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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). 

4.0 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 maintaining 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 1 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:- 

Average tangential stress = w 0 co2 . r 
g *A 

2 

tons/sq in, 

where W = half total weight of rotor 

0 = angular velocity 

r = radius of CG of half rotor 

A = cross-sectional area through rotor 

52 = 32.2 ft/2 

The nominal average tangential stress at maximum speed for each 
rotor has been compared T&th 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 inzeases and the bore assumes a pro- 
nounced barrel shape. This is shown in Figure 3 in which the plastic 

1 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 4. 

4.1 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, Ed, at the edge of the bore is negative and half 
the value of the tangential strain, cl. In the mid-bore region, however, 
considerable axial strain has occurred. This again is negative but equal 
in magnitude to the tangential strain as shown 'in Figure 7. The signif'i- 
cance of the measured strain in the bore will be seen in the following 
analysis. 

5.0 P1asti.c 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 therefore 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 kises and Hencl&. 

In 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 selected 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 been assumed that no change in volume has occurred and the three 
principal strains may be related in the following manner:- 

The folloy&ng equations for the significant stress and strain in a 
multiaxial stress.system are based on distortion energy theory 
(Von biSC?S):- 

ii = ~~ 
1 
(Gi - 0~ >a + (G2 - ~3 )2 + (~3 - ‘J; ~1’ 

z = & 

3 ( [I 
E1 - E2 )" + (E2 - E )2 + (E3 - Ely r 3 - 2 1 

where Cl, c's and Gs are the principal stresses and eLL es and ss the 
resulting principal strains. h JJ2 The constants 2 andy arc so chosen that 
G- z $ and g = e1 for simple uniaxial tension. 
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Stress and strain may be related by the Ecnck;T deformation theory 
in the following equations:- 

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

In Figures IO(a) end IO(b) curves of maximum principal stress/strain 
have been plotted for various conditions of triaxial. stress. These curves 
have been calculated from the simple tensilc data of Figure 2(a) using the 
equations of Voc Mises. Tangential strain from Figure 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 corrected 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 shaped hub3. 

6.0 Tensile test data (biaxial) 

Burst tests on simple discs' shove that fatlure is the result of a 
biaxial 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 biaxial tension 
of 0.7 stress ratio occurs near the rim. A piece of the Rex 583 disc 
material was therefore tested in biaxial tension at the same stress ratio. 
This vlas achieved by loading the tube by means of internal hydraulic pres- 
sure and tension. The nominal results are shoy?Jn in the folloning Table 
and tangential strain should be compared v;ith R of L and elongation in 
Section 3.0:- 

Rex 583 

Axial/tangential stress ratio 0.7 
Nominal maximum tangential stress, tons/sq in, 66.7 
Xaximum tangential strain, $ 2.6 

, ., 
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In Figure 13 the results of' the biaxial test are compared with the 
plastic stress/strain at the rim of the rotor. The tube exhibits the 
same 1OW VZlUC of strain at burst as that measured on the rotor and it 
should be noted that values of strain for both rotor and tube arc lower 
than that exRectcd for thc:orttical instability. 

7 .o Changts -- in rotor geometry 

B number of changes in the initial geometry of the model rotor wre 
made and the influence of" each change on rotor burst strength is discussed 
in the folloning Sections . 

The results are recorded in the sumwry of burst results in 
Table IX. 

7.1 _ Axial kc,yway in bore 

kn axial keywaqy 0.025 in. radius and 0.025 in. deep, was machined 
in the bore of a model rotor Code 3/l&x 583/iII, the cross-sectional area 
through the rotor being reduced locally by 1.5 per cont. 

The burst tc:;;t sho;ied that a keyway of these proportions had no 
apparent influence on the strength of the rotor. IxamiAlation of Gho 
burst fragments Fit:ure 20 suggests that the initi<J failure occurred near 
the rim, as in the other rotors, being followed by fracture through the: 
keyiray ;LS the rotor op~ntil outwards. 

