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) The objective of this technical vrepo?t is to de-

‘mohstrate - a pract‘,i/cal method by which bent sections, where

!
~

the bends are a¥ in one plane, can be straighten thru a

‘
- &

gréphical me thod. "

of unknown yield stress cafi be 5traightenedq-yws—i—mply—using-*’

| . .
graph paper and a press. The methogd is not only simple but

it also eliminates the uncertainty as to where and how much

permanent "djefo;maciOn is required to bring the part within
specified limits. 'A detailed'step by sgep examp‘lé is dis~_

~

-cussed il the report.¥
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CHAPTER 1

_ "INTR{)DUCTION

Straightening of machined parts.has always been a

-subject of great interest to industry. To manufacture

¢ L3

’, straight partsbis very difficult and therefore methods of

straightening them had to be developed.

The steel industry has developed machiqes capable:
of accomplishing this task}yery accurately, 1In other indus-
tries, it is often necessary to salvage parts bent during

production. ~ .

. ——
- N -

The first stepfbould be fo‘ask an employ;e to tr/
to straighten the part or parts. He in turn Qould use a de-
" vice to apély loads at different points on the parf: This
would be done by choosing points at randpm as to where the
1oéd should be applied. Now if the same employee had a me=-
thod by which he could find the¢loc§tion to apply the load
and coyld determine how much permanent deformation is requi-
red towétraighten the part, he would accomplish the straight-
ening job much faster and more accur;tely and therefore in-
crease his chances of success.

r
¢

Recently, twenty-four pistons to be used as part of -
an aircraft landing gear were sent for heat treatment at a
local heat treating plant. When theﬁgr@turned, they were

bent anywhere from 0.030 inch to 0,163 inch. Investigation

] ¢ *

. , - .- J e e S Lo T




' ' \
as to why the piston; were ﬁ:nt showed that the piétons had,
been suspended by wires which padgfz through them as seenu
q; figure 1-1. This, of coutse, placed the.pistchs in com-
pression allowing them to bend whe; heated to the heat.treat-
tiqg ﬁ;mperéture.

AVAR

The problem was a serious one, Twenty-four pistons

which were quite advanced in the production schedule were bent.

To scrap these meant a significant loss of money and, even

wérse, a loss of time affecting the'delivery schedule, a very

important factor inm today's business.

o

The method discussed in this pape; seems to be the
first to be documented. A computer library survey was dOnek
on the Concordia University's computer and only seven refe-
rences were found to discuss straightening of tubes, pre;,
bars‘and'sections. Six of the references refer to straighte-

ning of sections by machines and one discusses strengthening

of sections by straightening. None discusses the method de-

veloped in this paper. See Appendix 1.

L ]

’

¢ The publication, '' Iron and Steel Engineer

A
clearly substantiates our findings by stating: ''Press

straighSening is still used today where small lots of many

different sizes are produced, for material having severely
M 4
hooked ends and in some prestraightening applicﬁ%ions. Most
oy : ,
A

modern straightening presses are hydraulicallytaftuated with

adjustable bending strokes and other refinements. Output
4

b}

v
v

* -
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Y

-, rience and trial and error.

é)«‘r

. however, is low and depénds on a skilled”opefatof'i judgenent

- (1) .

- ! ’ -
for accuracy. b . - o

. .o &

” - //
A > ‘-
. [

- -

- <
However, as stated above, this method has Pegn prac=

o

ticed p} many in the‘pastl No One)did 4t scientifically but,
s )

¢ v

. 3 . -
rather applied the resultant.qf the method through past expe-

.
i .
.

This report degonstrates that it is possibleh‘o
\4;

-4 N )

. . \
© straighten sections with the adid of a graphical éithoi>’
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* , CHAPTER 2
N > » LI . \,
e . PROPERTIES OF STEEL : .
~ - . . -~ ‘
N +
. ?
2.1 Composition of Pistons, \ "
- : N 1 :
¢ Strlaightening of parts can be difficult using a
: trial and error method. The present meéhod\shows how it cad

I . .
be done accurately eliminating guessiﬁogk.'\But, let us first

a ‘
consider the parts that are to be straightened.

- ' 1
. - . +
. ‘ . The parts are aircraft landing gear pistons made

of ATSI E4340 steel to ﬁiiit%f? Specification MIL-S~5000,

’ ¢K7) AISI E4340 is an aircraft quality alléy steel that is

— a steel which ''contains a significant quantity of alloying

> Ie
element (other than carbon and the other commonly accepted

N amounts of manganese, silicon, sulphur and phosphorus) added
to effect changes in the mechanical or.physical properties."(6)

. v
. R {
. N « v
.

e 2.2 , Heat Treatment

) -

The highest mechanical properties of alloy steel \are

obtained by heat treatment. AISI E4340 steel is. a heat trea-

_~  table steel having high tensile strength capabilities. For
. N t . ’ !
L . our use, the pistons were heat treated to 180-200 kpsi per
s e — ) (8)
Military Spec1f1catloE/MIL—H-6875.
//

‘

Heat treatment has the effect of transforming the
crystal structure. On heating steel through the critical
tang%ﬂ/the~crysta1 structure changes to austenite. The

A

- PR Y S e e e o o e me - . -
’ o — 5T S e B e e “ . [ A




N - o

. ' «
austenite gra1nk are Very small when first formed but %ﬁow

in 'size as time and tempgéatd%e above the actual range in-

Y

creases. Since MIL-S~ 5000 clearly states that AISI E4340

shoul& have a grain structure §ize of #5 grain or finer with

grains as large as #3 being permissible, (See {iguré 2-1
w

and 2-2), the soaking time apnd temperature must be very

(4) . )

accurately confrolled\

By slow% cooling the steel after eéxceeding the

critical range, a fairly soft and ductile steel called an-

N ' \

nealed would be obtained.” In order to attain high tensile

strength, the part must be cooled rapidly. This action of

s

- a !

quenching traps the ausgenite which remains unchanged to

about 150°¢ (3Q2°F) but then changes almost instantaneously

to a hard structure called martensite. This is the hardening

process,

. B

The martensite structure that results is very

brittle. In order ‘to reach the required properties, it

must be reheated or tempered. The purpose of tempering-is

¢

to‘pelieﬁe the brittleness 1in the martensite structure thus

improving the degree of plasticity of the Steel. This 1ig

done by first relieving the internal stresses created by

-
quenching, and then a structure of greater plasticity 1is
f
developed in the steel .due to crysta)llization of iron and
¢ . L

allpy carbides, This results in an alloy steel which is

strong, hard and tough.,

<
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. 3) Graph analysis. : v .
4) Determination of statiops requiiing straightening.
5) Determination of thewsqﬁaogl points.
' ' .
6) Permanent deformation as required to straighten the sec-

A |
»
N
. S ‘ :
g - | / .
> ] »
:"
: CHAPTER 3
R 8 ’ —_—

STRAIGHTENING PROCEDURE

A method was required to straighten twent four
_ q g ; y

3.1 Introduction

'

bent pistons. ‘Analysig showed that the gene}al shape of the
piston was that' of planar curve. It was then decided to plot
the curves to see ‘the forﬁ of the curve. Lqpking at the graphs

I

the pistons had

4

g:ied to the bend in the opposite direction.

confirmed the curved shape but also showed that

bends at different stations, In order to remove these bends

'«

a load had to be -ap
\

This method would n have been a problem, had there been only

one bend on each pistop, but they generally had many bends as

will %e seen later.

*

After a few hours of analysis and brainstorming it

was realized that if straightening would start from one end
of a section, working towards ‘the.center or to the other end
)

of the part, taking each portion as a total section one might

p——

“be able to straighten a multi-bend section. The following

N

procedure is .the method that was developed, and the steps to

/

!

i

be follewed are:
V4

A
Measurements of the section.

1)

27~ Graph of,s the section.

tion.

4

w3




- T

\\ deflection, the " y " value was doubled, that is we were mea- -

’

» .

Howevetr note that this report only investigate

cylindrical tubes made of steel with the deformation being in

Furthermore, ‘the application of the predented me-
Y - r

thod is limited to pistons with length to diameter ra?io of

one plane,

approximately 10:1, with unknown and(gy varying yield strength.”

~

Measurements ‘

‘ The first step ig the operation.consists of measu-

ring the amount of deformation at certain known locations ¢ -

along the part to be étraigﬁtened. In the case of the pistons,

they were .installed on a pair of rollers, as seen in figure3-1, ,9

’ ~

- . ‘. . . . 4
ahd” the deflection measured using a dial indicator acgcuratéd \

Y

to 0.0005 inch. The deflection, or total indicated rgading, ‘

was obtained by rotating the piston in order to find the °

-
" "

7

[N

highest point which when plotted on a graph was the

value. Now since the part was rotated to get the maximum
¢ e,

o2

~ e

t
suring twice the deformation. The " x " value, ot station

.

is the length of the pis-
| .

v

\ as referred to throu%hout the text,
o ton divided into thé number of ipcreménts required to give
the required accdracy. The pistons discussed in this report, .

- .
ere divided into one inch increments.

- ' “ N
z . v
3. . ‘Graphical Method A

The second step was to draw the contour-of the part
. [}

to be straightened on graph paper, the " x " axis being the
length of the part and the " y " axis the maxifitm deflection )

- at predetermined stations alomg the " x " axis.




R

\ =, N y T
. ' . . - : a < . *
- " - ™ e . e -]
. 7 ' *
< > . . ’
. - *
- . . .
. L A . .
19POW uUBWdJANSEAR |-£ 2Jand1g . . .
g e .
. x/’ - J
” - - alqel "uorgoadsur
r . - .
4 M ) ) T~
5 i , .
; . _._.
—
. . , :owmwmv
1 . . ,-
-t . . ‘
—t N Y
' ! J03e2Ipul [BIqd ° :
- @ < §
—m ’ . ) ¥
4 . = ._~ -
uo0q1sTd 3uUag JO MAT)A pajrJaaddexqy:’ ..
. 8
. <
. Y . ’
N _ ’ -
. . . .
- n .
[ ] : . - 4 ‘4
- L -
. . T, L .
| o >
h - T ~ - -
- | . -
' . / . 1 5 . .
’ - |
. . R i | .



» b While inspecting the parts, it was necessary to

- indicate where it .was gupported in order to make the measure-

\ ]

ments and also to indicate on the part the highest point at

every station. ' N
rd L]
! ! - .

r

Once the graph was done and the number 6f‘stations

chosén- was satisfacFory the .graph was analyzed., At this stage,

“

. . / . ~
N a decision is taken as to how much difference in slope can be
G .

accepted between two statfgés. In the cagse discussed in this
report the highest tolerated deviation from the straight line
was 0.002 ,inch/4 inch length., Once the above decision is
taken, theilogétion of the suppo;ts and the required deflec-‘
tions to straighten the pa}t are found on the- graph.
\.g

The siépleét case, a bent section is seen in figure?
' . ‘ 3-2, This represents the curve of the section as measured on
anﬁinspeciion table at predetermined points. The object %s
noﬁ to straighten the section AC. In order to do so, p;int A
must be raised to point A-1 or C to C-1 and the loaé required
to straighten the section needs to be applied at point B
where tﬁé change in slope oceurs. . v

»

. Choosing to raise point € tao, C-1 while the piston

,

. Lo is’ supported at A and C; a line is drawn from point A to C
and from A to C-1 which is the point where C must go in order
to straighten AC, The distance B to B-1 is 0,100 inch. Now,

since this is a total indicated reading, it is realized that

.
» -

s N

¢ - A
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to straighten the part, a deflection of only one half of

f

this reading is required (ref. para 3.2)..

