne in mind whea designing a numencally controlled
frame bender are discussed, emphasis being placcd on the need to consider all frame operations-
in a shipyard with particular reference to those operahons whlch could be performed in con-
junction with the bending process. .

A system of control for an automatic 3-point-bending machine is described togethc. with tho .
accuracies with which the various measurements have to be made. No attempt is made to
design specific items of the equipment. Laboratory and fuli-scale tests have beeii carried out
which have established the feasibiiity of application of the proposed control system.

Factors which are important to the successful operation of such a machine, e.g. length of
frame between bends, minimum bend radius and buckling have been considered, and ths
practical limitations established. The problcms arising from the residual stresses set up by the
bcndmg operation are discussed and it is shown that these may be serious frO'n the point of

. view of stress and deformation of the frame when welded. .
The text describes the problams involved in general terms. and the mathematical statzment

of these problems is given in the Appendices.

Introduction

The wide-spread adoption of welding has enabled a ship to
be constructed in large prefabricated units under cover. Only
the actual assembly of the units takes place on the building
berth. The construction of these units in indoor workshops
has, in turn, enabled modern methods of production and control
to be applied and this has recently received additional impetus

_from the-advent of the electronic digital computer and asso-
ciated control Ltechniques,

Computers are now widely used for design calculations and
attempts are being made to bridge the gap between design and
construction” Methods of mathematically defining the huli
_shape have been developed,+23 and these greatly facilitate the
introducticn of numerically controlled machine tools.

Numerically controlled burners have already been developed
by the British Oxygen Company in association with Ferranti
Ltd., in Norway by the Central Institute of Industrial Research
and in the U.S.A. by the Air Reduction Co.9 .

The British Oxygen Co.’s Eagle machine has already demon-
strated its high accuracy resulting in savings in time whén

- assembling the prefabricated sections and also in a substantijal
reduction (5—10 per ccnt)(5) in the amount of weld metal
deposited. -

Nevertheless, thc total savmgs due to introducing numerically
controlled burning are small, since 2 mould loft must still be
retained in order to produce templates for bending the frames
and plates to shape. This mcans that the accuracy attained at
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one stage is offset by errors introduced elsewhere, and the f->ssi-
bilities of improved production control canzot be achizvad.
Consequently, the chief need is to eliminate.mould loftinz 2nd
associated templates completely and to form or burn the zzris
of the hull from purely . numerical data. Bzsides the Zlrect
savings in mould loft and scrieve board costs, this, ir fact,
would enable modern production planning 2ad controt z2¢h-
niques to be applied throughout the steel working shoge
would eventually reduce costs, asa result of tire greater aczizrzey
of ['ormcd component parts.

This paper is concerned solely with the probiams of the 2ic-
forming of frames using numerical control. A discuss:
given of the theoretical aspects of the problem and a sur:
of the tests which have been carried out, lezging to the =
of a numerically controlled machine. This mazhine, wi
the subject of a patent application by Glaszow Univer

Ferranti Ltd., who are receiving finan<ial hely {rom the ==
Ship Rcscarch Association.

Traditional MeI}w(}.r of Frame Forminz

Three methods of frame formmo
British shipyards:—

1. Furnacing.—Here the frame is heatad te 2 sefficienti;; Zizn
temperature (about 650° C.) to enabis it to Z= bent on -2y
thick slabs using mainly hand tools.i® Thesz is oo coni- =t 0%
the temperature, the workman dependinz rmeinly ~~ hiz
experience to heat the frame until it reaches 2 c:rtam T,
Overheating is possxble with consequent del==rious c‘T et on
the mechanical propertics of the steel. In adZrion the £ *
is not always ‘used to full capacity with resulinz wa_staoc -7 Tueil

are o common ‘2 in




The proccess is costly in cquipment and man- power and cannot
easily be fitted into a modern material flow system, since it is
not casy to shotblast and. paint the bent frames automatically
duc to the large agea occupicd and the difficulty in handling bent
frames citiciently. However, it has the advantage that spring-back
problems arc removed by the hcuting and there is no material
wastage.

2. Cold-Frame Bcndmg —Here the l'r.xmc is passed through a
machine which applies a f3-point bending procedure in stages.
in some machines, the central point is fixed, the load being
applied by two moving arms on either side of it, wherzas in
others the reverse is the case.

The bending is carricd out by thé progressive method, i.e. the
frames are clamped, bent, fed through, clamped, bent and fed
_ through progressively. The bent shape is checked by templates
prepared from the mould loft or scrieve board. At cach point
bending is carried out until a satisfactory shape has been
" achieved Iocally and then. the frame is fed through for the next
bend.

The operator determines from expericnce, knowing the
required shape of curve, the intervals between cach two bending
operations. He depends on his judgment for the amount of
deflection to be imposed at cach point. In fact the whole
operation depends on art rather than science. .

Depending on (h*_s‘upydrd and the length of tle template
used, from two to five men are required for the operation.
During most of ths time only the machine operator is working,
the remainder are waiting to lift the template, assist with feeding
the frame and removing it from the machine, etc. Only seven
to eight pairs of frames per day are produced by this process.
However, the utilisation factor for this machine taken over a
year is commonly-about 30 per cent of an 8-hour day, in British
shipyards.

A certain amount of scrap lS unavoidable in the use of these
machines since about 2{t, of frame at cach cnd cannot be bent.
This disadvantage can be reduced by the ship designer by
eliminating the length of the frame to be bent to a sharp curva-
ture. This, in effect, will reduce the number of frames to be
bent since the majority of frames, in the parallel middle body,
will no longer require any bending. From an examination of the
drawings produced by yards possessing these machines few
designers seem aware of this practical difficulty.

(@) ()
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Fig. 1 shows two designs of bracket connection at the tank
top. Design (b) involves no bending over the parallet middle
body length and would appear to be a much cheaper connection
than design (a), bearing in mind the handling and bending.

3. Frames Manufactured from Plates.—One or two yards
construct their frames by burning the shape of the web out of
plating and wcldlng a flat bar stiffener to form a Tee section.
This method is believed to be more expensive than the others
due to the cost of the machmc tools, labour and scrap involved.

Diflicultics arc expegicnced due to thermal distortions c.luscd by
the burning and welding. - .

Other methods have been attempted, c.g. applymg high lateral
pressures on the convex side of the frame web so as to reduce
the thickness and consequently induce bending in the desired
direction, but nonc of these has proved sufliciently attractive to
be used in shipyards for frame bending.

The most widely adopted method is cold framc bending

“using the three ‘point bending method which appeared to bc

the most efficient and it was decided to try and develop this
method for numerical control.

Present Methods of Control

For all these methods, the shape of the frame has to be
transferred from the mould foft (full scale or 1/10th scale) in
the form of a template or of a full-scale drawing on the fioor.
1 l/IOlh scale lofting is used. a variety of techniques can be
used to obtain the templates (automatic burning, projection
from an optical tower and then hand cutting, etc.). Whatever
the system used, scveral transferances of data are invelved intro-
ducing errors which cannot be properly assessed sincs other
factors, welding distortions, mechanical distortions of large
seglions during lifting, thermal effects, etc., ali combine 12 pro-
duce a lack of fit between prefabricated sections which is ccmmon
in shipyards. Further, it is general practice to store the termpiates
so that they may be used in the future when a sister ship is to
be built. The storage facilities will always introduce errc:s due
either to distortion or mechanical damage. .

No figures are available for actual accuracies achievad, but
rectification costs for prefabricated assemblies on the bzrth are
known to be high in most shipyards and part of these zrise in
the frame and plate bending operations.

General Frame Operations

It is important to consider the general frame operations tefore
any design rcquirements for a numerically controiled obeading
machine are established, since its performzance must &e con-
sidered in relation to the planning and executicn of thz other
frame operations from ordering to arrival in thé prefabrization
shed. There would be no great incentive to contro! and speed
up the bending operation if some of the associated opzrations
are still slow and inefficient through the use of templates. It is
essential that the accuracy achieved by numerical controi of the
frame bending xs not offset by errors introduced by menual
operations.

The need for thc integration of numerical control in:o the
complete shlpyard operation can be illustrated by the difficuities
experienced in introducing numerically controiled burszrs to
the shipbuilding industry. Although these were very well
engineered and involved very extensive computer progremming
preparation, the fact that the mouid loft and templates hzd to be
retained for frame bending, plats bending and som= other
operations meant that few.of the potential economic adve zntagses
could be realized in practice. It follows that, ever with
numerically controlled frame bending, it will be essenzal for
‘plate bending and marking to be done by a numerical method
before the complete benefits of automatic mzchine tzols in
planning, specd and accuracy can be obtained. If a nunrrically
controlled frame bender can be made then steei tempizizs can
be produced by numerical control for plate bending and z:zhough
this would only be a half-way stzze to full automation iz would
obviate the need for a mould loft.

