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The log true stress/log natural strain relations for the mild steel
and Rex 583 are compared in Figure 2(b).

L,0 Average tangential stress and measured strain

It was not possible to cover the complete plastic range of a rotor
in a single test due to the difficulty of mainbaining reasonable concen-
tricity with the drive while plastic growth of up to 20 per cent took
place in the bore, The rotors were therefore subjected to a number of
repeated loadings, increasing with each test until burst took place.
However, this feature made it possible to observe the plastic stress/
strain behaviour of a rotor from measured distortion following each test,

As the speed of the model rotors increase from zero to the point
of burst local high elastic stress enters the plastic range and redistribu-
tion of stress takes place. A small amount of plastic yielding in the
rotor bore results in the tangential stress in Figure 41 rapidly approach-
ing the average value., The average of the tangential stress is there-
fore a useful datum stress within the plastic range and the nominal value
based on the original dimensions of the rotors and the speed may be
calculated in the following manner:-

Wo.o op

Average tangential stress = Z A

2
= 101.9 (?%%) tons/sq in,

where W = half total weight of rotor
w = angular velocity

r

it

radius of CG of half rotor
A = cross-sectional area through rotor
g = 32.2 I't/s”

The nominal average tangential stress at maximum speed for each
rotor has been compared with the material ultimate tensile strength in a
summary of results in Table IX,

Following the small amount of initial yielding the whole rotor
rapidly becomes plastic as speed inosreases and the bore assumes a pro-
nounced barrel shape., This is shown in Figure 3 in which the plastic
deformation in the rotor, recorded in Tables IV, V and VI, has been
plotted against the change in axial thickness, Substantial plastic
deformation changes the stress level in the rotor and a correction to the
average tangential stress related to the tangential strain in the bore
is shown in Figure L.,

LA Yield point

Both mild steel and Rex 583 exhibit a yield point and this brings
to light an important feature of the rotors, In Figures 5(a) and 5(b)
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the yield point in the rotor is higher than that in the test piece and
would confirm the influence of the combined radial and tangential stresses.

4.2 Axial strain in bore

In order to study the influence of a wide hub or the conditions in
the bore, the bore was polished and a strain grid lightly scribed on the
surface, The axial strain measured at progressively increasing speeds
within the material plastic range has been plotted in Figure 6.

The axial strain, €z, at the edge of the bore is negative and half
the value of the tangential strain, €., In the mid-borc region, however,
considerable axizl strain has occurred. This again is negative but equal
in magnitude to the tangential strain as shown in Figure 7. The signifi-
cance of the measured strain in the bore will be seen in the following
analysis,

5.0 Plastic stress/strain analysis

The plastic strain in a rotor is the result of combined radial,
tangential and axial loading, To obtain the stress distribution in a
rotor it is thereforec necessary to introduce theoretical equations relat-
ing plastic stress and strain under conditions of multiaxial loading,

The equations for plasticity in the following analysis are due to
Von liises and Hencky™,

Tn the first instance the distribution of strain in the rotor must
be established and the data from a rotor in Rex 583 steel following a
speed of 79,300 rev/min (Table VIII) has been sclected for the analysis,
These data produce only a limited number of points in Figure 8 but, by
careful interpolation, it is possible to obtain the distribution of strain
to an acceptable degree of accuracy., Points in the bore have been
deduced from observations made in the previous Section 4.2, In addition,
it has becn assumed that no change in volume has occurred and the three
principal strains may be related in the following manner:-

€, + & + € =0

The following ecquations for the significant stress and strain in a
multiaxial stress system are based on distortion energy theory
(Von hises )=

17
Nj=

qi
NN

)

[kci -0l + (0 - 0) + (o - 01)%]

I

mi
i

[(El - Ep >'; + (83 - €3 )2 + ({;3 - 31)2:’%

where 01, Cp and O3 are the principal stresses and €;, €5 and €3 the

resulting principal strains, The constants 7; and%g arc so chosen that

0 =0y and € = £; for simple uniaxial tension,
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Stress and strain may be related by the Hencky deformation theory
in the following equations:-

€ 1 N
€2 =75_ [0‘2"'5 (CT]_ +o‘3)J
F =‘§ && - % (or + Gé%

(o2

In Figure 9 the strcss ratios have been obtained by introducing the
strain plotted in Figure 8 into the Hencky equations.