A

Therefore taking
. ,

one half of 0.100 inch which is 0.050 inch, a load would be

LY

applied at B to give the section a 0.050 inch permanent de-

formation. This operation would bring AC'into a straight line

~

accomplishing the objective. This method can now be applied

to parts which are bent in more than one place as seen in the

detailed example which follows. ‘ ‘

4

-

3.4 Detailed Example

Looking at figure 3-3, we have the graph of a bent

pigton. The curve shown, reflects the acmual~shape of the.

weag

“} pisgqn. Points A and F are predeter‘hned, as the support

points used for inspection and points B, C, D and E are al-

ternate support pdints chosen for convenience. The dimen-

sions of the table are a key factor in the choice of our sup~-
A

port points. As seen in figure 4-1 in chapte’r 4, the table

was only thirty-two inches long with 4 six inch diameter hqle

) -
in the center, %

————

>

. From figure 3-3, it can be seen that the maximum
deflection is 0.123 inch. The object is now to raise points

A and Fto be in a straight line wlth stations 10 and 12, ma-

#

king the piston straight.
& o

' Looking at figure 3-3, it can be seen that there

-
is a4 change in slope at stations 4, 6, 8, 12, 14 and 18. RNow,
in order to make this piston straight, these changes 'in slope

must be elithinated. Let us now proceed step by step refering
) . :

~ar

.t maren o P
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to figures 3-3 through 3-10. .

4
e & - .
To remove the bend at SCaaion 4, the pigizz\would

v

be supportéd at A and D. Now to make the line between sta-

tions 0 ana 6 straight, point Al must be raised to A2. To

do this, a load nef&s to be applied at station 4 because

the change @n slope originates from station 4. From.pdint
D, the ;upporg point, a line is drawn to Al, and then ano-
ther line to A2, which is the point where Al must be after

straightening.

“,
e——

In order to ?ind the amount of permanent deforma=-

tion rghpired to straighten portion 0-6 of the piston, we
’ »
take, at station 4, one half the digstance between Al-1l and
- )

- A2-1, which is 0.0055 inch (ref. para 3.2 and 4.1), yThe rea-

son for taking half the distance %etween Al-1 and A2-1 is

4 L

that the measurement shown is the total indicated reading.
\)

-The required load is then applied to ‘give the pkston 0.00550

inch of permanent deformation and by so doing, section 0-6
of the piston is straightened.
-« / r

The same results would havé been possible if we had

4

. used supports at stations zero and six inches. By so:doing,

Wwe would have simulated the general case, as seen on figure

3-1, and discussed in paragraph 3.3, One can therefore see *
from figure 3-3, tHat{the distance Qetweén A2-1 and é}fl is
equfvalent to the distance between Bl and B2, if the piston

b Y

was supported at stations zero apd six inches. Tth@égunt

»

)
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of permanent deformation required to straighten the piston

would be different in both cases but would yield the same
: ' =y
result: a straight seg}ion. ¥ . . . /j
- _ . . S . ‘ . . ’ ('\
’ -

( The next step is to straighten station 0 to 8 by

raising point A2 to A3 choosing points A and E as supports
~ < 5 :

as shown in figure 3-4. FrOé\Boint E, a line'as drawn to
A2 and also to A3. At station -6, where the load is to be \ /

Napplied, tHe permanent deformation requjired is 0.00Q'inch%

Stations O to 8 inches are-now jin a straight line.
A - . .

. 2

=
B 4
r -

-

[y

needs to be .raised to Af. Again supporting/the piston at
points A and E, a line i3 ‘drawn from E to A3‘@nd to A4. At

station, 8 a load is applied to

give a permanent deformation ,

equal to half the distance_ between Al-3 and 'A2-3 that 15?

0.009 inch. Stations O to 12 inches have now been straight-

(e

ened (figure 3-5). .

. \ Py .

Let us now raise Fl to F2, applying the load at
station 18. Choosing the supports to be j;‘aﬁd-F, a line is
drawn from C to Fl and C to F2. \ét‘station‘IB, the distance

From thi réadin the
i ,>5‘ ga/, l\)

total permane?tﬂdeformation required at this point is found

between Fl-1 and F2-1 is 02022 inch.

]

to be 0.011 inch. Stations 14 to 26 are now in a-straight

line (figure 3-6). We then continue by straiéhtéqing sta~

+ tions 12 ‘to 26, In order to aé%ieﬁe-ﬁhis, F2 will have to

’ L)

be ratsed.to F3 by applying the load
— ' ;

at stat'ion 14, which

1e

Continuing with stations 0 to 10 inches, pbint A3 .
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is the point where there is a change in slope. The perma-

nent. deformation required is found again by choosing supportd,

in this case B and F, and drawing a line from B to F2 and

from B to F3. The deformation is then one half the distance -

- s

betweén F1-2 and F2-2 which is 0.007ein%h. Stations 12 to .

- : A
26 are now in a straight line (figure 3-7).

'
.
) ¢ ) \L-
—~— .

) \
2 * - /s
The next step is to straighten 'stations 10 to 26

«

by raising F3 to F4 while supp&rted at B and F. Again a

line is drawn jrom B to FB/and‘B to F4. At sfatién 12 Qﬁere’
the loaé is to, be applied}the pefmanent deformatiqn requi- -
réd is }ound to be equal to one half the distance betweend

F1-3 and F2-3 and that is 0.004 inch (ginge 3-8). .

t )

.I
- A

o Finally, stations 0 to 26 require straightening by

0

.

4

o

applying a load at station 10 while supported at B and F.

&

Drawing a line fkom B to F4 and B to FS, Fl-4 and 'F2-4 are
read to He 0.004 inch, therefore rEqufring a load ;o‘give

station 10 a 0.002 inch of parmanent deformation. This fi-

M 3 At -
nal ldading makes’ the piston straight, joining points A4 to
1 - © N v .

F5 in a.straight line:(figure 3-9 and 3—19).'

H
-

Pl

Théaméthsd was repéate& for twent} four pistons.
wighhresdlts as accurate as 0.002 inch. + In soméNcaées the-
accuracy was only 0.010 inch, but this was dug;to the fact
that in sode instances, where the difference 1n slope bet-

ween each station was small, the best line between three

*

¢ (“ °
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~ 4

points was used inducing'a small error, Greater aécuracy
is cértainly possible but duelto the fact that the pistons
had 3to be fi;ish machined,.tﬁd'accurncy achieved was suffi-

cient, and we were able to return to the original schedule
. N Ry .

¥

with.very little-lost time.

-

ha .

The inguced stress of cold working was, of course,-
not a problem since the next step’af;qr,straighteginé the‘
pistons waé heat treatment which relieved the internal stresses
greated by cold workiné the p{stonsl The heat treatment me-
thod was also modified to place ﬁhe piséons in tension rather

than in compregsion,

S

. .y ..
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CHAPTER 4

STRESS ANALYSIS o !

.1 V/ Loading Stress ‘and Deflection~
Looking back at the method used:to straighten the

pistons, one can see that they were subjected to transver=-

”TEE*TUrcEsﬁind&eingTbﬁndinx of the member in its axial plane.

They can therefore be considered as beams freely supported

with a concentrated load at a point, !

[

In order to induce the required deflection to reach

“

the yield poiﬁt, the force W should be calculated. (2)

Since the pistons were in the annealed c0ndi!Eon, the tensile
L]

"
streangth,

, from which

«

A
where
R 1

o

a= variable distance, distance from support to load.
{

-,

7} B
-

. b= variable distance, distance from support to load.

’

1= length between supports.,

W= force

-

Z= section modulus




:

‘ 0: stress.

i
l
Now knowing| W

, the deflection required to reacﬁ'yield c¢an

.

; be calculated by

4 -
n A= yalp? : ©(4-3)
( ,, 3 EIl S
| r /
' ;
where
® (,
] E= modulus of elasticity . [ -
- \

I= moment of enertia . .
A= deflection - ~ ' ‘ ‘ n
:Once A s known, we add the permanent deformation requ1r89 .

to straighten the gection to the Z& required’to reach yﬁeld.

This gives the total stroke required to straighten the part,
, ’ ' .ﬂ »

1 ‘ S
! .-

” ' ) -

In theory, the calculation of W and JANEY" easy, but

in practice, the results were not consistent, 1It, of course,
o . . | od

was tried- for a few pistons but we were unable to obtain success.
+ -

; . . After investigation, it was found thatfthe pistons all had .
' ' . ” o

different annealed strength. This was due to the fact that

they had been air cooled rather tHan furnace cooled (See
. . Appendix 2). The formulas above are useful only when the N

yield stress is known and homogeneous throughout the part.

It is however not always the case and thus the above method

is not véry prabticall To by-pass the above problem, we_ applied
a load on the piston so as.to give the secticm a permanent

. deformation equal to the amount calculated on the graph. The

permanent deformation reading was taken directly under the ’

. loading point as seen on figure 4-3,°

3
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If we assume that the supports always remain at the

ends and the l’bad‘ing cylinder is moved, the mathematical cal-

; culation of the permanent deformation can be found through the
L geomet'ry of triangles. ,(Looking at figure 4~2, the ‘shape of a

bl
bent section can be determined. Now, in order to straighten

: ' this section, point A must be raised to point B, Therefore

. .

.choosing -our supports as mentioned earlier at A and C, we draw_

a dotted line between C and B and between C and A, thus for-

P L]

ming two right 'anéle triangles ACO and BCO, The object is.
now to find DE by the use of trigonbme‘try. From figure 4-2,

. we have OA, AB, OC and FC. Therefore the angle ACO is equal

N .

-

to

r ~

: tan ACO = A0 . : (4=4)
‘ . 0C .o :

4

and the angle BCO is equal to

- tan BCO = 30 | —_— (46-5)
a OC — *
I

In order to find DE we join points D and F by a straight

dotted 1ine thus forming two other-right angle triangles

DCF and ECI;‘," proportional to BCO and ACO respectively.

Since the triangles are similar, it can be seen.

that A0 is‘proportioﬁal to EF and B0 is proportional to DF,

" Therefore since the'required unknown is DE, we must find DF.

v

‘'From similar triangles:

/
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, DF = tan BCO = BO (4-6)
g , FC ) c
frolm which ‘.
DF = (BO) (FC) T -
0cC co
Now fince ACO is gimilar to ECF we find
% EF = (tan'ACO) FC (4-8)
" and from equations 4—7 and 4;8, we obtain ,
N i , | } ‘f
DE = DF - EF (4-9)

The permanent deflection can now be found by dividing DE b)'(
two (ref. para 3.2

‘ 1

L

It must also be noted that the load is applied per-

pendicular to the part when resting on the table. Therefore
- <« .

S

the arrows on the g'r:aphs should be at a slight angle when, on
th: gr.aph, supports other tharn 0 and 26 are used.‘ However ‘due
to the small values of"' y " compared to the length of the
part, we can consider the loading angle to be negligible.

R

4.2

Pl‘astic Deformation’
,In order to'obtain the 'désired,permanent deflection,
the pistoﬁ was suk;jected to a load high enough to exceed ~r.he
yield stress and to produce a permanent deformation eqtal- to

th;}[amount calculated on the graph., Such bendi-zig of a steel

section beyond the elastic ranée of strain is called plastic -
. - ’ oty . - e * h
bending. (14) _ - -~ 00
" Let us consider a steel beam with}.the stress-strain -

S e v et

- ", \ . Y
v v . - ~
.
. - '
.
P M . R Ttea * .