7.2 Increase in axial width 

The axial width at the hub of rotor Code J/Rex 563/IV was increased 
from 1,755 to 2.265, an increase of 29 per cent. The bore was also 
increased. 

The foll.oi?ing vaiu:: of the average tangential stress WGS calculated 
for the wide hub model:-- 

hvcr age tar,;:, --ntial stress z 94.6 tons/sq in. 

The burst test showed a reduction in both rotor strength and 
ductility. The axial strain at Points C and D rezordcd in Table 1X 
show that the slope of the sides on this model at burst was twch greattr 
than on the initial gconiotry and indicates that the bore had taken up a 
rT.orc pronounced bsrrcl sha?c. 

7.3 Redlction in rim loading 

The rim loading was reduced by 6.5 per cent on rotor 
Code 4-,/Rex 563/W by reducin, e the overall diameter of the model from 
5.54 in, to 5.21 in. This resulted in the folloning reduced value for 
the average tangential stress:- 

Average tangential stress = 86.0 tons/sq in. 
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In this test the rotor exhibited substantial ductility at burst, the 
reduction in axial dimensions C and D recorded in Table IX being snproxi- 
mately twice that for the standard model rotor, 

A reduction in rim loading would reduce the radial stress and hence 
the maximum stress ratio and an increase in material ductility ;,lould be 
expected. 

8.0 Conclusions 

A number of model steam turbine rotors 
3 per cent Cr.ti0.V. steel (Rex 583) have been 
ing conclusions d.ra:m from the results:- 

in mild steel, cast iron and 
spun to burst and the follow- 

(i) A detailed plastic stress analysis sho;:s that a ~ti.de hub introduces 
a substantial compressive stress in the mid-bore region and this 
has been confirmed by photo-elastic analjrsis on similar rotor 
hubs. AA improvement in material ductility nould bl: expected 
due to the axial compression but this has been revealed in the 
models by local I;lastic &formation in the mid-bore region at 
low rotational speeds, i,c., as loa as 46,OCG rcv/min. 

(ii) I ncreases in rotor hub nidth reduce the tangential stress at the 
bore but do not allevistz the biaxial tension at the rim. Biaxial 
tension considerably reduces the ductility of a material and, in 
those rotors, biaxial tension at the highest value of stress ratio 
has undoubtedly been the cause of failure and has had a stronger 
influence than a keyway in the bore. Similar, loa values oi 
ductility hnvc been exhibited by tubes of disc material subjected 
to the same maximum ratio of biaxial tension. 

(iii) It mould appear that rotor strerqth might be increased by rekcing 
the degree of biaxial tension at the rim. Tllis has been demon- 
strated on one model mhich axhibited a substantial increase in 
ductility nhcn the rim loading -z&s rcGuccd. Hozcver, some reciac- 
tion in biaxial tension could be achieved by dosi@.ng the rotor 
with convex rather than concave sides. iin additional sdvcntagc of 
this change in geometry would b e a reduced tendency to early yicld- 
ing in the mid-bore region. 



- 11 - 

NOTATION 

o-1 

&’ 

o- 

E 

K 

n 

nominal stress 

nominal strain 

true stress = o-’ (1 -I- E’) 

natural strain = loge (1 + tz') 

strength coefficient 

i 
in the relation o = K&n 

strain hardening exponent I 

cl and .a1 true tsrgential stress and strain (maximum principal) 

o-2 and -52 true radial stress and strain 

os and a3 true axial stress and strain 

? and g significant or uniaxisl equivalent stress and strain 

angular velocity 

half total weight of rotor 

radius of CG of half rotor 

I 

In relation to average 
cross-sectional area through rotor tangential stress 

calculation 
constant -‘ 32.2 ft/s" 

radius of CG of half rotor or 

mean radius of tube wall 

Hydraulic pressure 

tube nail thickness 

In relation to tubes 
75th internal hydraulic 
pressure and tension 



- 12 - 

rao D Author( s) --- 

2 F. Do1 liri 



TABLE I(a) 

Tensile test data - material Co?e -l/MS/PI 

:  L,. .  . . - - - - ”  ”  ”  .  .  . “ ”  -_.. “_.” . -  ,  :  .  :  .__ _ .  :  .  “ .  .  .  ._ .  .  _ .  .  .  .  
.  _. - : .  :  ._. .  .  -_ .  .  ,  

-  =I 

Xominal stress - tens/sq in. Roininal strain . . True ultimate f; 
I . . . . . _- 

Fracture Ultimate 
. . . . . . . 