In Figures 10(a) end 10(b) curves of maximum principal stress/strain
have been plotted for various conditions of triaxial stress., These curves
have been caleculated from the simple tensilc data of Figure 2(a) using the
equations of Von Mises, Tangential strain from Figur:z 8 has then been
superimposed using the stress ratio in Figure 9 and the distribution of
tangential stress/strain in the rotor obtained, Finally in Figure 11
the distribution of stress has been plotted, The dotted line on this
Figure is the correctcd value of the average tangential stress
(Section 4,0), which would appear to confirm the accuracy of the analysis.
The low value of stress at the centre of the rotor is due to a compressive
stress which is not accounted for in the calculation of the average
tangential stress. This compressive stress which may be more clearly
observed in Figure_12 is confirmed by a photo-elastic investigation on a
similar shapcd hub-,

6.0 Tensile test data (biaxial)

Burst tests on simple discs! show that failure is the result of a
bisxial tension produced by the combined radial and tangential stresses.

There is strong evidence in Figures 14, 15, 18, 19, 20 and 21 which
suggests that failure originated from a point near the rim of the model
rotors., (Note ductile behaviour at secondary failure point.) In
addition, the foregoing analysis has shown that a maximum blaxial tension
of 0,7 stress ratio occurs near the rim. A piece of the Rex 583 disc
material was thercfore tested in biaxial tension at the same stress ratio.
This was achieved by loading the tube by means of internal hydraulic pres-
sure and tension, The nominal results are shown in the following Table
and tangential strain should be compared with R of A and elongation in
Section 3.0:-

Rex 583
Axial/tangential stress ratio ' 0,7
Nominal maximum tangential stress, toms/sq in, 66.7

Maximun tangential strain, % . 2.6
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In Figurc 13 the results of the biaxial test are compared with the
plastic stress/strain at the rim of the rotor. The tubc exhibits the
same low valuc of strain at burst as that mcasurcd on the rotor and it
should be noted that valucs of strain for both rotor and tube arc lover
than that expectcd for theoretical instability.

7.0 Changes in rotor geometry

A numbcr of changes in the initial geomctry of the model rotor were
made and the influencc of each change on rotor burst strength is discussed
in the following Sections,

The resulis are recorded in the summary of burst results in
Table IX.

7 Axial keyway in bore

An axial keyway 0.025 in, radius and 0,025 in., deep, was machined
in the bore of a model rctor Code 3/Rex 585/111, the cross-~sectional arca
through the rotor being reduced locally by 1.5 rer coent.

The burst test shewed that a keyway of these proportions had no
apparent influcnce on the strength of the rotor, ITxamiaation of the
burst fragments Figure 20 suggests that the initial failure occurrcd ncar
the rim, as in the other rotors, being followed by fracture through the
keyway as the rotor opcned outwards.

7.2 Increaze in axial width

The axial width at the hub of rotor Code 3/Rex 583/IV was increased
from 1,755 to 2,265, an increcase of 29 per cent, The bore was also
increased,

The following value of the average tangential strcess was calculated
for the wide hub model:-

RED|°
O tons/sq in,

/

Average tangontial stress = 94,6 (

The burst test showed a rcduction in both rotor strength and
ductility, The awxicl stroin at Points C snd D recorded in Teble IX
show that the slope of the sides on this model at burst was much greater
than on the initial geomctry and indicatcs that the bore had taken up a
rore proncunced barrcl shane,

743 Rediction in rim loading

The rim loading was reduced by 6.5 per cent on rotor
Code L4/Rex 583%/IV by reducing the overall diameter of the model from
5¢54 in, to 5.,28 in, This resulted in the following reduced value for
the average tangential stress:-

‘ s , , RPI|® .
Average tangontial stress = 86.0 (—%| toms/sq in,

10
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In this test the rotor exhibited substantial ductility at burst, the

reduction in axial dimecnsions C and D recorded in Table IX being approxi-
nately twice that for the standard model rotor,