PP P St bt ]

o [ R MW X TIPS



- | L

diagram shown on figure 4<3, Since the elastic limit stress

e
and the yield stress are almost identical and since the plastic

~

strain during yzziding can be much greater than the elastic

strain before yielding, it is customary to idealize this stress-
ra,
‘ \ .

"

strain diagram as shown on figure 4-4. In this diagram, it 1is
. i o B
assumed that proportionality.between stress and straip hold
¥

up to the yield stress apd that for any increase in strain

beyond this point, the stress remains equal to the yield stress.
2

It is also assumed/iyat the material has equal yield point in .
- €10)

tensiop_and in compression. Assuming the beam is made of an

L) -

elastic-plastic material, and subjected to pure bendinfg, and if .

- . .

the bending momentsy¢~M, are small, and the maximum stress in
the beam is<1&ss than (7;, the beam is considered to be in the

ordinary elastic bending condition with a linear stress dis-

; (11) -

tribution as shown in figure 4-5a.

L4

If the bending moment is increased above the yield

—
4
-

moment M_, the strain at the extreme fibers will continué to
’ . ¥ a )
increase and they will finally exceed the yield strainﬂEy.

.

However because of the plastiec conditious, the /maximun stress

will remain- constant and equal to the yield stress G?(see'

-

figure 4-5b)., The ouyer portions of the beam have become pl -

tic while the centrafl core remains elastic, By further increa-

©

sing the bending moment the plastic region extends inward to-

wards the neutral axis until the conditions of figure 4-5c are
. P |

i

reached.

3
- 1
. i

At this stage the strain’in the extreme fibers is’

>
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perhaps ten {to fifteen times the yield strain and the elastic
\\_,,m\ ,

‘core is almost non-existewt. Thus for .all--practical purposes,

the beam has reached its ultimate moment resisting capability

@ \ . .

and the idealized stress distribution pattern can be drawn

up as in figure 4-5d., The bending moment correspoﬁding to

,

this idealized stress distribution is called the plastic moment

Mp’ and represents the maXimum moment that a beam of elastic~-

~
v

plastic material can be subjected to. B

[
To find the plastjic moment isovery importadnt since

it is the limiting moment that the beam can withsfand. To

>

find Mp, we begin by locating the neutral axis of the cross

section, If the section is rectangular, the neutral axis 1is
L .

located at the center., Above the neutral axis, the fibers
£ »

are in compression and below the neutral axis, the fibers are

in tension. Then since the suin of all the internal force

«\\‘ . . !
must -’ teduce to a couple equal to M . it follows ﬁhatk(lO)

and
: Oyphr¥i* Gyphpvye My (4-11)

where A = area below the neutral axis
A= area above the neutral axis
Y. distapnce to their centroid

= distance to their centroid
Y2

Oyp=

From equation 4-10, we obtain AI=A2-A/2, where A-A1+A

v

plastic yield stress 4

2, that
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*
is the total cross sectional area. If A1 and Ai are replaced
by A/2 in equation 4-11, it follows that}’ '
. ‘ M- Ay, +y,) . (4-12)
P ka;P i(yl Y2 L
where Mp is the plastic moment.
For the partiéula% case of a rectangular cross sec=
tion,.y,= y, ="h/4, and A=bh . .
C M= O bh(h+d) %
poYPTTTL O L
' . ,o . *
- bh . ‘ -13
‘ O‘yp__ ‘ ‘ (4-13)
. »
. whereN' b= base of recténgle . .
h= helght of recgangle. S
To compare, the maximum elastic moment 1& :
M=, 2= bh . 4-14
e Gyp 22 Tyt (4-14)
where I, is the elastic moment. ‘ ‘
Thyrefore dividing the plastic moment by .the elastic moment,
we Obtain: “
, 4
. A -
M _‘222 3 v o
R , (4=15) ¢
3 Mo© T, ) ) .
. bh .
e N s | .
v -
'} . ’
‘. \"
A .
- 1 ." ‘

&
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It can, be seen from this result that a rectangular section

can sustain 507 more load before unlimited deflection oc-

(13)

urs than caused by its first yield. Each different
£ \ . g

]
. - o . . M
cross section exhibits a different value for the ratio _p

M
e

called the shape factor. In the case of a piston, conside-
. . , . TN
ring the preceding procedure, it follows sthaty
— \. .
. i Y
M = A {4-1
P 0;93 (y,+y,) . (4-16)

if:

2 2 '
%- A, = Az-?(a - xt0) (4-17)

s (R%s res r?)
_afd ) N T T TR T T (4-18)
where R= large fadius
. r= small radius L)

Replacing in equation 4-16

J ,
2_ 2 v 2 0%
. M= CEFZf(R r°) (2) (36 ) ((R +Rr+T )) E
- P (R + )
d@ (RZ_rZ) (R2+Rr+r2) 4 .
Al : (4-19)

1 =
.

3 (R+r)

which is the plastic momént. Now the elastic moment, as

., (9) .

we know 1is:

M= q;p o . - (4=20)
. 64 ' ‘
where vZ= 0.785 (R'=r") ) (4=21) ,
. ‘ R ,
therefore M= G, (0.785) (R*-c®) (4-22)
S~ 1 4 R
E , M :
Now taking _p we have:
M
e

7

p




L 4

4 " (Rz-rzl(R2+Rr+r2) )

v 3{R+r) : , o
M €4-23)
M "o;p<o.7ag)(a“_r“), | T
© M ey (RParrar?)(R) (4-24) . ¢
Me 3(0.785)(R+r)(R4-r4)
\ o 1.70(8%-r?) (R%4Rr+x2) (R) (4-25)
- C(Rer) ' (RY o) | e
C1.70(R) (R3-13) | (4-26)
. (Ra—tA

) | .
" ! '
Thus thg shape factq&/&ﬁ depernndent upon R and r, but from

"

tables in referendg books the shape fag}or for a circular

! (12)

ring usually varies between 1.25 and 1.70.

In tge

case of the piston worked upon the shapel faector is 1.44

. \QI
based on R=2.850 " and r=2.125 ", \\
, ﬁl ) ~

Once the beam has reached ﬁhe plastic moment

_yp, it will cenginue to deform without any increase in the

1

applied bending moment thus forming a hinge, or better
known as a plastic hinge. The term plastic hinge arises ™
)

from the fact that the beam under a large mément will have

a small zone which is plastic thus allowing the beam to

" rotate, at the hinge cross section. To bq;efly explain the {

‘plastic hinge concept, let us consider a simple beam sub-

jected to a concentrated load at the center (figure 4-6b),

The bending moment diagram as seen on figure 4-6b _shows

a triapngular shape with maximum bending moment being E% .

'
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Figure 4-6 Plastic Hinge
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’

If the maximum bending moment is greater than the yield

moment, My, but less than the plastic moment Mp, we ob-

~

tain a region in the central part of the beam, called a

'region of contained plastic flow (figure 4-6a). The dark

b ,

areas on the figurés show-.the fully plastic zones., The
curvature diagram (figure 4-6¢c) shows that the curvature
increases linrearly from the ends of the beam towdrd the

middle until the edges of the plastic region is obtained

‘ L]
At this stage, the curvature is equal to the yield value

ky. From this stage the curvature increases at & much

faster rate énd it reaches kma at the center of the beam.

€
The maximum curvature remains finite as long as an elastic

i

. 4
core exists at the center of the beam.

' ' . -

As the load is increased and the maximum

bending-mkment approches the plastic mgment, the region of

plasti¢ity extends farther inward toward the neutral axis

at the middle of the beam, Finally when Mmax is equal to

Mp the cross section at the center of the beam is comple-

.

tely plastic (figure 4-6d, 4-6e). Thus the beam behaves

like - two ridgid bars linked together by a plastic Linge,
' (-

allowing them to rotate,relative to one another.

\ L)

-

i
. )
4.3 * Internal Process ¢
o .
) From experimental results, it can be segn that

the method, described in this paper, gave good results.

1 , o on
5 fom saveler msssi: e s . o A e s e
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The inter#l process which allowed ‘the piston to be straigh- -

tened will now be described. Since no heat was used, the |
4+

pistons could be classified as being cold worked or ‘strain
“

~

hardened.

Metals not strained or deformed are composed
of crystals which are arranged in an orderyy pattern. These
meéals are composed of many crystéls called grains, Wﬂen
the metal is qé%ormed to its plastic limit, or cold wor-
kéd at low enough eéaperature such as room température,
the metal is strain hardendd. Strain hardening results

from the. rearrangement of the atoms into a distorted lat-

tice, that is the atomic bonds between the atoms are bro-

ken and place changes occur in the atomic lattice.(ls)

"This place changing is the change of positionm of atoms .

relative to each other, therefore - causing an irreversal
\ .

action to take place even upon release of the. load. The
‘pért is said to have yielded._ Although the atoms have'rear—
ranged themselves along the slfp planes,* the new atomic
bonds are as strong as the old ones. Therefore in general,

the fact that a part has yielded does not necessarily

mean that the part has failed. As a matter of fact, this

—

plastic deformation produces an ingrease in tensile strength,

yield strength, hardness and also a decreage in ducti=-

lity, The operation of cold working also creates internal

stresses in the material which can be good or bad for the

parts, depending on their use. If these internal stresses

)
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are not helpfull or requiréd, they can be relieved by heét

(15)°

treatment of the part following col& work., Durxng ‘heat

treatment, two distinct processes pccur. The first is cal-
¢ , pccu ‘
led recovery which has the effect of relieving internal

stresses. This, K occurs, at low temperature and does not cause
v . -
¥
any appreciable changes in hardness or microstructure. The

second process is called. recrystalisation and grain growth.

When the temperature is increased to a sufficient degreé;

the small unstralned gralns beglm to replace the stralned

- gralns of the cold worked metal.(IS) Eventhough the pistons

-

. \ ~have been cold worked all the internal stresses can be re-

lieved by heat treatment, , -

@

~
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CHAPTER 5

‘ COMPUTER METHOD

5.1 ) Computer Program Development

Since at the time of the bent piston inci@ent, a
c0mpﬁter was not readily available, tﬂe straightening me-
thﬁ& was not computerized. Today, three years after thé
incident, a small computer ﬁfogram has been developed to

calculate the permanent deformatidn reguired to straighten

‘the section and also locate the right and left supports.

Although the program development follows a slightly dif-

‘ferent route, compared to the graphical method, both me-

thods are similar and achieve the end results of gstraigh-

tening the section,

-

.