Recently, mould lofts have undergone consiczrable =ianges
due to the conversion from full scale to {/10th scale Joftizg with
its consequent emphasis on drawing office type of wori. It is
therefore difficult to assess the precise savings that will zccrue
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from the climination of this department.  In a medium shipyard
producing ships up to about 70,000 tons deadweight, the savings
. in space might. range from 20,0001t.2 to 4 L0002 depending on

* whether full scale or 1/10th scale lofting is used.. There will be

savings in material for scrieve boards, templalces, cte., which
will be of the order of £500 per annum. The problem of tem-

plate storage and its associated cost wilt be obviated by all the,

data bemg stored on paper tape.

The savings in labour are 'dlmcult to estimate since, althéugh

fewer men need be employed, the personnel involved in planning

and programming will require higher salaries. Eventually it is -
to be anticipated that a large part of the planning can also be-

pregrammed on a computer and it)is possible that the staff
reduction in the mould loft will te of the order of six to clght men.

The above arc all direct savings but the indirect salvmgs due
to the greater accuracy possiblc with numerical control and the
reduced time between recéiving an order and being able to start
productlon may produce greater economic benefits. Mciver®
has stated that computer controlled burning has resulted in a
substantial reduction (5-10 per cent) in the amount of weld
metal deposited. This type of saving would be even greater
in the case of frames if the flat portions between bends could be
eliminated. However, it is in the reduction of rectification costs
and fairing on the berth that the biggest savings should cone.
No costs have been published for these.

At present one of the botticnecks in ship production is the
need to obtain a great amount of offset and other data from

the mould loft to enable material ordering and drawings to
be started. Great speed is not possible with manual drawing
-methods and dcvelopment must be along the line of extended
use of mathematical methods of defining the hult shape. Frame
‘lengths can then be calculated with great precision and through
use of the memory: capacity of a computer they can be ordered
in the most economic lengths. Thus *tween deck frames which
may be of the order of 10ft. long could be ordered in approxi-
mately 50ft. lengths, thereby reducing the handling cost and
obviating the need to order an extra length on each frame to
allow for the end scrap caused by the unbent portion. Such
reduction in actual frame numbers will lead to-a reduction in
the arca of the stockyard and simplification of ordering and stock
control. Proper planning should ensure that the minimum
capital is employed in the stockyard. It might be argued that

these savings could be realized now with manual frame forming =

methods, .but the incentive to go to this degree. of computer

‘planning is greatly reduced when one has to draw the numerical -

data fuil scale and produce a template. Normally it-only leads
to a fresh incidence of cost with no attendant benefit elsewhere.
- After the stockyard the frames pass through the shot blasting
unit, followed by the painting unit. These machines operate
at a speed of about 12-18 ft./min. and since this is much faster
than present bending equipment, a-buffer area has to be formed
- between the painting unit and the bending machine. Such a
buffer area will occupy approximately 1,000 ft.2 of floor space
and the frame has to be handled into and out of it, generally
- using overhead cranes.

After passing through the bendmg machine, the ('ramc is
transferred to the marking area where the necessary markings
are painted or punched on to it using templates. It is then
transferred to the bay where drilling, burning and punching
operations are carried out before being passed to the prefabrica-
tion unit assembly bay. Between each one of these operations
buffer areas have to be formed to overcome uottlenecks arising
from the varying speeds of operation. Thus the floor area
involved in the complete frame operations may be of the order
of 12,000-15,000 ft.2 and all of this area has to be served by
overhead crane systems, since as many as snx handling opcrauons
may be required.

It will have been noted that m'\rklng involves templates and,

frame wilt only have one flange,

therefore, it must be included in the operation to be performed-
by a numerically controlled bLendisig machine if the savings
associated with the climination of the mould loft are to be
realized. This is a logical step-from the point of. view that any
numerically controlled machine tool must involve. an accurate
measuring system and thus all operations. involving precisc
measurement should be done with one machine where this is
possible. The same argument applies to the dnlhng, burning
and punching operations so that ideally one measuring system
should control all these functions and they should be designed
to operate at speeds compatible with one another. )

If this could be achieved only two buffer arcas would be
required, one between the painting unit and the bending marking
unit and the other between the latter and the fabrication shed.
This would lead tosavings in floor area of the order of 6,000 ft2,
savings in labour of two to four men on bending, marking,
drilling, burning, ctc., and savings in handling costs. The latter
cannot be accurately assessed frém published data, but Ref. (7)
suggests that it may be as much ds 50-70 per cent of the total
labour cost. A reductio in the handliig operations could mean
that overhead cranage could be eliminated completely through
the use of conveyors and this will Jead to much cheaper bunldmgs.

Some of the frames need to be twisted so that the web is
always normal to the shell plating (about 5 per cent depending
on the ship shape-and type). The accuracy required is not
very high (£2 deg.) and it is considered that at thisstage this
operation (bearing in mind the small number of frames involved)
should be done by manual control and not included in thc
operations of an automatic bending machine.

The above discussion attempts to set out the savings which
might be set against the cost of a machine which could perform
all frame operations involving measurement. - Various inter-
mediate designs are possible, but it is considered that only
the full development. of automatic control can lead to appre-
ciable savings and the retention of ‘certain existing departments
in order to maintain employnient for the men at present engaged
in them may lead to increased rather than reduced costs. The
case for automatic machine tools mwust be judged against the
continued upward trend in wage rates and the growing scarcity
of skilled labour in.the shipbuilding industry.

D%lon Requuements of Bendma l\Iachme

A bendmg machine rhust be capable of deahng with a wide
range of frame sizes and proﬁlcs It is assumed that every
i.e. ‘only welded ship con-
struction. ~Frame depths range from S to 21 in. and in profile
can be angles, bulb plate, offset bulb plates or Tee bars. .The
length of individual frames may exceed 50ft. in future, e.g. on
tankers of the order of 100,000 tons deadweight.or more.

The shape -of the frame will be specified as a series of co-
ordinates ‘at discrete intervals on the outer edge of the frame
with reference to rectangular axes (see Fig. 2—x, y axes).
ldeally, these coordinates, together with the correct slope 'and

‘curvature at each pomt should be rcproduced exactly. In
. practice at present errors of as mwuch as 1-5in.

in the Y-co-
ordinate for a X of 20 ft. (frame length about 30 ft.), see Fig. 2
have been measured and in many cases the bending operations
result in a series of flats connected by short curved lengths.
These errors are corrected by elastically deforming the frame
(in some cases the ship just becomes wider or parrower than it
should -be) and by dcposmng excess weld metal in way of the
flat portions.

Calculations, based on the errors in feed, slope, elc. (sce
Appendix 1) suggested that a maximum error of +0-25in. in
the Y-coordinate for a radiat distance of 35 ft. (frame length
about 40 ft.) was a practical figure to aim at. 1t is believed that
the positions where bending actidns must be applied (i.e. fecd
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distances) can be computed so that the bent frame may have a
continuous smooth curvature and the flats found under the
present system largely eliminated. - The length of the frame along
its neutral axis rwust be correct to within +0-25in. over a
length of 40 ft. The coordinates of all marking operations must
be accurate to within +0-05 jn.

It is assumed that the new machine must have a productivity
rate at Jeast*comparable with existing practice. In Britain this
is, broadly speaking, eight pairs of large frames (about 30 ft.
long) per 8-hour day, i.e. one pair of frames per hour. In the
new machine it will be necessary, for reasons of accuracy (to be
explained Jater), to bend each {rame separately and the rate of
the new machine will be one frame per 30 min. Due to the
need to produce continuous cugvature it is expected that as the
frame depth decreases more bending operations per frame will
be carried out. If it is assumed that the handling time will be
4 min. per frame and that for a 30 ft. frame 10in. deep 30
bending operations will be required, then the time per operation,
i.e. feeding through and applying the bending operation
repeatedly until the right shape is produced, will be approxi-
mately 50sec. This figure will be increased when deep frames
are considered since the feed length will be relatively high and
curvatures will be less.

The above argument does not take account of the time spent,
at present, on marking, burning and drilling together with the
associated frame handling. These vary greatly from yard to
vard, but this time will not be less than 30 min. per frame, i.e.
it would double the time allowable if these operations are per-
formed 'in conjunction with bending operations. However,
since most of this time is taken up in handling it would seem best
to aim at'an operation time of around 50 sec.

A large number of framcs, about 50 per cent, will no(«rcqui:c
bending, but are subjected to the other operations. - Therefore
the drive'mechanism of the machine must be designed to provide
different speeds depending on whether bending is required or
not. This must be programmed in the control data of the
machine. It must be emphasized that frames and longitudinals
should go through the machine s that even if they require no
bending the marking and other opcrations are carried out.
Provision must be made for straightening frames which have
been bent through bad handling, etc.’