.: Code LP 0 .I$ lil+ 0.1% p roof 
. Stress . Str.z.in !i 

PrOOf " 'Frac 3 1 -k elong . 
Xom ult R of A Ele:?g .u1t x 

$ % 
d, a 

( ) = \-ii- . 
(Lk)2 Loge (L$?J f 

.: 

72 i :I/MS/PI/'AI~ 11.36 4 6.24 34.4 0.473 
s 
2 l/ia/m/ub 12.28 16.46 33.2 0.487 

; l/iE&?l/A2a 11.2 16.6 34.0 0.488 

l/?!!S/Pl,'A2b~ 8.6 16.4 33.8 0.486 

1 

. . , . 

, '33.6 13.0 0.387 

13.2 33.4 0.396 
_> . . 

15.8 33.2 0.476 

44.88 34.0 0.438 
.: -... ,....” --. ..I. ..2..” ‘.:I- .I._ . . . . ..--.. .__._, -.. ..:. . .“. :-“. ._ -....“.-:...... .” - -_ 

27.2 60.0 33.0 1.32 

29.6 37.8 19.0 1.159 

26.4 55.0 33.2 1.229 . 

26.6 56.3 33.4 1.31 . 
’ 27.6 : 55.3 34.0 1.27; 

. 

26.4 52.6 32.0 1.292 
. _ 

- 25.2 63.2 38.0 .1.336‘ 

26.0 63.2 35.0 1.276 

45.4 

38.5 

41.8 

44.3 

42.9 

43.2 

44.4 

43.4 

0.278 Y 
I .  

0.1476 -. 

0.207 .. 
-: 
.’ 0.27 . . 

0.24-k 

0.256 
. . . . . 

0.2896 :f 

. 0.2438 : 
1 

.  .  . . . ‘ .  ~, 7. - . . . - :  .  . . ”  .,-_ -__ .  . I . . . .  
.  ; ”  I . -  .  * .  . . . ”  . :  _ I  _ _ .  .  .  ”  . - .  I  * AL 



Tensile test 

.  .  .  .  -  .  .  .  ”  .  .  . , .  ._.__ .  .  . - , ”  - “ -  . -  -  . - .  ”  .  .  -  .  . -  .  .  -  - . - .  .  .  /  _ .  -  .  .  I -  , .  -  .  *- 
I  . -  __ _ : . -  ._ .  I.__.._ _. 1:’ 

: :  
,. 

Stress - Plastic strain i / Stress - I 

tons/sq in. 
; 

i. 
;. tons/sq in. 

+@l/&(b). . . .. - .' 'True 
! Plastic strain I 

: 
t 

f ,/TyIs/m/A2(b) : ... . ... True .I . ...'. . . . . , . , . .- -. . . . . . . . . ., . i 

;- .Nominal Nominal Natural 1 . Natural ii 
. . 

cr' O-= ?-FE' 
&= : i Nwninal Nominal : 

: &(I +E' ) loge I+&’ . i- . 5' CT= :f 
j. 

i ,+E, E = 
. CT'(l+d) i .log, I+& i; 

‘i . . 
I- 

-:- 
_”  _ _ . . -  “. -  -  . . . .“; . 

.” -  - -  . . . . . . . . I I.._ . . . , -  -_  -  -.. : . . _  
8. . -  

i . 
. j -..... -_  : . -_  . . :-.-. ..‘..?” ,. .’ ‘^‘- -7’ 

., “.. . -. 

;:LP 8.6 
.  .  . I  

/;o.I% proof . q6.4 
. . . . 