Let us start with a bent section as shown on

—

figure 5-1. The objective is to find the slope of each y
line between each mea%urement station and to align one

with the other. This step is repeated until all the stations

are aligned with each other therefore making the section

straight.
The section ABC has a bend at gtation 'two

inches. The object is to raise point A to point E by:
applying a load at B, so that ABC will become EBC, a

straight section., The first step consist of obtaining

-

the slope of line AB between stations zero and two., This
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in done by taking the "y" value or delection, at B less the
“y" value at A and dividing by D, the distance between mea=

surement stations. The second step is to obtain the sloﬁe

of line BC between stations two and fout. This is also.done

by taking the "y'" value at station four less the "y" value '
at station two and dividing by D. Now that both slopes are . - -
known;it is pbssfble to find the angle alpha by simply s?b-
tracting the slope of BC from the slope of AB.
. SN

Generalizing,.the straightening angle can be _
calculated as: ) - ' .

ck - yn_yn-l yn+l—yn w A ’

v

()3 = Gy ) * You0)

(5-1)
D -

where Y is located at the load application point. The

next step consists of finding At. Since the slopes azre _—

very small, we can assume that AB is equal to D, from

LI

which

Ara & (x,-0D) + O (5-2)

P

where Q is the posittgn of the left support and,x‘ is the -

location of the first loading point. It isfknown that Amn

is proportionnal’ toAy and the value of Ay is dependant

upon the location of the supports. If we have the right. '

-

support located at station eight and the left support at i

-

station zero, then our problem gives:
s ;

1

— ¢ . . b

[ . l
e 2o i« 3 ket e — - . L a3 a8

v~
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Ar (Ro-x)) (5-3)

Ay \
(RD = QD) |

1

where R is the position of the right suppoﬁt. Now 1if x|

Zomés from x, = ND where N = x/D which equa&s lenght of
* .
ection divided by the spacing between meas&rements:
: AH (RD - ND | 5-4
. . [&Ys ( ) “ (5=-4)
. (RD - QD)
and replacing.ﬁkH by its value, from equation 5-2, -
d\(xl-QD) (RD-ND) \' (5-5)
. Ay - , \ n
(RD - QD) ’ \ )
- * \ N s .
(ND - QD). (RD ~ ND) (5-6) ) oo
Aya 2 Q ) ’ i
(RD = QD) . o

where N is the load application position equal to one on o i

figure 5-1, Q is the ‘left support position equal to zero.
) ¥ . »

A [l

on figure S-H and R is th% right support position equal

to four on figure 5-1. Since O is dependant on D, we can
. |

replace &\ by‘ AD (from equation 5-1) and| divide every-

£

. | . -
where by D in equation 5-6. By so doing the general equa-

tion becomes:

Ay - AN -0Q (R-N) (5-7)
(R - Q) |

Remembering that the "y" value on the graph are equal to
g y ; 9

the total indicated reading (ref. para 3.2), Z&y must be
‘ ‘ |

- 2
divided by two in order to get the‘perman%nt deformation -
! .
required to straighten the section at point B. Therefore |
A y becomes: — : ‘ - . ’
Ao A08=Q) (R-N) (5-8) o

2 (rR-Q)

T N
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To summarize, the computer program consists of two equations:
. 2 ,

one for the calculationtéf angle A and one for the caicula—

<

tion of Ehe'permanent deformathur[&y, required to straigh-
; . ,

ten the part or section of the part. A complete computer )
4 -y N A -

o ’ . )
print out of the computer results is included in appendix 4.,

v

) ‘ o ﬂ
5.2 Flowchart N Ce
o ' . ® . ! ) )
# In the preceeding paragraph we have discus- : N
sed the mathematical approach to the computerized straigh-.‘ .
tening procedure, Let us look at the computer réasonning . -

)

that allowed us to create a simple program capable of sol-
ving the equations. The 6omputer used, was a Radio Shack ’

TRS~-80 Model 111 with 48K of Ainternal memory and two disk

drive. The computer ldnguage is TRS~80 Basic. The- following
is the flowchart for the proéram entitlied: "Section straigh- °

tening program" and gives the graphical representation of

g S
o ~

our problem.’
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Ts=
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Q=0
] Q=4
TN
~
P - .
! : Calculate o :
E S i < ,
calculate Ay | ,
’
. Print
! - N,-Q, R,Ay
End
- ' . I3
— ¥ N
KX .= Angle in Radians

Length of Section

Distance Between Meahur:::Rfs

P .
Half table Length

L

Variable Length

Deformagtion

i

. ‘ .
Number of Measuregperdt Points

" Right Sapport

Left Support

-,

[

o et o cmt b b A apiore et et e A, A SRR, n

Ay .

Permanent Defor-
mation Required
t? Straighten

the Section
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5.3 Program Listing / ‘

.

From the flowchart of paragraph 5.2, we can

derive the following program listing. Again, as mention-
* ’

»

ned, the language is TRS-80  Basic.

100

104.

106

110

111
112
120

25

130

135
140
141
142
147

148
149
150
160
170
180
190

- 200

210
220
226
230
240

2

CLS
INFUT
NUMBER ¢ " F
LFRINT CHR$(138) !
INFUT
LFRINT
TAE(43)
CHE$(13€E)

DIM\X(L/D)»Y(L/DJDY(L/D)

AS="¥ . FEE¥"

FOR X=0 TO L STEF D
N=X/D
- INFUT

X{NY=X

NEXT X

LFRINT CHR$(138)

LFRINT CHR%(138)
LFRINT TAE 13)
FART®

LFRINT CHR3$(138)
LPRINT TAE(1S) *
FOR N=1 TO (L/D-1)
R=N+T/D

IF- RxL/D THEN R=L/D

Q=N-T/D

IF Q<0 THEN Q=0

IF N*4 THEN Q=4

' ) .
*PFISTON NUMBER ¢ 'R /3
LFRINT CHR
"LENGTHy» BFACING » HALF
TAE(1S) "LENGTH

"HALF TABLE

"EXCENTRICITY
"EXCENTRICITY (T.I.R.)

'FERMANENT

N*y*®

s

L/

/
e

LFRINT TAE(1S) ‘*FISTON

(138)

C-TAELE" 3LyDsT :

"Ly - -TAB(30)"SFACING = "Dy
*TILFRINT EHR$ (138) {LFRINT

s

i

(THI RWI"IYIN)SLFRINT
= "USING A%iY(N) ’

y 4

13

\
DEFORMATIONS TO STRAIGHTEN

g
e

R*s* DY i

A=Z2XY (NI~ (Y(N-1)+Y(N+1))
DY<LN)=C((N-Q)X(R-N)*A/ CR-Q))/2 o .
LFRINT TAECLISINyQsRy (LFPRINT-USING A% DY (N) )

NEXT N
END

TAE1S)

g ' .
{ ‘
1

o
PN
S N IR o

% R
Y
T

-



5.4 'COmparison of Results .

The computer program listed in paragraph 5.3
o ' \

was, as meniioned earlier, developed several months after
the graphifal piston straightening procedure. We can recall
frém chapter 3, that_ the high areas ot the pistons, were
found by rotating the pisténs on a p&ir of rollers, using

a dial indicator along its longitudinal axis and marking

the samé high areas so that the load couhs»be applie& at

that point. Oncentﬂese measurement were taken tge graph.

was drawn, and the gra;hica} analysis gayve a number of | ’

location ghich rquired straightening. The.straightening
N

.

‘was done by applying a load on the high areas marked car-

’

lier and inducing a known permanent de?ormation to the pis~- '

ton. As we can recall in chapter 4, the original idea was
- 4 .

’

to-calculate the.deflection reqﬁired to attain the yield

strength and then add the permanent deformation found on

our graph. But, sinEe the dnnealed strength was different .
for each piston, it was decided, after a few unsuccessful .

trials, - to apply a load to the piston until the required

permanent deformation was att;ined. Tpe reading was taken

directly uider tbe loading ;yligﬁe; on the opposite side

of the high area. It was very easy to obtain the calculatgd -~

permanent deformation (re. figure 4-1).

' " Unfortunatelysy the end result was not recorded

L

- . ~ ’ .
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- due to a time factor. The pistons were inspacted after straigh~

could haye been as high as 0.025 inch, since we had to ma-

_graphical methods are similar and should therefore yield

;R by A e 8 oy me s - e o ot e ——— .

v

/ - ‘

tening but nothing was recorded if the defléction'washwi- Cj
thin plus or minus 0.025 inch, The pistons were all

straiéht to within plus .or minus 0.010 inch, with the ma-
jority yi;}ﬁ&ng results of straightness within 0.002 imch.

Since the pistons had to be finish-machined after the ‘(-'

straightening process, the deflection, after straightening

chine 0.100 inch on both the inside and outside diameters

'

after heat treatment., The finished part has'tolgrances of -
minusi0.00I inch on the outside diameter, plus 0.002 inch |
on the inside diameter, a concentricity of 0.002 inch and

a perpendicularity ofi.0.00l inch with the end of the pis-
Q .

. ton. : , '

v -

A3 previously mentioned, the computer and the

the same results. In order to compare the two methods, let
us take two pistons, number one and number eleven, and com-
pare the results., The graphital method was redone for the

twd pistons so as to respect the support points used in

.

the computer method calculation, therzfore enabling us to

-

compare the.accuracy of the two methods. Also note that
-ne

-

the computer method starts from station zero and progres-

ses until the last station is straight,

[ | ,

.o
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sypports.

Computer supports are expressed in half graphical

-~

é% e o
-'50 - ’
N\
Piston No i )
Suppor{ z&& Ay . Computer
.”Statigps ’ Graphical Computer Suppo?t Sq;tiods ;
N I‘___ . . .
.0 & 18 - 0.0035 0.0040 - 0 & 9
0 & 20 0.0L15, 0.0112" 0.& 10
0 & 22 0.0075 © 0.0076 0 & 11
0 & 26  0.0140 0.0187 0 & 12
8 & 26 - <0.0020 -0.0022 4 & 13
‘s & 26 . 0.0030 0.0031 s e 13
8 & 26 0.0000 - '0.0000 4 & 13
8 & 26 -0.0080 . -0.0089 ‘ 4o& 13
8 & 26 0.0000 0.0011 4 & 13
8§ &26  0.0000 0.0010- 4 oy% 13
8 & 26 - 0.0030 0.0023 “ & 13 A
8 &\26\ 0.9096 0.0000 4 os 13

P O

B




Support

Stations

® ® o ™ o™ W
Ro

, @
-

e, e b et e o e By e 0w A

§ 26
& 26

& 26

% 26
& 26

26

Note: Computer supports are expréssed

supports.

26"

- 51 -

Y

Piston No 1l

~ Ay oy
Graphical <

0.0000
0.0190
0.0040
0.0200
0.003d
0.Qp70
0.0040
0.0040"
0;009§.
0.0000
0.0000

-0.0020

o,

ZSy

Computer

0.0004
0.0176
0.0044
o.daoo
0.0031
0.0062
0,0040
0.0033
0.0089
0.0000
0.0008

-0.0013 .

e

1

)

Computer

Support Stations

0 & 9.

Fl

0 & 10
0 & 1t
0 & 2
b & 13
SR
4 & 13
4 & 13
Ve 13
4 & 13
4 & 13

4 & 13

in half graphical -

FIVRFTS.
; I

R
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5.5 Accuracy

As can be 'seen by comparison of the ‘graphical 4dnd

%]

computer method, the results are very similar. The computer

Ty

method is certainly nore accurate because it calculates the,

permanent deformation from precise deflection readings and

v

it does not take the best line/ between three or more points,
as was done, in certain cases where the diffghgpce in slope
was‘small. The computer method is also more precESe becau-
se it does not require drawing or reading from a graph.

. .
Whereas ;n the graphical method, the accuracy of the re-
sults is directly dependent upon the precision with which
the graph is done‘and the accuracy of reading.On the ave- .
rage, if can be seen that the graphical metﬁqd caﬁ yield

resylts within 0.001 inch accuracy, as compared to the com-

puter method‘(tef. para 5.4). Recalliﬁg the results obtained

" from t%e straightening of our twenty-four pistons, it can

1
t

certainly be said that the graphical method is functional,

accurate and most importantly very simple,

- » i
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. CHAPTER 6 -

CONCLUSION

Straightening of material is an important aspect
for many companies inwvolved in the produ‘ctioﬁ of parts that
require stra}'.ghtngss to be within specified tolerances.,

7 - ‘ .