When not bending the feeding speed will be governed by the
speed of the shot blasting machine (about 16 ft./min) and
marking operations should not require interruption of the fead
process.

All operations of this machine should originate from signais
from a control tape (paper tape in preference to magnetic tape)
with the exception of certain®“handling features and possibly
drilling, burning operations, etc., as mentioned eariier. The
machine should be designed for continuous operation. This
implies that the control must be integrated with stockyard
control of frame sections and might require some dimensioning
device to ensure that the correct frame has been withdrawn frem
stock. i o

The measuring system and control equipment must b= o7 a
robust nature which will not be affected by the conditions in

el

" steel working shops.

Choice of Control System

In existing numerically controlled machine tools thz accurzzy
of the workpiece is achieved by precise positioning of the cuiting
ivol or burner. However, in forming operations there will
always be a tendency for the material to spring back after the
load is released and the shape produced after spring back must
be measured. If it is incorrect, further bending mwust be appird
until, by an iterative process, an accepiable shape is achievzd.
There is thus a fundamental difference between the two types
of machine tools. :

In order to achieve permanent dzformation of the framz it
must be bent into the plastic'range of the material {(see Fig. 3).
The amount of spring back, which js an elastic recovery, depeads
on the yield stress and the shape of the stress/strain’ diagrem.
There is a wide scatter in the yield stress for shipyard grades of
mild steel (12-20 tonsfin.?) and also in the shape of the
stressfstrain diagrams. It is thus impossible to calculate the
spring back for a given beam with any degree of precision.
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Tests were conducted on small specimens in the Engince..ﬁng
laboratories at Glasgow University and on ship frames ina
local shipyard to determine the magnitude and scatter of spring
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- back. Fig. 4 gives typical results for the rekutionships between

. the. central deflection over a span b before and afier spring -
: back.® It can be scen that they all falt in a fairly. broad band ¢
* which is increased in"breadth if there cxists any residual ‘stress

A
024
&5 CURVE |
FOR A 2° OB.F. ', -
SECTION /
0200 / =
L ) /
O-160F- 7. -
0120 V
VL
C080 / - g
. / P ° 130 SPAN
7 7 % 1SO SPAN
/2 * 7-5 SPAM _
o0 . b £ YOTAL DEFLECTION
. & FINAL DEFLECTICN
DIMS. 124
INCHES
o0 ‘0040 0080 0120 0150 0200
6

FiG. 4.—SPRING BACK DATA

in the frame. Some of the data were obtained from a 12in.
O.B.F. section which had been cut from a 15 in. O.B.F. section
Ly burning, and it was clear that the resulting residual stresses
caused a considerable variation in spring back. It was noted
that when frames are bent back to back (port and starboard)
they rarcly had the same shape when bending was completed,
even though they were both initially straight and were clamped
together. Differences of as mwuch as 1-5in. in an offset for a
frame 30 ft. long were measured, and only rarely were these

diffcrences corrected before the frames passed to the fabrication
shop. T

“#Foc this. reason it was. clear that if an accurate result-was to -
be obtained the frames must be bent one at a time. The experi-
mental data for springback indicated that it was possible to

calculate the amount of bend required so that the frame would
“spring back to approximately the correct shape. When such

a machine is used in practice it will'be important to continuously
monitor the spring back so that this initial calculation can be
made with the maximum probability of success and thus will

- cut down the number of subsequent hunting operations, i.e. the

machine will be continuously learning from its own operations.

The variable nature of the mechanical properties of ship
frames also makes it impossible to calcufate the force required
to produce a given deformation, so that the method of control
must rest entircly on measurement of the shape achicved-after
each bending operation. !

This can be done in a2 num

pd
ber of ways:—measurement of

‘curvature, central deflection over a fixed base length, slope of

the portions outside the plastic zone and the locus of the end of
the beam on the bent side (sez Fig. 2). The first three methods
are attractive from the point of view that all thz measurements
would be made close to the point of application of the load
and would involve a compact piece of apparatus. 1t was found
from laboratory and full-scale tests that the shape and extent

" of the curved part (plastic region) at cach bend dependasd on
-the properties of the sieel and could not be predicted. This

caused small errors in cucvature which tended to accumulate
and caused unacceptable errors in the ovcr-all frame shape.

- These errors also-affect the computation of central deflection
-and slope. A further difficulty arises due to the influence of the

curved portion from the previcus bend on the shape of the plastic
zone on the bent side of the central ram. These sources of error
wece disclosed by laboratory tests, but full-scale tests showed
that even with shot-blasted frames, the degree of roughness of
the surface and the variation in rolling tolerance in frame depth
added further errors which made these methods unacceptable.

It was concluded that the only acceptable method was to
ensure that the locus of the end of the frame on the bent side
and its bent length were correct-df each point of bending. The
locus must be measured relative to an axis along the. tangent to
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the frame at the point of application, of the central load. (Sce

.';»:-.Fig;_.--z and. Appendix 1 for the calculation of this guantity.)
“"Thus the control system would cnsure the geometrical accuracy

-of the {ramc and rcly in no way on the propertics of the material.
Unfortunately this involves measurements over considesablc
‘distances (up to 60 ft.) in length and £20ft. in the lateral
dircction (sce Fig. 5).¢ These distances are based on a study of a
100,000 tons deadweight tanker.
- To carry out the measurcments it was suggested that (hc end
of the frame be supported on a carriage which was free to travel
Jaterally along a beam and which itseif would be able to travel
freely in the direction of feed throtgh the machine (sec Fig. S).
The motion of these two carriages measures the end locus.
Obviously friction in this trollcy. system must be kept to a mini-
mum if the frame is hot to be distorted. Measurements were
carried out in a shipyard which had a carriage system of similar
design and it was concluded that this was quite practicable—in
fact the friction forces could have been doubled in this instance
without causing appreciable errors. A discussion of all thesc
errors is given in Appendix (). .

“An.alternative system of Jocus measurement was suggested
by Mr. Taylor of Messrs. Swan Hunter and Wigham Richardson
Ltd., whereby the end of the frame would move along a straight
line 'md the bending machine rotate untl the correct focus with
respect to the tangent at the poiit of bending had been achieved.
This .does involve some reduction in floor area and might be
desirable where this quantity is limited, but it involves an
increased cost jn the machine control system.

Buckling Problems

In the early stages of the xnvestlgatlons buckling of the web
when undergoing compression was mentioned by both the
manufacturers and shipyards as one of the chief problems in
cold-frame bending. This only arises in the bow and stern
regions of the ship where the flange of the section is in tension

- and the free edge of the web is in compression.

Existing designs of cold-frame benders all attempt to deal \wth
this problern by applying high lateral clamping pressure to the
web, a force of approximately 78 tons spread over a I2in.
diameter ram being employed on a 400-ton capacity bending

machine. Even with this force, buckiing is still experienced and .

it is overcome by

m Carryxng out the three point bending operation at very
small distances along the frame (3—4in. against the
normal 9-14 in.);

or by

2 PaSsin_’g the frame two or three times through the frame
bender using the normal feed distances (9-14 in.), but
reducing the radius of curvature through each pass.

In a numerically controlled frame-bending machine, it is
believed that, for easc of control, the feed distance should be
kept constant along any one frame, although it may differ from
one frame to another depending on the frame size and the
required curvature. Further, since all the control data will be
obtained from the equation to the frame shape, the frame can

- only be bent by a single pass through the machine.

Since the problem was of such vital importance to the success-
ful operation of a numerically controlled machine a theoretical
study of the plastic deformation of an element in the plastic
compression . zone was made. The element is subjected to
tangential stresses due to bending, radial stresses and transverse
stresses due to clamping, as shown in Fig. 6.

If we consider that the frame material follows the ideal plastic
stress strain diagram, see Fig. 6, in the plastic zone, it follows

" that the stress system acting on an element in this zone would

~be the principal stresses.
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However, even if we consider the
actual case, when strain hardening is taken into considerzzion,
the effect of the shear stresses on the siress system, in both mag-
nitude and direction, will be small and can be neglected s that
these stresses can be considered as the principal strasses.
The error resulting from this approximation decreases zs we
go further from the neutral axis and becomes zero at the exireme
fibres where the actual value of the shear stress is zero fsince
the reaction force is applied to the flanges of the frame sextion).
Since the buckling zone is remote from the neutral axis. the
previous approximation to the stress system is justified.