A rcduction in rim loading would reduce the redial stress arnd hence

the maximum stress ratio and en increase in material ductility would be

expected,
8.0 Conclusions

A mumber of model steam turbine rotors in mild steel, cast iron and

3 per cent Cr.Mo.V. steel (Rex 583) have been spun to burst and the follow-
ing conclusions drawm from the results:-

(1)

(i1)

(iii)

A detailcd plastic stress analysis shows that a wide hub introduces
a substantisl comprcssive stress in the mid-bore region and this
has been confirmed by photo-elastic analysis on similar rotor
hubs, An improvement in material ductility would be expceted

due to the axial comprcssion but this has been revealed in the
rodels by local plastic deformation in the mid-bore regilon at

low rotational speeds, i.c., as low as 46,000 rcv/min,

Increases in rotor hub width reducc the tangential strzss at the
bore but do not alleviate the biaxial tension at the rim., Biaxisl
tension considcrably reduces the ductility of a material and, in
these rotors, biaxial tonsion at the highest value of stress ratio
has undoubtedly been the cause of failure and has had o stronger
influence than a keyway in the bore, Similar, low values of
ductility havc been cxhibited by tubes of disc material subjected
to the same mezimum ratio of blaxial tension.

It would appear that rotor strength might be increased by reducing
the degrec of biaxial tension at the rim, This has becn demon-
strated on one modcl which cxhibited & substantial increase in
ductility when the rim loading was rcduced., However, some reduc-
tion in biaxial tension could be achicved by designing the rotor
with convex rather than concave sides, 4n additional advantagce of
this change in geometry would be a rcduccd tendency to early yicld-
ing in the mid-bore rcgion.
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NOTATION
o' nominal stress
e! noninal strain
o true stress =o' (1 +¢e')
> natural strain = loge (1 + &')
X strength coefficient

in the relation o = Keb

n strain hardening exponent

oy and &; true tangential stress and strain (maximum principal)

Oy and &, true redial stress and strain

E

Oz and &g true axial stress and strain

G ard e significant or uniaxial equivalent stress and strain
w angular veloccity .

w half total weight of rotor

r radius of CG of half rotor

In relation to average
A cross~sectional area through rotor's tangential stress

R calculation

g constant = 32.2 £t/s”

T radius of CG of half rotor or J

mean radius of tube wall
In relation to tubes
P Hydraulic pressure vith internal hydraulic
pressure and tension
t tube wall thickness



[
<o
o @

txj

E.

Author(s)

Waldren

E. Vard

Dollin

Feacler
I. May

A.o

E,

Roberts

Dieter,

Jnr.

R

- 12 -

ZFEPENCED

Title, etc.

Room terwcerature instability end
Iroction in rototing discs and
correlction with bhi-axial tersile
test data.
.2.C. C.P. 650 Jonuary 1063
Some degi,m prodlems aricing in the
development of very large higb-

zpead turbines.

I.Mech.E. Noverber 19062
Centrifugrl wirecses at the bores

o7 heelg.

“he Dnoineer, Technieal Contrilutors
Scetion, January 1961
Mechanical letallurgy,

Ui~Grau 1111, 1961



Radial

Tangential

Bore axicl

TABLE I(a)

Tensile test data — material Code 1/MS/Pi

D'Iérﬁi;qal .s’;ress'—.te;ns"./s.'cl 1n - N‘omin‘al ét;ain - True ultimate; A
o - | ‘ Fracture Ulf;imate :
: C I Stress - Strain ¥
code LP g-}ff it ON:,; uizef OO b oo h Tieng | Féznﬁg Wb x (.‘19.>2 -lo%'e (93)2
% o= \E’> * L
SA/US/P1/Ma 11,36 16.2L 3l 0.473 27.2 60,0 33,0 - 1.32 L5.4 - 0.278
1/MS/P1/Mb 12,28 16,16 33.2  0.487 .29.6 37.8  19.0 1.159 38.5 : 0.1476
§1/MS/P1/'A2a11.2 16,6 34.0 0.488 26, 55.0 33.2 1.229 - 41,8 | 0.207
C1/4S/P1/A2b 8.6  16.4  33.8 0.486 26.6  56.3 33,4 1.31 I3 0.27
j/rxs/P:/Az;a“7,émﬂ3.o .33.6 “ 0.387 127.6 553 '34.0 | 1.276 | ‘42.'9 - 0.244 ]gé
A/MS/PI/Mb hB 13,2 334 0,396 26 © 52,6 32,0 1.292 h3.2 0.256 ji":*
'5171»55,/§/A5é’12.8 45.8 3.2 0476 25.2 €3.2 38.0  1.336 Wt 0.2896 4