The object of this technical report was to intro-
dt{ce a new graphical method which Jallows straightening of
se;,tions by ‘finding, cyctly on a graph of the sectiOn‘,
<« the load a;:plicatiod points and the amount of permanent

def;)rmati;m required to bring the section within prescribed
tolerances, 'The method was however only appliéd 3:6 steel

cylindrical: tubes with variable or unknown tedsile strength

having planar deflections., During the first stages of the

‘ . P * .
lnvestigation, the use of the stress formulas to calculate
Xl

A yield and then add A correction from the graph was:
) consideréd, but this route was rapidly abandoned due to 'it.s
non-practicalicty,
The method described herein is 'a simple, yet
Verf ‘practical and useful, It allows anyone who has access

to a .press to straighten parts to 0.002 inch accuracy or bet<

ter.

The important factor about thie method is that




it eléeminates guessing as to the amount of permanent defor-
mation required or tixe location where the sgraightening load
is to be applied. By so doing, the chances of straightening
tt;e parts properly is greatly incre;sed. As stated in the
introduction, this seems to be the first time that any such
work is documented, After working on our pistons, this gethod
was applied tc other parts which required straightening and
the method was just as success ful, Of course, this meth{od
was-only applied to steel parts, and evgn though it 1is "high-
ly imnprobable that it would not épply to other metals, the
app’li“cati‘on of the method to materials different from steel
would be of interest.Another field of interest would also .

be the investigation of the method on parts h'aving bends in

different planes.

The computer method developed and described in
this report was done tﬁree years after the incident. It is
a very simple yet usefulA method. Other computer programs can
certainly be developed but one major asset from the computer

method is its greater accuracy. The accuracy of the graphi-

cal method can be affected by the interpretation of the user.

Computerized methods can be of great help to ;:om—
panies which have bent sections, but no qualified persounnel
to calculate and straighten them. By simply processing the
information, anyone within that company, with a little me-

chanical skill, would be able to follow a step by étep pro-

S, .
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cedutre given by. the computer ‘p.rin‘t'out:. One might even' go as
far as making a scale drawing of ths part with all the perti-
‘nent data.aThe time saved and the parts salvaged would cer-
tadnly offset the.price of the compute; Tun, Neverthei’ess,
no matter how complex the program can be made, the end re-
sult»s. will be that anyone can have access to an easy and re—

liable method for straightening bent sections. ’

Just oné¢ word of caution is required. If the
work,ig done on high stl;ength partg, it ig recommended to
fully iqsggct thedo after straightening b\}" a non-destructive
r'net:hod’and subsequently to have them stress relieved.,’ The
non-d,estructi\;e inspéction is recommended due to r.he.‘ possible

aPpearance of cragks after cold work, - ‘ !
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« Sutton Eng Co, Pittsburg, PA

'straightening m

- 60 - -
) I\J//

COMPUTER SURVEY

Q7908

0064674 e ‘ S

straighﬁening non-circular. and Jﬁin—
wa%&ed tubes. ] . n

A, . \

Machines for

Maskllelson, AM.

Rotov, I.5.; Moskalev, V.A.;% . -
Kudryashov, B.I.; ’

Levitan, V.YA.
All Union Metal Plant Res Inst, USSR
Steel USSR V8 N 10 Oct 1978 P574-576"
.. -3
SUSRA
Relling milk practice; tubes; manufacture.
A535; A632 ' | ' * ..
Q7803 o , ) :

0091910 ‘ .

Modern étraighteﬁlng machines for pipe, tubes, bars
and sections. Sutton, John B. Jr.

.

Iron Steel Eng V54 N 11 Nov 1977 P 38-45
»

IRSEA

S . )
Straightening machines; rolling mill practice;qua- !
lity control. )

L

A535; 4601 4 d ‘ /

Q7702
0013518 ‘

Pipe straightening machines-2. Selection criteria
and design of t;? most important tube and pipe

B3k e ot e

hines.
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steel tubes in

. -

Fangmeir, Ralf

Th'. Kieserling & Albrecht, Solingeh, Ger :

\ ‘ .
Baender Bleche Rohre V 17 N 9 Sep 1976 P 366-372
BBROA ,' ‘ :
Straighten}ng machines

A535; A601

Q7701 . T

-
0006387

1 4
Straightening machines for tubes and pipes-w1l.
Straightening principle fgr conventional cross roll

straightening methods for tubes and pipes: origin

’

1)

. . . J
Fangmeir, Ralf . .o
P L]

Th. Kieserling & Albrecht, Soligen, Ger. .

of the straightening effect.

Baender Bleche Rohre V 17 N 8 Aug 1976 3'333~337.
. . ,

BBROA

. Straighteningipachines; pipes;, forming; tubes.

»

A535; A60l; A619;\ A415; A632. ,
Q7695
0035390 N

]
f the strenghtening ot stainless

iéh#ening.

‘ :
Vil'yams, 0.S.; O ik, 0.V.; Sigal, T.L. 4

. Nikopol'South Tubeworkﬁ:‘USS&. ) L

Steel USSR V 5 N 6 Jun 1975 P 3304331
SUSRA oo ’
Tubes; Stainless steel

A415; AS545 \
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Q740) 2. ?
£003876

‘
Selection of "cross roll straightening machines fq;~

rounds and tubes. . \_:?

Brown, A. N. .

Bronx Eng Co, Lye, Engl. - #. )
Iron Steel V 46 N 4 Auj 1975 P 355-360. ’
ISTLA” S | o
Rolling mills; Metal forming; Tubes.

- . s

00-4415; 00-A535.
Q7105

E025857

Tapered roller beanings'set crodked tubes straight.

Anon ' : \ ( -] ’p//

Power Transm Des V 12 N 9 Sept 1970 P 58-9

PWTDA .

Strajightening macﬁines; tubes; forming.

00-A601; 00-A619 . g
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APPENDIX TWO
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Defléction'measurements of pistons.

Hardness test of pistonsﬁf
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HAFDNESS TEST
&Eg_é__l:{g__  Rockwell No. ( "C" scale )

1 . 36 37
2 * 36 37

-3 36 38.5
4 36 35
5 7 £35 . 38.5.
6 32 35,5
7 : 32 w5
8 g 37.5  .38.5

9 35.5 33

10 34.5  35.5
11 %, 31.5
12 e 30.5  38.5
13 36 33.5 .
14 " 35,5 35
15 ) 33 32
16 4.5 ¥
17 4.5 37 L
18 4.5 36 R
19 < 40 37 ' /\/
20 36 .38 ‘ ~
21 8.5 137
22 4.5 35
23 35 35.5
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Graphs of twenty-four pistons showing location, sequence,

and ahount of permanent deformation required to straighten
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APPENDIX THREE
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Note: Original size of graph paper was 10" X 15" .,
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PISTON N°
Sequence Support Station Load Station [Defarmatian
1 0" and 18" 2" 0.003" ,
2 O" and 18" 4" 0.,011"
3 “on and 29n 6" 0.0b7"
4 O" and 22" — |- - - 8™ 0.013" - o -
. ~
N
PISTON Ne -, |
Sequence Support Statioh Load Station |Deformation
oo .
1 O" and 18" 2" 0.,004"
2 0" and 18" an " 0.006"
RE 0" and 18" 6" o.oco
4 0" and 22" 8" g.012"
5 10". and 2R/" 15" 0.008"
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y PISTON N° '
Sequence Support Statiod load Station |Deformation
1 O" and 18" 4" o0.,011"
2 0" and 22" g" 0.008"
- 3 10" and 26" 20" 0.011"
4 10" and 2K”" 16" 0.015"
5 O" and 22" 12" 0.020"
H
1
' .
PISTON No ,
; Sequence JSupport Station Toad Station |Deformation
; : | , .
1 10" and 28" 1gY - 0.011"
[
<
' /"‘9 , v g °
, ..
- ¢
0 2
B o v
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PISTON N° s

Sequence Sggport‘Statink Tnad Station |
¥ 1 0" and 18" 4 0.012"
2 0" and 22" 6" 0.008"
3 0" and 22" g" 0.006"
4 10" and. 2/" 18" 0.004"
5 8" and 2" 14" 0.014" .
s
’ £
‘ L,
PISTON' N9 N ‘
Seguence Support Statioh Toad Ffation Deformation
1 0" and 18" 4 0.005"
2 On a~nd 22" 5" 0.008"
-3 0" and 22" 8" 0.010"
4 10" and 2" 8" Q.Oll”
5 &" and 26" 14" 0.007"
‘6 8" and 26" 12" | 0004
7 8" and 26" |> 10" 0,002"
1
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4 &2
i ¢ .
1 » PISTON N¢ 7,
o M e
Seqyence Support Statioh Toad Station |Deformation
A r i @
<::\):\; 'ge as is, -
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14 ' \ 3‘ ¢
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// o o
| i
) s . .
l - PISTON No ¢ =~
‘[Sequence Support Statioh Lged Station {Defor n ,
—_1 0" and 18" 4" “g.007" _
o2 O" and 22" 6" 0.006" : " \\
3 0" .and 22" -g" 0.006" "
4 10" and 26" 18" 0.003" .
5 8" and 26" 4" 0.007"" :
5 8" and 26" 12" .VIO.OO'T" \L\
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~A_PISTON NC s

. Seguence §3ppo?\;5tatio Load Station |Deformation |
AR | 0" and 18" 4" ~0.013"
2 0" and 22" 8" 0.010"
3 10" and 25" 22" o.003"
4 10" and 26" 18" 0.,005"
5 8" and 25" 14" 0,008"
i
i )
PISTON. NO 10
Sequence Support Statioh ILoad Stasion {Deformation
1 10" and 26" 18" | 0.009"
i
2 10" and 25" 14" ‘ 0.002"
. 3 8" @.nd 26"" 12" 0.003"
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PISTON N¢ 13
Se@encex Support Statioh Load Station | Deformation
) .
1 0" and 18" N 0.019"
i2 0" and 22" 8" 0.022%
3 8"~ and 26" 18" 0.009"
4 8" and %" ‘ 12" - 0.0058"
c 5 O" and 1’8n . 1ou 0.010»
\ =

PISTON NO© 1

v
Sequence Support Statiop Ioad Station |Deformation
" Y y
1 0" and 18" 2" 0.004"
2 0" and 18" 4" | 0.011"
- 3 O'n’ an& 22n 5« 0.010“ ,
4 0" and 22" g 0.020"’
5 , 78" and 26" 12" 0.009"
S o
e ,, ¢
~ ) e
L) . ‘ «
by ; ~
, . (\,../' - B !
e B e B - e b m— — -~ v

e A Bren A T




-

et .