Under this triple compression, it is difficujt for an elemzat to
deform, and permanent deformations of the element would
require certain stress conditions for vielding to start. In order
to find these conditions, the Yon-Mises yield criterion was used.
It was shown, see Appendix 11, that the existence of the clamping
pressure p, in effect, reduces the formabitity of the matedial in
the comprcssion zone by preventing the plastic flow from iaking
place in the lateral direction. Also, ils existence would g=azrate
frictional forces between the clamping head and the surfece of
the frame. These frictional forces would oppose the olastic
flow in the tangential direction. Their values depend cna the
clamping pressure and the coeflicient of friction betwesn the
two surfaces.

From Appendix 11 it can be seen that the part under com-
pressive bending stresses will increase in thickness, havinz zeco
change at the neutral axis'and maximum change at the outer-
most fibres.- This increase is of the order of 0-03-0-06in. for
a 17in. O.B.F. section. Due to this increase in thicknsss, the
clamping pressure p- will increase and will attain its mazimum
value at the.outer edge of the frame. The pressure distrizution
is very complex and is difficult to determine precisely.

From the previous discussion it is obvious that, due to a™ these
factors, c]amplng leads to a reduction of formability of the
compression side under the clamping head and thercafier the
initiation of buckling zones just outside the clamped area. where
instability is fiable to take place.

Therefore, to achieve the best conditions for the mat=ial to
flow and form the required shape without any buckling 2king
place, the clamping pressure should be reduced to zero. This
would improve the plastic flow in both directions, laterziiy and
tangentially.

In order to check these theoretical conclusnons tesz: werc
carried out on a standard 400 ton cold-frame bender using arn



8 in. O.B.F. scction, 0-4 in. thick. 1t was found that usint. the

[ull clamping pressure over a 12.in. diameter ram (56 in.2 contact
arca) the frame could be bent to an arc of a circle of 20 ft. radius ="

before buckling commenced.  When a thick phate was inscricd
under the ram o sprcad the full clamping pressurc over o
rectangular arca 26 in. x 6.in. (156 in.? contact area), the frame
could be bent to a radius of 10 t. before buckling commenced.
When no pressure was applicd and the ram was merely used to
prevent any lateral distortion in excess of the normal thickening
of the section, the frame could be bent to a radius of dpproxi-
mately S (t.

It is thus clear that in future desigl)s of these machines no
clamping pressure should be applied, but a ram shouid be
positioned over the web surface for at least half of the machine
span. Ideally it should be positioned so as to allow the increase
in thickness induced by the plastic bending process. It will
then be possible to use equal feed distances and to bend the
frame with a singlc.pass through the machine.
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The Fecd Through the Machine

" The feed: is "défined as the ‘distance 'l'\cl_\\'ccn_ 1Wo succestive
loading points. '

Theorctically, the feed should depend on the dimensions of
the frame, the curvature and the precisc stress-strain cunve
obtained at the loading point, i.c. it depends on the cxtent of
the plasticzone.. Basically it is desirable to feed the frame through
5o that the summation of curviture, produced at cach point by
successive bends, adds up to the desired value. This is repre-
sented graphically in Fizg. 7. The calculation is complex and
the rcsult depends entirely on the physical propertics of the
steel.  in this respect, the optimum feed is defined as the distance
between two successive loading points which will not feave
straight portions or cause excessive overlapping of two successive
plastic zones, Theoretically, the optimum feed could be deter-
mined using the simple theory ol' plastic bending, which.is based
on an ideal stress strain diagram. However, since strain
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hardening is incvitable, in' the case of relled stecl sections, these

"= theoretical valucs of the optimuny fceds are not strictly correet.

" The existence of strain hardening tends to increase the tength
“of the plastic zonc and thus increase the corresponding amount
ol' feed.

© The optimum feed for a rcct:mgulat scction, as calculated
according to the sirhple theory of plastic bending is equal to
spanf6. For an O.B.F. section, 12 in, deep and 0-5 in. thick-

. ness (shape factor & = 1-710), thc optimum fced.= s 0-207L =
§-035 ft., for a 5-0ft. machine span.

A number of laboratory and full-scale tests were carried out
and it was found that the optimbim feed is in the range of d to
1-5d (where d is frame depth for O.B.F. section) depending on
the curvature and frame depth.

This amount of feed must be taken on the neutral axis of the
frame since, by definition, it does not change in length. The
neutral axis referred to is not the centroidal axis used in elastic
bending, but the neutral axis when the fully plastic state is
attained. This quantity could easily be computed fcr each frame
and will bz constant during bending. -However, to calculate
th=-exact location of the neutral axis, the actuai strain hardening
of the material-should be taken into account. The calculations
involved are complex and the increasc in accuracy would be of
the order of the manufacturing tolerances on the frame so
it is not considered that these refinements should be applied.
Further, duc to bending in the plastic range, the cross-section
dimensions will vary across the depth (a reduction occurring
in the tension side and an increase in the compression side), see
Appendix 1I. This will certainly affect the position of the
neutral axis.

The total number of cperations is governed by the size of the
feed and, therefore, it is essential to increase the feed length to
the maximum tolerable from the point of view of welding cost
at the flat portions. ‘It is anticipated that experience with the
new machine will establish the optimum feed distance for each
frame size. Once this distance has been determined, it is vita!

that the bending machine be capable of feeding the frame’

through by the correct amount to within a tolerance of approxi-
mately +0-2 per cent of the feed distance. All subsequent
calculations and control data are computed for these loading
points, see Appendix I, and it is essential that tlicy be correctly
obtained.

Some Features of the Proposed Design of Machine

It was pointed out earlier that the best medium to control the
bending process is the locus of the end of the frame with respect
to the tangent at the point of application of the load, In order
to make possible the application of this control system the
bending machine must have the following features:—

1. Ram Arrangement.—The machine must have a central fixed
support and two independently moving side rams so that the
tangent at the point of loading can always be brought into a
given plane. This would be impossible with either of the
existing designs of machine, since in the case of the fixed side
arms—movable central ram the tangent position at each bend
is influenced by the curvature at the preceding bend. In the
other machine the side arms are controlled by a single ram so
as to have equal movements at all times and again the tangent
direction is variable due to the effect of the previous bends.

The alignment of the frame can be achieved by a tangent
sensing device which operates on both rams in such a way as to
keep the tangent in the desired direction. This device need
consist only of a linear transducer which measures the relative
displacement from a fixed plane of two points on the frame
equally spaced from the central ram and at a short distance

-------- sruiL.bTRILEYNS [N EALE R YN LY &8

(6-9 in.) away from X, An error in the tangent dircction of the
- order of one minute will lead to an crror of 0-1047in. at the end
“of a frame 3011, tong.

Further, this design will facilitate feeding the bent frame
through the machine, since the position of cach ram can be
adjusted separately. to suit the shape of the bent frame.

- 2. Control of Buckling.—Bcfore bending is started very low

- clamping pressure (about 20 1bs./in?) should be applied so that
the web may be Mattencd and any initial buckling should be
removed. After this the clamping device should be used only
to prevent lateral distortion and must be designed to withstand
such forces.

3. Side Clamps.—These should be designed so that they allow
any frame shape (O.B.F. section, Tce section, etc.) to be fed
through the machine without fouling. Further, ample clearance
should be provided in these side clamips to allow for the variation
in flange thickness and for $pring back after unloading.

For automatic operation of the bending machine the frames
are liable to foul these side clamps, especially on the bent side -
or when feeding is in progress. . It was found difficult to cal-
culate for each frame shape the exact position of the side ram
so that fouling would not occur. Iowever, this problem could
be overcome by a transducer which allows a’certain gap bztween
the flange of the frame and the slot in the side clamp and op :alv.s
a servo system to maintain this gap.

4, Power.—The bending force will be supplied by two
hydraulic ramis in order to ensure the smooth running ana
safety of the machine.

The bending force per ram could be calculated from the
assumption that it must at least exert a bending moment, at
midspan, of the order of the fully plastic moment for the deepest
section to be bent as calculated from the simple theory of
plastic bending.

It was found that a 100 tons capacity ram on each side of the
central fixed support will be sufficient to bend ship frames up
to 17-0in. O.B.F. section and 21-0in. X 1-Sin. rectangular
section, since thesc deep sections are normally bent to smail
curvatures,

-

- ~

5. Machine Span.—The choice of a suitable machine span
depends on the following factors:—

- (@) Range of frame sizes (between S in. and 21 in.).
(b) Amount of scrap left at each end.
" (¢)" Effect of the concentrated load on the surface of the {rame
at the three loading poinis.

As the machine span increases, the amount of scrap zi both

ends of the frame will increase. Further, feeding the frame
through the machine will become a difficult problem since the
bent length will be increased. On the other hand, as the span i
reduced the amount of scrap will be reduced, but severe indenta
tions will take place at the loadmg points due to the high bearin;
pressure applled '
. However, in order to forrn a bcam by the 3-point method, thr
span/depth ratio should not be less than 3-0, and since th
maximum frame depth required to be bent on this machine i
21 in. a machine span of the order of 60 in. will give a reasonabl
compromise for all practical sizes of ship frames. This figure
i.e. 60in, is, in fact, the general practice adopted at present it
the design of these machines.