I 18.0 
19.2 
21.2 
24.0 

I. 

8.6 0 0 I f. Lp 
. _ . _ _.. . 

16.4 -I .OOf 0.001 i.O.l% prool? 
. . . . :- 

: 4.8 0 

18,1 1.008 
19.5 1.016 
21.9 1.032 
25.5 1.063 
28.8 1.095 

0.008 
0.016 
0.032 
0.061 
0.093 
O.l-l9 
0.147 
0.174 
0.201 
0,226 
0.251 
0.275 

. 13.2 
_ 

20.2 _ 
22.6 , 

. 24.8 
26-z . 

. 27.6 

. 28.6 

. 29.4 

4.8 ; 0 
. 

13.2 . 1.001 
. . I . . 

20.6 1.016 
23.2 : 1.024 
25.6 1.032 
27.2 I 1.040 
28.9 . 1.048 
30.2 : . 
31.3 ;AW; 0 

0.001 
1 . 

0.016 
0.024 
0.032 
0.039 
0.047 
0.054 
0.062 

i. : 
ii I 
. . ..’ G 
. . I 

26.3 
28.3 

. f. 29.9 
:: .i 31 .2 
i- 32.0 

32.7 
. . 33.2 
!: 33.6 

l.-I27 
I.158 

37.1 I.190 
39.0 A.222 
41.0 1.254 
42.7 1.285 
44.3 1.316 

. r  

i. 

. . 

'IUltimate 
.“. . . . . . . 

(1.35) ‘. (0.30) :yhtimate . 
t . . . . . . . . . . . . . . . . . I 

33-8 33.4 (1.29) (0.255) ii 
t.. . ..I . . . . . . . . : . . . . . . . .._/_ . . . . . . . . . . . . . . . . .I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s 

Fracture 26.6 61 .o 2.29 0.829 IFracture : 26.4 70.5 2.67 0.982 1: 
1’ :. yL.‘I.. ^..._ ..~Z.- - .: . __ -r- ::= ” - - -.. . . - . :_-: ----.” I . . . . . .I i . ., .-..-. _ .” I”. . . __” ..I. - -- .-. . _.. .-.t, _ . . . . I; _._. __“._ . :- . .-... ?” “L. ~ .- -_“. ‘. : _. - - . . 
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TABLE III(a) 

Tensile test data - material Code 'j/Rex 583 

_ . ”  .  I -  

.  . ;  ”  .  .  
. -  I  -  

.  , :  

' Nominal stress - tons/sq in. Nominal strain True ultimate 
. . . 

Fracture 'Ultimate ' 
e Stress Strain :1 

Code 
LP 0.1s UJt O.l,$ proof .Fr* 1 + elong 

proof - Nom ult ,R of A Elong 

-- 
. . 

.I # _ _ .7 

66.8 0.673 50.8 48.9 20 1.086 

_- .” -. . . .- . 

( 3/R583/.&a 22.8 2 
2 G) 

I. 
S/R583/Jb '25.2 

2' E 3/R583/Akc 20.8 

3/R583/W 25.6 

. I . 

44*9 

45.8 

44.4 

47.2 

44.0 

51 .4 67.2 0.764 50.2 53.0 19 1 .OYO 

I .- 

67.2 0.682 52.4 44.7 18 1.099 

67.8 0.655 52.8 48.7 20 1.078 

67.5 0.698 52.4 47.4 20 I.084 

68.0 0,647 53.6 45.2 18 1.096 

68.8 -  53.2 48.9 18 1.078 
“. 

. 
. __ .’ . “ -  -  : -_. ._- 1 -  

*Interru;,ted test to exadne influence oi: pi-e-straining, 

3 High rate of loading approximately 4 tonslsq in./s 

-: 

72.6 0.0827 .I 
I 

73.9 0.0948 A 
m 

73.1 0.0753 . I 

73.3 0.0803 

74.6 0.0919 

73.4 0.0862 

74.1 0.0753 
- 1; 
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