. « — et T aE e o
3 o ’ ¥ B
N ' » - ) —
. . w 3 b i
1 _ = 1 _ = i t i ! _ . —E.Eu_ __ _ m H
_ F% Y;n.t H H r i E Ex 14 E H
i :.._I | t 11 ) H
* sl e it il i i
i, # j i i I D !
.'L
u LY : H] ! thlah Hehl HE
* 1T£ i i H“.. .::T il ._w A I i _u .. zu E.ﬁ
! ! HIH 1§ i i 1 i ! a8 £
T e i il M i il ”
sy ~ \ i u m_ * HIE i : H L i me, !
] i H H ; i
| 1 L" it i | ! Hi it il Hililiti i
| 1 i Ul | T RN R il |
._ H R 1 1 { il #_ i H {
i Emt ! il i } i 1l : i i w
1y ' B 1 ! il Hli it Hijkiin
i f i *..:E. i I ﬁb { ._.w i rz‘ an f ﬁmmu e il i
z | i | ”: i f I ﬂ.r i i ]
{ f i u_w Wm . 4 mt. amﬂ. il ] : 4 1 .M ru 1,m_ m THE m 1 f
i & 4 wv. ﬁ”. : 5 L rﬂ, ‘ ; iifii Lr,F.
H _L ﬁ é il Il U H Lm m &ft i il
At Ir tl i { ﬁ ﬁ ~ | ,A 4 __ H i ﬂ t ”:.r ] 1114 il I]
] i 1 1 i i ] 1 i ,P m ﬁmu I
i | i i H I } i _ﬂ i i ]
L . -
I = i T 4 A i #T ,N f
l;” i n=L i i : ] t b m m i § .
H M i m m i
p1 _ 3
= } J 1t Ai M x_ i u_ i M
o i f it I i
il s L el
T i i i et
i — = m‘” j3444 H i b
I , , I J W il &
HHH i Iy Hh e HIHIL
] i H WLL “ ok m.ﬁq ”t 1 x.
! Wil 1 j
?
4 . o | ‘ T
- ' 2 - - ) )
P e ‘ R i - -




e T A e T,

-'80 -

®

PISTON N& 13

fequence Support Statioh Load Station |Deformation
o R
1 0" and 18"“ 4", 0.005"
2 0" and 22" a" 0.015"
3 10" and 26" 20" Q.00
4 7 [10" and 25" 16" 0.013"
5 8" and 25" 1 0.005"
6 8" and 26" 12" 0.006"
X “ &
o c
PISTON N© 14 w
Sequence _ Support Statioh Load Station | Deformation
1 ov qnd 18" 2" "0 ,005"
2 0" and 18" . 4" 0.005" ~
3 0% and 22" Q" 0.0110"
4 0" and 22" ¢8" 0.018"
N s 10" and 25" 20" 0.C08"
) 10" and 25" 18" 0.010"
7 8* and 25" ) 14" 0.017"
:}_] -
A| ohy ‘ 9

s 4




14

81

.\P * QA . . - |y v&:,.t . * ‘ - ) o
B . ' - ) ’ . - . , ~~
- S - . P
iy m T T A | T HT :
m_ il , i , r | fi i , I
I il L k I e NI
wﬁ m L.A. L1444 H i H 21 H n ﬁ -r:‘ 14 i 1+ i .= 1 il i H
t H s H b i it
WL h I il R R [ |
it el e ittt WA IR .
L i ki I { N ﬁ i) .
| It | HHIA AN I ] i il .
1 1 11 Itn 4 | I | ] il _ H ikt H ! ‘.m i .m . .
j & | e i i il i HHITHEIHIRT Hith 1! o f_ ! _4«
~ 1 L i [ bty { 4 L:;, i = i m, inliib UJ i : mww fihiee W 11 Lislil T ,“
< H M " b4
. | , T L i ‘ , ittt iniiin i .
ittt llit s et it i . i
:. 1] i [H] S “ﬁxL H1 31 i : i HH i 1 .W i .u_“u
AT m WG HlH il R
4 1 | ”_Y m ! “—m i E: = _“ T—_T -_W.:. it .._.mw I Y . |
! i ] Hi tyﬁ ; i ke i §
¥ i J xﬂ it r i ﬁ.x r u ”ﬁrm H r 1 ] u M1l .
i i T il f il il S ,
f. L 11H] | i . 1Y | * H .
N t 3 I ¥ 3
i b i i i 1 i1 ! : b
iiilifnitehi i ! ww i Hil 1t i Hinng i t
\ 11
N il il fill ll i it ,_ . )
T il I I
Ny ¥ HY 141 H “ i ;w HiHH] H
8 i i g £ 1 H £ i i .
: " | i ! i m: 1 $1 1 %« ,W i i H ,
H H Lititd r i H 4 ..Z. u“ mm 1 Ar
] | il iR g i m”L T il : m“um I
{ ™ il __: il 1 I | i me“L m I ru .
' L il I { ] il ¢ i fil:
I il il e ik
h t i HH i i :
] ] o L H ' H i H 113 E— 14
J i Hit i b il
:.f t d H H ¢ H by g t H m HHH
| e E*? *mm i ] i 1 i i i i IHHHHRHE =
| i kgt it
i b R i.—_ i H HiHH HULH
il LA j L [l
=, - . - . % -
5 s N -~ = . . R



L]
P

dorwn Es - <L -

- 82 -
, ’ i
PISTON N& 1
Sequence’ {Support Stqlﬁio <hoad Station | Deformation
1 O" and 18" " 0.004" °
2 O" and 22" " ’ 0.013"
O" and 22" 10" 0.005"
\
PISTON NO |
Seguence Support Stativd Load Station.|De*®ormation
1 10" and 28" - 20" 0.003"
2 10" and 25" ‘16" O .005"
m' ]
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PISTON NC€ 17
equence Support Station Load Station |Deformation
1 0" and 18" 4" 0.010"
2 0" and 22" gn 0.010%
3. 10" and 25" 18" 0.007"
4 . 8" and 25" 14" 0.00s"
. . _
)
1 * PISTON N© 18 _
equence Support Station load Station [Deformation
1 0" and 22" - 8" 0,008"
2 10" and 26" 18" 0.010"
3. 8" and 26" 14" 0.008"
1 -
' 3
. -~ ‘ l
l a

. e e =
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PISTON N¢ f5
[Sequence Support Station Load Station |Deformation
1 10" and 26" 24" 0.013"
2 10" and 25" 22" c.oo7" \
10" and 28" 18" c.o11"
™
N
. - ] \ !
PISTON No 2 '
Sequence Support Statioh Load Station |Deformation |
1 0" and 18" 4" 0,008"
2 0" and 22" g 0,009"
3 10" and 25" 15" 0,003"
4 10" and 26" / 14" 0.003"
b I
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- s
PISTON N% _a1. ,
eguence Support Station Load “Station Dgf'drmai:ion
]J ) On and 18» 4" . 0'01.30'
Co2 0" and 22" g" |40,009"
3 0" and 22" ' } g" .9.014"
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.3 0 i1 . 00,0076

4 o 0 12 0&0187 . !
5 4 . 13 -.0022"

. 4 13 0,0031

; ; 3 =oe

‘ " 13 -

g 2 > 13 \7‘4].0011 s
10 4 13 0,0010

11 4 13 . 0.0023

12 . 4 13 0.0000"

\. v
v " s
L J
.
\
o
“.. -~ . . -
,
A
) |
. &
H . . j
s e une o+ wsiw
- » e s -
c : ~ i T



-h)l\)'-‘z
h

"'PISTON NUMEER

LENGTH = 26

EXCENTRICITY"
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EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
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. EXCENTRICITY

EXCENTRICITY
EXCENTRICITY.
EXCENTRICITY

PERMANENT DEFORMATIONS TO STRAIGHTEN FART
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(T.I.R.)
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0. 0800
0 0760 .

-0.,0700

0.0610
0.0470
0. 0330
0.0150
0.0070
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) , 13

- 13
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0.0056
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0.0056
-.0000
0.,0031
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I R A -
EXCENTRICITY (T.I.R.> = 0,0220 -
- “EXCENTRICITY (T .I.R.) = 0.0510 -
. "EXCENTRICITY (T.I.R.) = 0.0880
) JEXCENTRICITY (T.I.R.) = 0,1030 S
EXCENTRICITY (T.I.R.> = 0,1230 C '
EXCENTRICITY C(T.I.R.) = 0,1330 N
EXCENTRICITY ¢(T.I.R.) = 0.1480
- ] EXCENTRICITY ¢T.I.R.> = 0.1420,
\ EXCENTRICITY ¢T.I.R.) -= 0,1420 . ' -
EXCENTRICITY ¢T.I.R.> = 0.1030 .
EXCENTRICITY ¢T.I.R.> = 0,0700
" EXCENTRICITY C(T.I.R.) = 0,0370
'y EXCENTRICITY ¢T.I.E.) ='0.,0080 !
PERMANENT DEFORMATIONS TD STRAIGHTEN FART
- N Qo R DY
1 .0 9 ' -.0027
2 0 10 ‘ 0.0144
y 3 0 - 11 : —.0033
/ 4 0 M - 0.0133
! 5 4 13 ) —.ogzz
6 4 13 . 0.0863
7 4 13 -.0060
8 4 - 13 ‘ .0.,0200
9 4 13 : 0.0033
10 4 13 0.0120
11 4 .13 - 0.0000
12 4 : 13 -.0018
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EXCENTRICITY {T.I.R.) = 0,0120 e, - .
EXCENTRICITY (T.I.R.) = 0,0140 : :
EXCENTRICITY (T.I.R.) = 0.0150
EXCENTRICITY (T.I.RK.,) = 0,0170 ° ) : i
EXCENTRICITY (T.I.R.) = 0.,0240 - . |
EXCENTRICITY (T.I.R.) = 0,0300 - ~ :
EXCENTRICITY (T.I.Ry) = 0,0330 .
EXCENTRICITY (T.I.R.} = 0.0370 Lo . ——r
EXCENTRICITY (T.I.R.) = 0.0330 . coo
EXCENTRICITY (T I R.) = 0,0250 - . <
EXCENTRICITY (T.I.R.) = 0.,0170 '
EXCENTRICITY (T.I.R.) = 0.0090
EXCENTRICITY (T.I.R.) = 0,0030
\
o \.‘(ERMNENT DEFORMATIONS TO STRAIGHTEN FART
- N ’ ' (G ’ R DY .
- 1 0 o 9 Ut . D.0018
2 0 (I . 0.0008 ¢ ]
3 S K 11 RS 135 QN b
4 - 0 - 12 <. 0067
5 4 13 . 0.0004
é 4 13 » 0.0023 [
7 4 : 13 ~.0010 o
8 - 4 Yoo 13- : 6.0089 !
9 - 4 13 0.0044 |
10 4 13 0.,0000
11. . 4 13 0.0000
12 . 3 13 -4 0009
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EXCENTRICITY
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- 97 -
.-