. In some machines, the span is made variable so that for ever
frame section there is a corresponding span. This is a desirab!
feature since it reduces the end scrap, particularly for sma
sections. However, it was found that the complications involve
in making this process automatic (i e. the span varies for ever
frame snze) is not justifiable since, in any case, 2 certain amoutr
of scrap is inevitable.

RN
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(a}' Fhe: Fe cal 7I)ro'.'g1: the. Mnr/nnc.-_—-gu\gc the anmwunt ¢f
) fccd will have (o be measured on the neutral, axis of the frame,
it is ‘belicved that a feeding mechanism, possibly fecd rollers,
working on the unbent side only (which is assuined to be steaight)
would give ' the best solution having regard to the machine
operation and feed distance measurcments. The accuracy
achieved by this system is expected to be adequate, although it
may be necessary to incorporate a transducer to check (hc {ced
and to correct it if in error.

(0) Locus Measurement.—1It is proposed that the ordinate be
measured as indicated diagramatically in Fig. 5. The end of
the frame on the bent side will be supported on a casriage which
can move [reely transversely on a trollcy which itsclfl moves
fongitudinally parallel to the plune of the tangent at the central
loading point. Both carriage and trolley must be designed for
minimum friction. The maximum transverse foree should not
exceed 25 ]b and the maximuny Jongitudinal force SO tb. These
figures are based on a2 21 in. x 1-5in. rectangular scction and
should be reduced for lighter sections. .

Further, it is important that the edge of thc rame at the locus
point should pivot about the measuring point, and Fig. 8 shows
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FiG. 8.——~CARRIAGE ARRANGEMENT

one design O ChunpIng atiangon soe oo,
actual measurement of the transverse position of “the trollcy

“can béachicved- by scveral methods and the required s accuracy

of 10-05 per cent (for a frame length of 40 fi., the accuracy is
10-24 in)) is less than many cxisting machinc tool systems so

- that no difliculty is anticipated.

To reduce sag of the frame, on the bent side, a sccond trolley
systemy may. be required, see Fig. 5, but it would be solely for
support purposes and no measurement would be involved.

An alternative measuring systeir could be based on the angle
made by the radial line to the frame end point and the tangent,
as shown in Fig. 2. The final choice of system must rest with
the firm designing the conirol equipment.
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FI1G. 9.—SPRING BACK AT THE FREE END

Initially the frame will be overbent by an amount calculated
(see Appendix 1) to overcome spring .back. It will then be
released and once spring back has taken place and the tangent
directicn has been adjusted, the ordinate will be measured and
compared with the computed value for the correct end position.
If the error exceeds +0-05 per cent (minimum value is % in.),
the frame will be rebent in the appropriate direction, see Fig. 9

- by an amount sufficient to correct the error and the checking

process is repeated until the end locus is within the acceptable
limit. This error correction p process can be purely. a “hunting”

opcrauon or the appropnate correction can be computed each
time using the formula given in Appendix (I). Some cxpcn-
mental data will be necessary to detcrmmc which of these is

. likely to be the cheaper solution.

From the full scale test data, the spring back in curvature is
of the order of 0-01-0-035 in. through a span of 15in. There-
fore, for a frame 40 ft. long the end point would spring back
by an amount of the order of 1:0-2-0in. Consequently the’
hunting mechanism must cover a range of about 3-0in.

(¢c) Curvature at the Central Point.—Since it will not be

_possible to mount the frame end on ‘the trolley until it has

cleared the bending machine, it is neccssary, in order to avoid
excessive scrap, for the control for the first ‘'one or two bends
to be carried out usmg curvaturc measurcmcnts as the control
medium.

The imposed curvature, appllcd before spring back, could be
calculated from the desired value after taking account of spring
back. When the initial curvature is reached, the frame is released
and the curvature measured again. If the measured value differs
from the computed value, an error signal will be sent to the
hurting device and the operation repeated until the error is
within acceptable limits (+2 thousand through a 10 in. span).

Experimental Verification of the Proposcd Design

In order to examine the feasibility of the above design a model
which incorporated most of the features mentioned above was
built in the University workshops (Figs. 10, 11). 1t can bend
flat bacs up to 4 in. X 4 in. using hand operated hydraulic jacks



of 10 oy capacity  The tangent sensing device consisted of

Awo annas pliaced TS ins on cither side of the conteal ram (sce

Fig. 101 the rotation of the anns being measared o a G in,-
diameter protractior. This Himited the accuracy with which the
tangent could be aligned to 1 0-25 deg. The locus was recorded
by the nxavement of the end of the Lar over graph paper.

A number of bars were bent to arcs of circles using a range of
feed distances.  Typical yesults for a 3in. % 0-375in. beam
bent to a radius of 30 in, are given in Table I, where it can be
scen that the variation in radius is of the order of +0-30 per cent.
Bearing in mind the limitations in accuracy of the equipment:
this is considered satisfaclory, [

At the request of the British Ship Rescarch Association full-
scale tests were carried out using a conventional frame-bending

I
) vf) 0
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FiG. 1]1.—THE BENDING MODEL AND TEST BEAMS

machine.  Sincc the tangent cannot be aligned along a given
datum in such a machine a tangent sensing device was designed
such that the locus could be mcasured relative to the actual
position of the tangent at cach Lend, see Fig. 12. In this case
the locus was measured in radial coordinaltes (angle «, radius 1),
a Wild theodolite being used to measure the angle of the end of
the frame lo the langent at the point of loading. The frame
shapes sclected for the test were a bow and a stern frame for
a 100,000-ton deadweight tanker and a frame of S shape made

“up of a circular arc of 8 ft. radius followed by a straight portion .

to allow the frame Lo pass through the machine and then a bend
of 6 ft. radius.  An 8in. O.B.F. section was used for the latlter
test, the free edge of the web being in compression during the
8-ft. bend and a 12 in. O.B.F. section for the ship frames.

In these lests the approximate angle to which the frame had
lo be bent, so as to spring back to the correct position, was cal-
culated for a range of feced distances using a computer pro-
gramme developed by Mr. Wellman of the B.S.R.A. staff using
the method given in Appendix 1. The frame was bent to this
angle and the locus position after spring back measured and
compared with.the required value to ascertain the extent angd
direction of further bending. This was repeated until the locus
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wis withim £3 minutcs of the required angle., The shape of the
ship: frames was checked against templates preparcd by Mcessrs.
Swan- Humterand. Wigham Richardson Ltd. )

These tests disclosed the importance of the side rams applying
their Joads at cqual distances on cither side of the central ram,
since mmmmc(ncal distribution of the load causes crrocs in
the tangent mecasuring systen. § Aﬂcr initial troubles due to this
cause had been overcome, it was found that, cven with this

relatively cude measuring system, the frame could be produced

to withia the accuracy of the templates and was weil- within

present xccuracies accepted in shipyards.  The maximum

. deviation af the frame, consisting of two circular arcs from the
desired sfape, was +£0-1 in: and the average deviation was of
the order of 4-0-05 in.

Scveral beains were bent to the shape of one of the frame
lincs (sc2 Fig. 13) Lo ensure that the same degree of accuracy
could be reproduced.

As a result of these tests it was considered that if the accuracy
-of mecasmement asked for in the prototype machine could be
achieved in practice these frames could be produced by this

“ method o within the accuracy specified earier.

TABLE 1
(Fead = 3-50in.) =
Loadirz peint i 2 3 4 5 6 7 b
Radius .. [29-95[29-42{30-7|29-71130-3;30-3130-43129-91

Marking of Ship Frames

As pointed out carlier, marking must be carricd out by a
numenical control process il templates are to be eliminated and
the accuracy of bending maintained.

It is elicved that the following markings will cover most of
the British shipvards’ requirements:

. Ship No. 4 digits

2. Frame No. 3 digits

3. Tso or Botiom T or B

4. Pertor Sta:board PorS.

5. Waterline marks (including the bottom waterline), at least
one waterline per plate..

6. Distance from top of frame to nearest waterline.

7. Erection holes.

8. Notches for shell seam,

Numbers 1, 2, 3, 4, and 6 could be made in digital form and
stamped on one face of the frame at its lowest part. Numbeér 3
could e eliminated if the marks dre always placed on the same
end of frame.

Numbers 5, 7, and 8 could be indicated by an arrow head and
should be made on both sides of the frame.’

The marking unit should be placed beside the bending machine
on the unbent side of the frames. As the frame passes through
the uait, markings will be stamped on at the required positions.