1/MS/P1/ABb 11.2  14.88 34.0 0.438 26.0 63.2  35.0 1.276 L3.. - 0,2438

L B L i v e s memee - ve e . e .w PR . .,..'..—. eerns - - M T . - o - g e

—€L~
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Tensile test data - material Cede 1/MS/P1/A2 and Ah

Stress -
tons/sq in.

Stress -~

. Plastic strain
tons/sq in.

Plastic strain

?1/MS/P1/AA(b)‘ . True . - Natural %?
£ = i Neminal o = Nominal - £ = i
= ! ' = . - =)

H 1 3°
loge 1+8&"° o ‘ a'(1+e') a1+8 loge 1+8' i

L1 /us/P1 /A2(b)
i -Nominal
. U'

‘Nominal
1+e!

True
3 o"(1 +&! )

‘1P 8.6 8.6 0 o I i 4.8 L8 .0 0

&)

£'0.1% proof . 16.4 16.4  1.001 001 - 10.1% proof . 13.2 13.2 . 1,001 0.001
P 18,0 . 18,1 1,008
; 19.2 19.5  1.016
t 21.2 2.9 1.032
2,.0 . 25.5  1.063
26.3 28.8  1.095
28.3 3.9 1.127
0 29.9 3.6 1.158
3.2 37.1 1.190
32,0 - 39.0  1.222
32.7 o 41,0 1.254
33,2 52.7  1.285
33,6 - L3 1.316

.008 i - 20,2 20.6 1.016 0.016
016 - - 22.6 23.2 - 1.024 0.024
.032 . ©24.8 25.6 .03%2 0.032
061 . 26,2 - 27.2 .040 0.039
.093 - - . 27.6 28.9 .048 0.047
19T . 28.6 30.2 .055 - 0,054
L7 ' 29.4 3.3

ATk

. 201

226

.251

275

L S S G T e N

.063 0.062

COQOOOOO0COOCOOO

IS

 Ultimate 33.8 (1.35) .30) :fU1timare 33.L - (1.29) (0.255) °

—
. O

Fracture 6.6 61.0 2.29 0.829 Fracture  26.1 70.5 2.67 0.982

...... e em o e o P Y oot vor ore

..+”r..



Within disc
geometry
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Tangential

Axial

TABLE I1I{a)

Tensile test data ~ material Code 3/Rex 583

Nominsl stress - téns/sq in. Nominal strain True ulbimate
| ‘ F£aoture 'Ultimaté \
: Stress Strain
Code LP g;‘lZ’f Ult 9—;—2—);4;5—5;‘—;9—& Frac Rof A Tlong 1+ e(]izng ‘ult ) ( do >2 o, <§9->3
| - iR - ()

3/R;8§/A4a 22,8 44;9 66,8 | 0.5%3 50.8  48.9 20 1,086 72.6 ~0.0827
3/R583/Mb  25.2  45.8  67.2 0.682 524 W47 18 1,099 73.9 0.0948
3/R583/Mc 20,8 4Lk 67.8 0.655 52.8 48.7 20 1,078 73 .1 0.075%
3/R583/M.d 25.6  47.2  67.5 0.698 52.4 L7 20 1.084 7%.3 0.0808
3/R583/A5a 26.L  Lu.0  68.0  0.647 53,6 45.2 18 1,096 7.6 0.0919
3/R583/M50 26.4  51.4  67.2 0.76k 50.2  53.0 19 1.090 73.4 0.0862

fB/R583/A5o§E - - €8.8 - 53,2 48,9 18 1.078 7L 0.0753
* Interrupted test to examine Influence of pre~stralning

EHigh rate of loading approximately L tons/sq in./s

_9L—
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