SPACING = 2
(TWIRs) = 0,0210
(T.I.Rs) = 0.0520
(T.I.Re¢) = 0¢0800
(T.IR.) = 0.0940
(TcIoF\'o) = 0.,1010
(T.IWR.) = 0.1040
(T+sIRV) = 001030
(T.X«Re) = 0.1030
(T..I.R.) = 0.0890 -
(T.I.Re) = 0.0780 -
(T+I«R) = 0.0590
(ToIoF\'o) '—" 0.0400
(T.I.R¢) 2 0,01%0
(TI.Rs) = 06,0030
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EXCENTRICITY (T.I.RK.) = 0.0250
EXCENTRICITY (T.XI.R.) = 00,0540
EXCENTRICITY (T.I.R.) = 0,0810
EXCENTRICITY (T.I.,R.) = 0,1030 .
EXCENTRICITY (T.I,R.) = 0.1230
EXCENTRICITY (T.IJR.) = 0.1230
_EXCENTRICITY (T.I.R.) = 0.1190 - T
EXCENTRICETY (T.I.R.) = 0.,1090 " : " 1
EXCENTRICITY (T.I,R.) = 0.0960 . . - ‘
EXCENTRICITY r(ToIoF\'v) = 000740 - . - ,
EXCENTRICITY (T.I.R.) = 0.0520> ° . ‘ \
EXCENTRICITY (T.I.R.) = 0.0270 v - s ‘
EXCENTRICITY (T.I.R:) = 0.00S0 ‘
PEKMANENT DEFORMATIONS TO STRAIGHTEN FART
N a R DY
1 0 9 ~ 0.0009
2 0 10 ‘0,0040
3 0 - - 11 0.,0087 ]
q w 0 12 0,0107 -
5 4 13 0.0027
& 4 13~ E 0.0031
7 . 4 13 0.0040
8 q 13 ' 6,0033
9 4 13 2 0,0100
10 4 13 , , 0.0000 L
11 4 13 0.0023.
12 4 13 ~ —e0013 - '
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EXCENTRICITY (T.I.R.) = 0,0030
EXCENTRICITY (T I.R.) =_0.0050
. EXCENTRICITY (T.I.R.,) = 0,0100
«  EXCENTRICITY (T.I.R.) =0,0140 , .
EXCENTRICITY (T.I.R,) = 0,0140
. EXCENTRICITY (T.I¢R.) = 0,0190
EXCENTRICITY (T.I~R.) = 00,0180
EXCENTRICITY (T.I.R.) = 0,0120
EXCENTRICITY (T.X.R.) = 0,0080
_EXCENTRICITY (T,I.R.) = 0.0070
EXCENTRECITY (T.I.RK.) = 0,0040
EXCENTRICITY (T.I.R.) = 0,0030
EXCENTRICITY (T.I.R.) = 0.0040
EXCENTRICITY (T.I,R.) = 0.0020
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v '“\ ’ ‘ .
.EXCENTRICITY (T¢I R.) = 0.0200 . . .
EXCENTRICITY (T.I.R.) = 0.0420 . : .
EXCENTRICITY (T.I.R.) = 0,0630 \ i
EXCENTRICITY (T.I.R.) = 0,0780 Y
EXCENTRICITY (T.I.R.) = 0,0870 : g
EXCENTRICITY (T.I.RK,) = 0,0950 - .
EXCENTRICITY (T.I:RK.) = 0,0960 ‘N\\\\\k ‘
EXCENTRICITY ¢T.I.R.) = 0.0910 T
EXCENTRICITY (T.I.R.) = 0,0790 o
EXCENTRIBITY (T.I.R.) = 0,0650 oo
EXCENTRICITY (T.I.R.) = 0.0460 L B
EXCENTRICITY (T.I.,R.) = 0,0290 o
EXCENTRICITY (T.I.R.) = 0,0140
EXCENTRICITY (T.I,R.) = 0,0040 5
-FPERMANENT DERORMATIONS TO STﬁgchTEN FART
s, - i
N , e ‘ R 4 oY .
1 /j/ 0. 9 ot 0.000%
2 0 10 0.0048
s 0 < Y pleis
, 0 © 12 L 0.,0013 -
5 "4 13 10,0031 -
é , 4 ‘(¢ 13 0.0047
7 . 4 13 0.,0070.
B8 ) . 4)q 13 ) 0.0022
9 .4 13 . 0.0056 .
10 .4 13 - 0020
11 . 4 © e .13 "=, 0031
12 4 ‘ /13 -+0004
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LENGTH = 26

EXCENTRICITY
EXCENTRICITY
EXCENTRICITY*
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY

. EXCENTRICITY

i
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PO

?
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I
(T.I
(T.I
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I
I
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tT.I.R)
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0.0200
0.0470
0.0690
0.07%0
0,0830
0.0850
Q.0830
0,0840
0.0780
0.0480
00,0570
0.0400
0.0270
0.,0060
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HALF TAELE
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0.0022
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0.0065
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0.0018
-.0023
0.0070
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- LENGTH = 26 SFACING = 2 . HALF TAELE = 14
. ’ 'Y _ .
EXEENTRICITY (T.I.R.) = 0,0040 - - ° o,
- 7 EXCENTRICITY (T.I.R.)"= 0.08070
" EXCENTRICETY (T.I.R.) = Q.,0110
. EXCENTRICITY (T.I.R.) = o 0190 )
EXCENTRICTFY,(TII.R.) = oago, C o,
- "EXGENTRICITY (T.I.R.) =°0,0350 (' -
EXCENTRICITY (T.I.R.) = 0,0420
EXCENTRICITY (T.I.R.) = 0.,0450 . ‘ =
EXCENTRICITY (T.I.R.) = 0.0440 -
‘ EXCENTRICITY (T.I.R.) = 0.0450 C
EXCENTRICITY. (T.I.R+) = 0,0390 : -
, EXCENTRICITY, (T.I.R.) = 0.0300
‘ EXCENTRICITY (T.I.R.) = 0,0180 T
EXCENTRICITY (T.I.R.) = .0,0080 L
. Lo _ AN
PERMANENT DEFORMATIONS TO SijIGHTEN FART -~
N N , Q R DY
"1 0- 9 ~-.0004
o2 . 0 10 -.0032
3 S0 11 . —.0011
4 0 12 - : 0,0027
5 4 13 0.,0000
, b 4 13 - 0.0031
' 4 13 . 0.00460
: —"Z ‘4 13 , -.0022
; g - 5 * 13 0.0078
- 10 4 13 0.,0030
11 /. 4 13 0.0023
; 12 4 13 -.,000%9
% ' ) N . :
T ' /‘“\ °
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EXCENTRICITY
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oW on oW onR Nen ouwonu
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0.1630
0.15990
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0.0580
60,0300
0.0030
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e. ‘;
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16
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EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY

¢

L]
*

(T,
(T,
(T
(T,

(3

(T
(Te
(T,
(T,
(T,
(T,
(T,
(T,

1

N

y

'_HHHHHHHHHHHHHH

- @ ® & O o 6 & o & 6 b e.»

Aaxdnmaoaanmannannnnan

e @ &+ e e+ + & e ePe, 4 & e o

-

SFACING

L R O I Y [T (T T O [ S

- e
,

LS

D 0270

6.0700>
0.
0.
0.
»1310
0.
0.
0.
20710 °
0.
o.
UN
Qo

0

0

1040
1240
1340

1230
1080
0890

0440
8290
0150
%950

" HALF TAELE = 1é

¥

PERMANENT SEFOSMATIDNS TO STRAIGHTEN

-2

>

VOoONOGMDHWN

Y N S N O T R

R
?
10
11
12
13

.13
13

i3

FART

13
13

13
13

-

DY ‘i{
0.0040
0.0112
0.0109
0.0173
0.0022
0.0040.
-.0011
0,0100
~,0120
-00008
-.0018

J"




© e A

PISTON NUMEER™ ! 13

+

LENGTH = 264

EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY

PERMANENT DEFORMATIONS TQ STRAIGHTEN PART

CONOUDWN-»Z

.
o el

»

SFACING = 2

(T.T.Ro)
(TVIRW)
(TeI R4
(TOI.RO)
(T.I.R.)
(TWT R

A2 DdDOoOOSCOD

)
. o
b o B e o i o vy Vo on o sl

LI O T VO (T D S| R T I VY | % ll~§‘

.

0.0150

0,0420
0,0710
0,0930°
0.1130
0.1230
0.1300-

0.1310

0.1250
0.1690
0.0860
:0.0600
0.0310
0.0050

’- '
HALF TAELE

&
.

-

DY
0,0000
0.,0048
0.,0022
0,0133
0.0013

0,0047

90,0070
0.0111
0.0078

0.,0030

0.,0023
-,0013

N rreipener ok ga—————
~
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s e
o
FISTON NUMEER ¢ 14 . ‘
, . . 4y
LENGTH = 26 SPACING = 2 HALF TAEBLE = .16
¢ ) ' )

. EXCENTRICITY (T I.R.) = 0,0300 ) p .
'EXCENTRICITY (T.I.R.) = 0,07460 ‘ ' L
EXCENTRICITY (T I.R.) = 0.1100 )

EXCENTRICITY (T.I.R,) = 0.1360 .
EXCENTRICITY (T,I.R.) = 0.1520
EXCENTRICITY. I.R.) = 0.,14640
EXCENTRICITY I.R.) ="0,1610
EXCENTRICITY JRY) = 0,1610
EXCENTRICITY .R.)'= 0.1490
EXCENTRICITY (T,I,R.) = 0,13%0
EXCENTRICITY (T.I.R.} = 0.10%0
EWCENTRICITY (T.I.R.) = 0.0780
EXCENTRICITY (T.I.R.) = 0,0410 -
EXCENTRICITY (T.I.R.) = 0,0090
FERMANENT DEFORMATIONS TO STRAIGHTEN FART . of

N Q R DY

1 0 9 0.0053 .
2 > 0 10 ‘ 0.0064

3 0 11 . 0.0109

\ 4 S 0 12 ‘ 0,0053 .
- .5 4 13 0,0067 &

6 4 13 ~,0023

7 . 4 . 13 0.0120

8 4 13 /).0033 ‘
¢ ., 4 3 0.0111

10 4 . 3 . 0.0060 :
11 ) 4 13 0,0047 A
0 - .4 b 13 T =.0022

- ! 7
.
\ | »
M )
# T .

B




S

\

EXCENTRICITY

Y]

R aDOOOSD

4
- 107 -
A}
PISTON NUMEER ¢ 15

LENGTH = * 26 SFACING = 2
EXCENTRICITY (T.I+R.) = 0.0130
EXCENTRICITY (T I.R+) = 0.0340
EXCENTRICITY (T I .&R.) = 0,0470
EXCENTRICITY (T.I.R.) = 0.09530
EXCENTRICITY (T .I.R+) = 0.0470
EXCENTRICITY (T.I.R.) = 0.0370
-EXCENTRICITY (T.IZ.R.) = 0,0260
EXCENTRICITY (T+I.R4)> = 00,0150
EXCENTRICITY (T.I.R+) = 0.0110
EXCENTRICITY (T.I.Rs) = 0.0090
EXCENTRICITY (T.I.Rs) = 0.,0070
y = 00,0010

>

HALF TAELE

12

—
—]

//

16

s‘o\ '

DYy -

0,0036

0,0040

00107 :
0.0053 _ .
0.0018

0,0008

-.0080 S
0.005¢

-.0044

-.0020

~.0000

0.00}ﬁ

Ty



. FISPON NUMEER

N
-

LENGTH = 26

EXCENTRICITY
EXCENTRICITY

‘EXCENTRICITY

- EXCENTRICITY

EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY

. EXCENTRICITY

EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY

FERMANENT DEFORMATIONS TO STRAIGHTEN FART

"N '

g OONOMTLHWKN -
N=o

Q

-

ShrdbhdADdDOoOOCO

?