Since the feed for each frame will be kept constant and
the frame will always be fed through parallel to the datum line,
the marking positions, in the longitudinal direction, could be
calculated with reference to the ncutral axis and the loading
points. Transverse positions will be referred to the outer edge
of the frame.

The marking head should be capable of scanning an area
2-5ft by 2-5ft., longitudinally and transversely to cover any
amount of feed and also any frame size.

If an x-» control system is used for the marking device, the

sime control unit could operate a numerically controtied burner,
Alternatively, the feed to the bending machine could position
the frame longitudinally and only a transverse carrizge nced be
provided for the marking device.

Effect of Residual Stresses,

So far we have been endeavouring to ensure that the frame has
an acccplable degree of accuracy when it enters the prefabri-
cation shed. However, if it has been bent-into shape in the cold
state it will contain residuval stresses, in addition to any it may
have possessed when it.entered the shipyard and any subsequent
work on the frame such as welding, punching, etc., is liablz to
release these stresses and cause further deformation of the frame.

Appendix 11 gives an approximate calculation of the
residual stresses from which it can be seen that in the region
of the bilge radius they may reach,the order of —lOlon/m 2,
Furthermore, when the frame is \vclded to plating it is possible
that the spring back at the end, due to the release of these residual
stresses, may be of the order of +0-3in. in a 12in. frame 39 ft.
long. This calculation is necessarily appreximatz since ths
precise effect of the welding on the residual stresses is z func:ion
of many factors, not least of which is the behaviour of the we!de

<:C<

- himself and is therefore not exactly predictable.

.should ideally be associated with the szme meas

1t is clear, however, that this may cause serious problems an d -
it wiil have to be studicd carefully when numericaily controiied
frames are produced. Theoretically it might be pessizle to cai-
culate an over or under bend allowance which would :2ke
account of this restdual stress effect, but such a m=thod must
involve empirical factors which could only be obizined from
full-scale tests of considerable complexity.

Conclusions

1. The availability of methods of numerically d=2Aning. the
hull shape using computers has replaced the work of fairing in
the mould loft. However, this department has -to >e retzained
to provide templates for frame and plate bending.

2. These templates are of limited accuracy and pres
of bending frames and plates lead to.errors in individz:al pacis o
asmuchas +I{in. ina40-0ft. frame. These errors zre tedused
Ly elastic deformation and Ly excess deposit of weld meial
which result in considerable internal siresses. They also give
rise to considerable rectification costs through loss of time.

3. These practical difficulties could be avoided if frame bencing
and plate bending were numerically performied t> within a
tolerance of +1 in. for a frame of 40-0 ft. length.

The mould loft as used at present could be dispensed with
completely, giving a saving of up to six men and 2 Joer space
of between 2,500 and 20,000 sq. ft., depending on the scaie of
lofting.

4. The operations carried out on the frame (shotblas:inz,
painting, bending, marking, drilling, etc.) require 6 to 8 ;

2nmeinnds

entail the frame being handled by overhead cranzgs as 1y
as six times and necessitate buffer areas between tha diffar2nt
operations. The total area involved may be as hig: as [2.07)
to 15,000 sq. ft. in a medium size shipyard (excludinz the ni>:id

Joft arza).

5. The provision of a numerically controlled mzchine 1ot
requires a precise measuring system and it is thersiore Jogizzl
to carry out all operations involving measuremszznis on one
numerically controlled machine.” Thus in the casz of frz
operations, bending, marking and punching, drilling =24 bus:

This would obviate the need for much of the handi
a greatly reduced floor space.

Since all frames and longitudinals rcquire somz of irewe
operations, it is assumed that they will all pass iarough :his
same miachine. Frames or longitudinais which are intende< 7
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be slr.ubhl will be straightened by the _bending machine, if they
were initially bent.

6. A machine {ool control system for forming materials which |

possess spring back (clastic rccovery) characteristics must
include a servo system to measure the error at the end of each
operation and decide on the magnitude and direction of the
correction if it is required. This is due to the unpredictable
nature of spring back inf materials in the as-delivercd condition
(particularly shipyard quality mild steci). To obtain accurate
results and repeatability, frames must be bent one at a time and
not port and starboard as at prescnt

7. Further, due to the variation jn phvswal properties of mild
stecl (approximately +20 per cent variation in the yield strength),
it is not possible from the stress strain diagram to predict the
* force requircd to achieve a precise deflection and a control
system must be baséd on the measuremant of the shape achieved.

8. The best method of controlling the frame shape was found
to be the measurement of the locus of the end on the bent side
relative to the tangent through the point of bending, having
regard to the toicrance in the frame dimensions, the nature of
the surface finish on the frame, the accuracies required from the
transducer elements and the general design of the machine.

Since all measurements are made relative to the end point
and not with respect to the previous bending peint, this system
ensures that there can be no accumulztion of errors and frame
m:\rkmg, drilling, etc., ¢an be carricd out using the same
measuring system. ’

9. This system can bLe applied to a three-point bending
machine of conventional design, but it is much easier 11' the
side rams are separately controlled.

10, In such machines, buckling of the compression web of
the frame is best pravented by a large guiding area covering the
web depth and half the span at the point of application of load.
Ideally no clamping pressure should be applied to the web since
the materiai must be alfowed to flow in the transverse and
tangential directions under the action of the compression forces.
Pressure must be available to resist buckiing when it occurs
and also to flatten initiaily buckled sections.

These modifications in the clamping system will make possible
bending offset bulb fiats (O.B.F.) having thickness/depth ratio
from 0-04 to 0-06 into arcs of circles (the web under com-
pression) given by depth/radius ratio from 0-12-0-15.

These conclusions (from 8 to 10) have been confirmed by
“tests cn -prode] scale and on [ull scale. These tests have con-
firmed the possibility of producing a numerically controlled
frame- bending machine which can bend frames to within less

than #:0-1in. of the correct offs=i at all pomts

11, The three-point cold-bending process gives rise to residual
stresses which may be of the order of +10-0 tons/in.2 for
normal ship curvatures. During fabrication, these residual
stresses cause distortions due to the release of part of these
stresses by welding, punching, ., etc.  Eventually it will be
necessary to calculate the locus of the end point so that when
the residual stresses have been released, the frame will have
the correct shape, i.e. the frame will be in error when leaving
the bending machine and will be very close to the correct shape
after the subsequent operations it undergoes.

Experimental data’on the cffect of releasing part or all the
residual stresses as a result of welding after bending. will be
required before such calculations can be performed.

12, The efficient use of a numerically controlled frame-bending
machine requires a fairly claborate computer programme which
will carry out all {rame calculations from the faired offsets,
combine the frames into suitable Jengths to be bent from a single
section, provide the material order and stock control data and
all the machine tool control data. Complete integration of
frame work in this manner should result in considerable economic
savings in shipyards.
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APPENDIX I
A. Locus of End Point

The position of the end point with respect 2 point C, at an:
bending operation, see Fig. 2, will be called ths locus of the enZ
point. -

(a) Locus in Radial Coordinates

The end point position could be defined byi—

The radial distance *r” and

The angle between thc radial line and % tangsnt at th:
point at midspan (i.e.)

r=vx? 4+ f(x)? ¢

e=0—4d¢ . . . z

where 0 =tan—! " (x) . (:

and tan ¢ = yfx = f(x){x <

(

giving o=tan"tf (x) — t:m"f—_f K (<
(b) Locus in Cartesian Coordinales

The end point position could also be defin=d by the <istanc:

X along the tangent at midspan and the dx_r‘_s_ e Y zlong tie

normal from the end point. .
A8



rcos o

m'cas [id;‘—.'f' (x) —ta

i L)
X

Y:ﬁ'\/msin [(anf"[' (xy — (an"‘f—(—x)]
x
i /! J
(c) Locus of End Point with respect to.a Point at Midspan a/ the
Machine and when a Flat Portion is considered -

The calculation of point 0 relative to the first loading point °

(i.c. point E}is based on the following/assumptions, sce Fig. 14.

(a) The shape of the frame edge at the first bend-—aufller spring
back—is a parabola.

(6) The curved fength = | -5d.

The equation ta a parabola at point E, where the curvature
is 1/Rg with respect to a set of rectangular axes, X, ¥ is as follows:

7 =32 Re

.. The._coordinates of point 0 rejative to point E becomes:—

- 0-75 d (0-75 dy?

F={3.5 — ng -2 =7

X (3 = ) 2 g

— 0-75d =

X=075d+4(3-5 — cos &
( Rz )

‘\vhére tan@ = dj/d X

The lzngtih of the fiat portion allowed at the frame end =
3-5 1t '

Let Ro = VY? + X2

tan oy = Y/X
tan 0 = (-:—i

From Fig. 14, the coordinates of point 0 are a5 follows:—
Yo = yg — Ry sin (g — )
Xg = Xg — Rgcos (Fg — o)

~The position of point 0 relative to point P is defined by
X(,"l’,, as follows

Xy =rycos e
Y, =rsine

where:

= ‘\/(yp _yo)z + (xp — xo)z
= tan—!} v _.(an"‘l u
XD —_ XD

B. Calculation of Spring Back at the End Point of the Frame

Due to spring back of the frame at the portion under bending,
the end point will move on an arc of a circle of radius r, see

Fig. 9. The spring back is calculated according to the followmg
notation:—

B = Position of the end point before spring back.
A = Position of the end point after spring back.

/R, and 1/R, = curvature at “C™ before and after spring
back.

d 8 = angular spring back.

dy = spring back of the end point measured on the normal to
the Datum Line.

x = trolley travel.
y = carriage travel.

The spring back in curvature at point C

=1/R, — R, . h
2
~(3)
L. b1 !
where 8, = spring back through'a span 25

2b = span of the curvature measuring device

The values of 8, could be supplied either as a graph oc in
tabular form as obtained from some full-scale tests.

Lct §, = spring back through @ span 2a

2

8= (2 b) _ o]
Since (2a) is small compared to r, see Fig. 9
d0 =8,)a . (3
dS =rdf =rid la
cos 0 = 5;2 =dylds.
B /‘\"q ’S
" therefore dy=-—~ds= J.Xz {<;
r a
X, is given before in (A)
S, v
therefore dy == 7 cos [tan" y —tan~!< S (5)

dy will be calculated at the values of x corresponding to k2
points of equal feed on the neutral axis.

C. Calculation of Points on the Frame Edce correspondmo to the
Points on the Neutral Axis, at Equal Distances

It is to be cxpected that the frame shape will be derivad
directly from an equation tof_th/c whole surface, but for the
present it is assumed that the information will be supplied in the
form of mould loft offsets.

These offsets will contain errors due to the musreading of
scales, dimensional inaccuracy of mould Joft floor and scales, etc.,
and undoubtedly a smoothing programme to eliminate thess
errors will be required. This can be done in a number of ways
and it will be assumed that the frame shape can be expressed in
the form of an equation’ .

y=,(x M

where f(x) will probably be some form of polynomial. Orcz
this equation has been obtained, it is then a simple matter 10
evaluate. o

The slope dyldx = f(x) (2)
2

The rate of changc of slopc‘—i—- =f"(x) (3)
2 2

The curvature- IE = d*yldx (£

b+

[

x
The curved length S = jo\/l TP dx

For purposes of feeding the frame through (and for ordering
purposes), it is the length along the neutral axis, the positien
of which can easily be determined using the simple theory of
plastic bending when fult plasticity is attained.

13 - : h



M OIS CENTRE CF THIODOUITE

X, 1S MEASURSO PARALLEL TO TANGENT A7 ©
Y, IS MEASURED PEZRPENDICULAR TO TANGEN-
€ IS END OF FRAME

L1 2

» WAl
L ten (7‘,) S = STANDARD 7210
C » CORRECTED Fzeo-

F16. 14, 2GENER+i. ARRANGENMET OF FULL-SCALE TESTS

" The length along the outer edge of the frame can be czculated

from (5) above at a numver of discrete points and wsng the
curve fitting routine again, an equation relating S z-¢ x is
produced:

i.e.

x = (S) ©)

It is now required to determine the points on the ourr edge,
which correspond to the Joading points on the neutzi axis.
Suppose that the feed is taken constant and equal =/
from symmetry

R;

0

= 1S )

where R; and Ry = radii of curvature of neuiral axis 272 outer
edge respectively.
= curved length along the outer edge.

(Rg) __ 4
R, ~ 1 — 1R,

ziving

S =1

where i = distance of outer edge {rom neutraj axis.

Using the frame equation y = f(x), the curvature =

be calculated. The value of A& could be deizrminad =
simple theory-of plastic bending.
For O.B.F. sections

o2y
where At = toial area of section.
= thickness of web.

The feed is chosen according to frame size and = using
cquations (8) and (6) the x corresponding to each fesd -aosition
can be determined.

These calculations are repeated at every loading poiz: along
the frame length.

In this way, all points on the outer edge, which corressond to
the loading points on the neutral axis, can bz determized. At
these points, using the frame equation, the curvature and the
locus of the end, poiut can be calculated.

14

12 is obvious that the calculations inivolved are very sinizlz and
therefore their programming is straightforward.

D. Calculation of the Allowable Error at the Free End en the
Bent Side

Errors at the free end will be mainly due to:—

(1} Error in the Tangent Direction

Any error in the tangent direction will create an error in the
end locus position and is given by :—

errorin ¥ =dY = +Xdb

ar 2cror of one minute will give an error of = 0- 1047 ic. 2t the
enc of a frame of X == 30 ft.

(2 Error Due to Tolerances in Frame Manufacture

Tolerances of the order of + 2% per cent of the weight ¢ rolled
sta2l sections ars expected, as given in the manufacturers™ Rand-
books.  This error is chiefly- due to tolerances on the frame
depih which is of the order of +4 in. for any standard frar.zsize.

Since all measurements will be taken relative 10 a datu line,
which is chosen according to the frame size, there wiii =2 an
error in the chosen datum caused by these tolerancas. This
error js of the order of +3¥in.

(3) Error Due ta Reduction in Depth and Inden:crion

Since bending will be done in the plastic rang= of the n-z-=rial.
th= saction wil]l experience a variation in thickness as w='! as
recuction in depth. This reduction is believad to be <7 th
orésr of 0-10in. Further, duec to the high bearing pr=ssu
exisiing between the frame and the maching at the i~=zding
poinis, indentations of the order of 0-05in. are expezs=d to
take place. Consequently, an error cf —0-15in.is ex
taxz place at the central support.

(%) Error in Feed

Anerror in the feed means an error in the
bes interpreted as an error in the slope.

11 was shown before that an error of +1-0min. in the H
wiil lead to an error of +0:1047 in_ in the locus. If thiz 2rro
acsrmulates ajong the frame Jlength, a serious 2rror at the me

v o P

e
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ant length z-7% can
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end will be expected.  As a result, it will be necessary to measurc
_the feed so-as to limit this source of error..-.

. . v .
(5) Error caused by Friction Forces in supporting Trolley and
Carriage
~ Any friction forces in cither the transverse or longitudinal
directions will give rise to/bending of the frame about the
central support. On the assumption that the Jever arm to the
frame is 30 ft., the moment of inertia of the frame section is
about 50 in.* (based on 9:0in. O.B.F., 0-58 in. thick), Young's
Modulus 13,500 tonsfin.2, a transverse force of 251b at the

frame end will give a deflection of :—

v13¥

. S—E

= G-257in.

The lever for the longitudinal force wiil rarely excced 15 ft.
and therefore the error is expected to be much less than the above
figure.

Summation of Errors ' . .

1f ali thé above errors were to sum up, then a serious error in
the Jocus might occur. The probability of this occurrence has
not teen studied.since it is thought that some of the errors will:
b systematic, while others will be random, and a series of tests
will have to be carried out on a prototype machine to establish
the true ffequency distribution.

APPENDIX 11
A. Lffect of Plastic Bending on Thickness Variation

As a result of plastic bending, sections experience a reduction
in thickness in the tension side and an increase in the compression
side. In order to find the variation in thickness when the web
is under compression, it will be assumed that yielding will take
piace without strain hardening.
ie. 0g = 0, = yield stress
. where gy = bending stress.

From the equilibrium condition in the radial d\rcﬂxo.. we
obtain the following equation, see Fig. 6

+"(6,— o) dR + Rdo, = m
which could be solved as follows:—
@, = c5(l ~ R,/R) @

which shows that the radiai compressive stress o, is a function
of the tangential stress og and the curvature attained.

where:
&, = radial stress at a.radius R, .
R; = minimum radius of curvature in the compression side.
To obtain the variation of thickness across the frame depth,
the following equations are made use of:—

(i) The relationship between the principal stresses and strains,
in the plastic range, is as given by St. Venant:—
Gy — 0, C,— 0. O,— 0y

== R )]

€. — €

€@ —¢€ € —¢,
where: 6y, 0,, 0, are the three principal stresses and e, €, and €.
are the corresponding natural strains.

In our case g, = p, the clamping pressure

(i)) The condition of constancy of volume
ie. € + ¢, +

e_.=0:...-(4)

15
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When the \.Lllnpinb pressure 7, ¢+ poas made zero in cquation
(3), and by using cqu'\(lom (84} :md (4). the following cxpression
is obtained:—

R, — 1R
b=Ub[RIp) Ry . o .