" HALF TAELE

. =108 -
{16

SFACING = 2
(TWI.R.) = o.oorl
(T IQR') = 00,0030
(T.I.R+) = 0.,00350
(TeI.R4) = 0,0080
(T.I.K.) = 0.,0070
(ToL.R+) = 0.0140
(TWI«Re)Y = 04,0170 .-
(TeI.Re) = 0,0200 .
(TWI.Re) = 0.0210
(T+IWR+) = 0.,0190
(T.I.,Rs) = 0.0180
.(T I.R) = 0,.0060
(T.I.R.) = 0.0050
(T.I.R+) = 0.0000

R

9

10
11
12
13
13

13 .
13

13
13
13
13

= is

o T

L

DY
“0.0000
"00008
0.0044 "

. "00107
0w018

0.,0000
p.0020
80,0033
-,0011
0.0110,
-.0086

o 0../06




°

PISTON NUMEER
LENGTH = 26

EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY

_EXCENTRICITY

AN

CONOUDWN - Z

EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY

- 109 -

~ h ‘ '
¢ 17 .
SFACING =- 2 ' HALF TAELE
[ - ;o
(TeI.Re) = 0.0140
(T IR4) = 0,0350
(TeIRs) = 0,0530
(ToIcF\'a? = 00,0630 1
(TWIJRW) = 000690
(T IR+ = 0,0680
(T.IRW) = 08,0690
(TWI.R.) = 0,0700
(T.I.R+) = 0,0650
(T.I«R+)> = 00,0580
(T.I.R.) = 0,0410
(T.I.R+) = 00,0330
(TquF\'o) =.000190
= 0,0060

(T.IRW)

PERMANENT DEFORMATIONS TO STRAIGHTEN FART

A}

A fh A
N O

S

o el

LAbLhbhALADDLLAODOOD

I f
e A APASE Ao S oy oy A Atk L G s

R
g
10
11
12
i3
13
13
13
13 °
13
13
R '*13

-
=

16

DY
0,0013
0.0064

>

0,0044

0.0093

~-.0009

-.0000

~0.0060

0.0022
0.0111
-.0090

i) 0004



PISTON NUMEBER @

SO

St et e &

n e o e ———————

18 .1"/\

‘ . ' PR . \
LENGTH = 26 SFACING = 2 HALF TAELE = 16 "
EXCENTRICITY (T.I.R.) = 0,0080
EXCENTRICITY (T.I.R.,) =:0,01780
EXCENTRICITY (T.I.R.) = 0,0290
EXCENTRICITY (T.I.Rs) = 0.0530 . .
EXCENTRICITY. (T.I Re) = 0.,0600 -
EXCENTRICITY (T,I.R.) = 0,0650 '
EXCENTRICITY (T.I.R.> = 0.0680 . . R
EXCENTRICITY (T.I.R.) = 0.0650 -
EXCENTRICITY (T.T.Rs) = 0.,0600"
EXCENTRICITY (T.I.R.) = 0.0340
EXCENTRICITY (T.I.R.) = 0.0180
EXCENTRICITY (T.Z.R.) = 0.0060
FERMANENT @EFURM:;&DNS TO STRAIGHTEN FART ’ '

N Q R ) . DY

1 0 9 ) ‘ ~-.0013,

2 _ 0 10 -.0008

3 0 11 0,0022

: 0. . 12 0.,0053

5 . "4 13 0,000%

6 ai % 13 «  0.0016

7 : 4 13 0,0060

8 N 4 13 0.,0022

9 4 13 0.0089

10 q 13 -,0000

11 4, 13 0,0023

12 4 13 . -.0018

1 [N
/
) -
»

.




COVYorbWN=-Z

3
* \

FISTON NUMEER

LENGTH = 26

EXCENTRICITY
EXCENTRICITY

EXCENTRICITY

EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY

" EXCENTRICITY

EXCENTRICITY
EXCENTRILITY
EXCENTRICITY
EXCENTRIQGITY
EXCENTRICITY
EXCENTRICITY

-

LI § 4

- 111 -

SFACING = 2

PN SN SN S A A S S
R $ * ¢ v e o s s .
ANRNADAARNDLARDDIDDDD

-

”~~
A A=~ =
. e LTI TTTTS

™~
—
L HHEHAEAEHHH MMM

. o & &

~
, —

(4
‘QOQ

SHbhhbhbdbdbhdboo

0.0090
0,0180
0.0270
0.0310

0.0470
0.0530
0.0610
0.0660
0.0720
0.0760

0,0580
0,0050

w8 nououonooion oo ou

0.0370 -

0.0630

~

, HALF TAELE = 16

R

9
1
11
12
13
" 13
i3
-13
13
13
13
13

L

4

PERMANENT DEFORMATIONS TO STRAIGHTEN FART

DY g
-,0000
06,0040
-, 0022
~.0053
v.0018
"00016
0.0030
"000‘11
0.0089
60,0050
—00016
0.0213

JPO U R,

gty

Y

RN,

Seass



P TSI A

- ‘

DY
—00000

-0.,0064

+00633
+0080
0.0000
~.0016
0.0050
0,0033

0:0000
"00000
700018

A

FISTON NUMEER ¢ 20
‘ﬁNGTH = 26 SFACING = 2 “HALF TAELE = 16
' ’ P Y
» /Ay
L EXCENTRICITY (T.I.,Rs) = 0,0110 .
' E ENTRICITY (To oRo) = 000260
CENTRICITY (T.IR+). = 0,0410
EXCENTRICITY (T.I.R.) = 0.0480
EXCENTRICITY (T.I.R.) = 0.0520 - N
' EYCENTRICITY (TwI«Re) = 0,03500
EXCENTRICITY (T.IéR.)'= 0.0480 .
EXCENTRICITY (T.IWR.) = 0,0480"
EXCENTRICITY (T.I+R.) = 0.,0430
EXCENTRICTITY (T.I.Ry) = 00,0350 .
'EXQENTRICITY (T.I.R) = 06,0270 C r
EXCENTRICITY (T.I.R.) = 0.,0190 . ’
EXCENTRICITY (T.I.R.) = 0.0110 "
EXCENTRICITY.(T._.R.) = 00,0070 po—"_
. . ) };?
PERMANENT DEFORMATIONS TO STRAIGHTEN FART
N 7 Q R
2 0. . 10 v
3 . D - ) 11
4 0 12
5, g 4 13
J 6 - 4 13 ’
7 « N~ 4 13
- 8 4 . 13 J,/‘\\"
. ? 4 i3 .
10 4 13 7 )
11 4 ¢ 13 A
12 4 B 13
. . \ M
- —~ N \x .
. -
a— . o ) ‘,
L) ' ' /‘
\ . Far
- T\ o
%ﬁﬂnéki;\ .‘

&
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PISTON NUMEER : 21

-

¢

LENGTH =. 2é

.

» EXCENTRICITY (T.I.R
XCENTRICITY (T.I.R
XCENTRICITY (T.I.R

EXCENTRICITY (T.I.R
EXCENTRICITY (T.I.R
EXCENTRICITY (T.I.R
EXCENTRICITY TR I.R
EXCENTRICITY (T.I.R
EXCENTRICITY (T.I.R
EXCENTRICITY (ToI oK)
EXCENTRICITY (T.T.R.)
EXCENTRICITY (T.I.K.)
EXCENTRICITY (TuIaR.)
+ EXCENTRICITY (T.T3R.)

PERMANENT DEFORMATIONS TO STF\'AIGHTEN‘F‘AF\‘T

SNOONO DWW -2
DA bbb OoOooOooD

5 .h\
I

- SPACING = 2

e

A oo oo oo

8.,0310
0.0710
0.1040
0.1270
0.1400
0.1420

10,1350

0. 44290
0.1220
0,1030
0.9820
0.0570

0,0280 ¢
momo\

HALF TAELE

16

DY
0,0022
0.011%2
0,0087

. 0.0147
0.0040
-00008
0.00180
0.0133
00,0022

~0,0040
0.0031

. -00018

£
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y"

{

.g

3

)

.
.\

W

\

—

i

I

{ N
'

N

5 —— -
QK:; - - 114 - .
— $ N
. ‘/' ‘
‘ NPy
Y
PISTON NUMEER ¢ . 22
LY ) « "
'LENGTH = 26 SFAClNG:; 2
EXCENTRICITY. (T,.I™.) = 0.0110 - |
EXCE TRICITY (TJIORC) = 000270 /
EXCENTRICITY (T.I.R.) = 0.0430 Sy
EXCENTRICITY (T.I,R.) = 0.0550- o
EXCENTRICITY (T.I.R.) = 0.0610 _ -
EXCENTRICITY (T.I,R.) = 0,0500
EXCENTRICITY (T.IsK.> = 0.0620-
EXCENTRICITY (T.I(R.) = 0.0430
EXCENTRICITY (T.I.R.) = 0.0640
EXCENTRICITY (T.I.Re) = 0.0580
EXCENTRICITY (T.I.R.) = 0.0450
EXCENTRICITY (T.I.R.) = 0.0350
. EXCENTRICITY (T.I.RK.) =
EXCENTRI ) =

\

/-

FERMANENT DEFORMATIONS TO STRAIGHTEN PART

N
i
2
3
q
5
6
7
8
9
10
11 ‘
12
b -
LY
o
Y

-b-b-h-h-z.h.b.bcoocﬁ

-

i .
N R

’-

9

i0

- 11
L 12

b

i3 .-

13
13
13
13| .
13"
13
13

HALF TAELE

.\P
) \
ol
0.0000

0.0032

0,0065

00093

-.0013

0.0008
0.0000

-0.0078

0.0078

. —a0030

0,0031
0.0009




FISTON NUMEER ¥ 23

LENGTH = 28

EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRRCITY
EXCENTREEITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY

EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY
EXCENTRICITY

F'EF;HANENT DEFORMATIONS TO STRAIGHTEN FART

MONOUM-DWN=Z

SPACING = 2

~ N~

- =

4 - @

HHH H b HHH
E

,\
_i
DDA AT

N N
—~ 4~
* Ll -

(T

ShhDdDhbhbooOoOOO

Km e e -

+ _—
HALF TAELE = 16

S LI O I T L L O L O

>

0.0100 &
0.,0240 .
0.0340
0.0460
0.,0530
0.0590 {
0.0620
0.06480 T
0.0480 ‘
00610
0.0520
0.0370 -
0.0190 )
0.00%0
Y )
R . DY
9 00,0009 , N
10 0.0016 |
11 0.0033/ .
12 0,0013 -
& 13 0,0013
X 13' —00008' i
/13 0.0020
DAY 0.0100
- 13 0.0022
13 0.0060
& 13 0.0023

-y

-,0018 "'

[

W




~

-FISTON NUMEER ¢

\-

LENGTH = 264

"b

- 116 -

24

SFACING = 2

HALF TABLE = 16

o . EXCENTRICITY (T.I.R.) = 0,0170
. ", EXCENTRICITY.(T.I.R.) = 0,0440
AN EXCENTRICITY (T.I.R.) = 0.0660
. \ EXCENTRICITY (T.I.R.) = 0.0800
T £ EXCENTRICITY (T I+R+) = 0.0900
~_ "~ EXCENTRICITY (T.I.R.) = 0.,0%40
EXCENTREICITY (T.I.K,) = 0,0940
EXCENTRICITY (T.I.Rs) =.0.0930
\ : EXGENTRICITY (T.I.R.) = 0.,0940 e .
s T 7 EXCENTRICITY (T.IWRe) = 0.0840
e EXCENTRICITY (T IsRa) = 0,0700 ‘ v &
- ‘ EXCENTRICITY 4T.I.R4) = 00510
: EXCENTRICITY (T,I.R.). = 0,9300
- PERMANENT DEFORMATIONS.TO STRAIGHTEN FRRT 5
o N Q R .. DY
.K S10 0 9 .. 0.0022°
‘ .2 ) 0 10 T 0,0064
3 0 A1 . 0,0044 :
. 4 0 12 N 0.0080
5 4 13 - 0.0018
6 4 : 13 e 0.0008
’ 7 a0 13 T —.0020
8 - 4, 13, : 0.0100 .
.9 4 13 0.0089
, 10 4 " 13 0,0030 :
11 4 13 . <0.0016
;. 12 4 13 0.0009
<
H \ V "“f -