5
where:
b = thickness at any radius R in the compression zone
by = original thickness
Ry = minimum radius
p-= radius of curvature attained by ncutral axis.
The maximum value of *6™ occurs when:
R =R,
.. S p——
giving bma: = /)ox/P/Rl - (6)
Increase in thickness at the outermost fibres
=b[VpIRy =1} . . . M

For a 17-0in. O.B.F. section, 0-78 in. thickness, bent to an
arc of 100 in. radius (at the extremec fibres on thz compression
side), the increase in thickness is 0-0413 in.

B. I_',‘fect of the Clamping Pressure on Buckling

In order to investigate the effect of clamping pressure on the
plastic deformation and buckling of ship frames, the Von—Mises
yield criterion was used, i.e. vielding was assumed to start when
the stress state is given by the following expression (8):

(oy — UJ)z + (o2 — GJ)Z 4+ (o) — 01)2 =2 0_.-2 ®)
where oy > o, and oy > o are the three principal stresses.

o, = yield stress of the material.

In the case of bending into the plastic range of the material,
the principal stresses are o¢; o, and p. This is based on the

“assumption that shear stresses in the plastic range are zéro.

In this case we have:

oy == oy = oending stresses
o, = 0, = radial stresses
p = oy = clamping pressure

Therefore, expression (1) could be modified as foilows:—
(0F + 02+ 7Y — (052 + 9.0, +p.0) =}

when oy = o, = p.

18]

j.e. hydrostatic stress condition, since the three stresses are
compressive, no plastic deformation will take place, see Fig. 6.

To allow (or the plastic deformaticns to take place, the
foliowing conditions must exist:—

Gy > O,

and Gy > p

i.e. to keep o, and p as Jow 25 possible.

Equation (2) shows that ¢, depends on ¢y and the radius of
curvature when the clamping pressure is zero.

Consequently, nothing can be done to reduce o, with respect

10 oy, since they are interdependent.

Therefore, for the material to deform plastically, the clamping
pressure p should be kept as small as possible. ldeally, the
best condition is achieved when a tension force is applied, but
since it is extremely difficult to achieve. such a condition
practically, it is considered, that p = 0 is the best condition.

\
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When the material is allowed to deform plastically, the téndéncy
to buckle will be greatly reduced. .
. APPENDIX 111 ~

Residual Stresses in Ship Frames duc to Forming by Cold Bending

The residual stresses due to cold bending are, in cffect, the
resultant of two stress palterns. Tiwe first pattern is due to
bending into the plastic range of the material and is shown in
Fig. 3(a). The other stress pattern results from the process of
clastic recovery or spring back and is shown in Fig. 15.
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. - P16, 15.—RESIDUAL STRESS DISTRIBUTION

Tinmoshenko (8) gave a method whereby the residual stresses
can be calculated and measured on the assumption that the
material is of the ideal plastic type and that a symmetrical
section is used. In the following analysis, the calculation of
the residual. stresses is based on the assumptions:—

1. The stress strain diagram is as shown in Fig. 3, i.e. having
a linear strain hardening range.

2, Stress strain diagram is identical for both tension and
compression.

3. Plane sections before bending remain piane and normal tc
the neutral axis.
ie. €=y[p R ()

3. Symmetrical sections are dealt with, and the plane of
loading passes through the centroid of the section.

4. The material is homogeneous and isotropic.

In order to calculate the residual stresses, the bending moment
. acting on the section as well as the position of the neutral axis
should be known.

(c) Beuding Moment
The bending moment is calculated as {ollows:—,
. A
M = J odA
0
where o=0,+(c—¢)tana
It can be shown that
M=M,+ (I, tane)fp . N
where My = Z, (0, — e, tana) =M, — Z, ¢, tan « .
1, = 2nd moment of area about the nzsutral axis
=2Z,.Iy
Z,, = first moment of area about the neutral axis

hy = distance of extreme fibres, on the web side, from
the ncutral axis.

@
O
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From (2) and (3), we get: .

M=M,+ _Z,,‘l:l_n a:ﬁ[/r,/p - gZF/Z,,). ¢}. . @

D) Neureal Axis Position
The neutral axis position is determined from the conditions
of cquilibrium: E.F =0and XM =0.
Using the force condition. ~

. AT .
Io--.dA'=0 N )
o .
Ae Ay
we have IG.dA+Ia.dA=0
0 0
where At = total arca of the section

A, = area o('glastic core
»
A

.4
Neglecting the area of the elastic core, we get:

- .
= area ol-plastic zone

Aps Apa
J'[(G-" — e, tan o) + (y/p)tano) d A = J (o, — e, tan o)
0 0 .

+ (rlp) tan o} d A.
where A, = arca of plastic zone cn the tension side
A,, = arca of plastic zons on the compression side
Therefore (0, — €, tan o) A, + (tan 2/p) . Ay - Fy

= (0, — ¢, tan @) Ay + (tano/p) . Ay . Ja.

Putting A,y =Ar — A,
A= Ax (o, — €, tan «) + (tan «/p) . ji,) ©
ot 2(c, — ¢, tan «) + (tan afp) . (F + )
where

F) = distance of centroid of A}, from the neutral axis
7, = distance of centroid of A2 from the neutral axis.
For deep sections having only one flange, e.g. Tec section, bulb
plate, the area A, is given by

A= .t
From (6) and (7), we get:

he o A1 [(o, ~ &y tan &) + (tan ofp) . 7]
“ T r[2(0, — €, tan @) + (tan «/p) . (Fy + 7))
) R ¢
The effect of the strain hardening is not large, in this instance,
since it affects both the tension and compression zones, and it
is to be expected that the neutral axis determined from the

assumption of an ideal stress strain diagram (i.e.) tan o =9
will not be greatly in error.

LM

Therefore, when tan & = 0

Il‘ = ATIZ.’ s e e (9)

(¢) Calculation of the Residual Stresses
The residual stresses are the resultant of the loading and
unloading stresses, see Fig. 15.
The loading stresses are as given by:
oy = (0, —g,tan ) + (v/p)tanee . . . (10)
The unloading stresses are calculated from the bending nioment
as follows:—
M=2Z..0, e e e e .
M = unloading moment = bending moment.
Z. = elastic modulus of the section.
o, = elastic stress.

an

where



[Frorx cquation (4), we have:

M=(M,—Z, ¢, ma) + /p).Z, tin i2)
from cguation (11) and (12), we get:
ax=MIZ - (Z e, tn)Z, i (I Z tan QQpZ,. (13)

where o,x = clastic stress at the extreme ﬁbrcs of the scction.
thercfore clastic slnis at any depth x from the centroid is:
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where X = distance of extreme fibres from the ccnlro:(l of the
section, )

(wx =M, |Z, —(Z, e, tan )/Z + () Z, tan a)/p z ]X

Res<lunl stresses = o, == (1), == (7,)x
where
(), = Lending stress at a distance y froni the ncutral axis

(0 r)x

Il

unloading stress at a diiumcc x from the centroidal
axis.
therefore -
o, ={u, — ¢, lan &) 4- (¥/p) . tan «
— [M,I1Z, — (e, Z, tan )/Z,
+ ( Ztan )fp Z) (y — &)X (15)
Let y, be the value of y when the residual stress becomes zero,
see Fig 1S,
e atx =y, —e
therelore y,
{o,—e,tana) +e(M, ], — (e, Z tan )1, -+ ([, tan )/p . I,
tan oofp — M [I, + (¢, Z tan )/, — (I tan a)/p ],
o (16)

Lq(ﬂ\txon (15) gives the residual stress at any depth y from the
ncutral axis, whcuns cqaauon (16) gives the value of y when o,
Lecomes zeroy.

As an cxamplc consndcr the casc of a 12:0 in.' Q. B.F. scction
bent to an arc of a circle of radius 80-0 in. (mecasurcd on the
ncutral axis (i.e. )p. = 80-0in.). It will be assumed also that
bending will take place without strain hardcning.(i.c. tana =0,
and that the yield stress o, = 16- 0 tons/in.2.

The residual stress. in thc extreme fibres is calculated from
equation (15) by putting X =y —e

therefore o, = — 11-3G tons/in.2

and by using equation (16), the released bending moment at the
extreme fibres for:

A,Yo<y< ny

could be calculated. Thc spring back in curvature at l'nldSp'lll
could then be calculated and for a span of 10-0 in., it is given by

i
I_{—=0 351 x 10~ Jln.—l
s ) Lo .
where: = spring back in curvature,
r ’ )

For a frame 30 ft. long, the corresponding spring back at the
end point is 0-316in. An error of this order of magnitude
could occur at a number of points along the frame and these
could accumulate to produce a serious distortion in the scction
on completion of welding.
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