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E’=2.05175×1011 N/m2 1D FEM

3D FEM 1.02%

3D FEM 0.09% 1/11

 

Table 3.1  Comparison of natural frequencies for bending modes of a shaft 
with uniform cross-section between 1D model and 3D model 

Unit: Hz 
Mode 1D Model 3D Model 0 (Error) 3D Model 1 (Error) 

1 743.69 750.04 (0.85%) 743.14 (0.07%) 

2 2018.8 2037.6 (0.93%) 2018.84 (0.00%) 

3 3873.7 3908.8 (0.90%) 3872.85 (0.02%) 

4 6236.7 6300.5 (1.02%) 6242.59 (-0.09%) 

 

 

3.12 (a) (b) 2  

A 2 B 2

 

 

Shaft A 350mm 20mm  

25.4mm =0.7874 25.4mm =0.7874  

57.3mm 82.7mm h/d0=1  

162.3mm 187.7mm h/d0=1  

Shaft B 350mm 20mm  

25.4mm =0.7874 35.4mm =0.5650  

57.3mm 82.7mm h/d0=1  

162.3mm 187.7mm h/d0=0.7175  

 

 

 

 

 

 

 

 



 

 

 

 

E=2.0

 

 

 

Fig. 3.1

3.12 3D 

A B

09×1011 N/m2

Fig. 3.1

2  3D FEM

FEM

3.13

B 3D 

=0.3008
2

5 10

3  1D FEM

models of sh

1D FEM

FEM

=7846

=0.3008

17 22

models of sh

35 

hafts with step

6 kg/m3

=784

 

 

hafts with step

(a) Shaft A

(b) Shaft B

(a) Shaft A

(b) Shaft B

pped cross-se

1D FEM

46 kg/m3

3.10

pped cross-se

ections (Shaft

1

E’=2.05175

9d

ections (Shaft

 

 

ft A & B) 

4

5×1011 N/m2

3.13 1D

d/32

 

 

ft A & B) 

D FEM

 



 

 

 

 

 

3.1

 

1

1

1

 

 

M

 

 

3.14 A

3.2 3

13 (a) A

1D Model 1

1D Model 2

1D Model 3

Mode 3D Mo

1 763.6

2 2050

3 3964

4 6307

 

1

3.12 (a)

A 3

 

Table 3.2

odel 1D M

64 772.

0.9 2064

4.3 4027

7.7 6382

1s

3r

4

Fig. 3.14  

1D FE

2  Compariso

Model 1 (Erro

55 (1.17

4.1 (0.64

7.7 (1.60

2.3 (1.18

st mode 

rd mode 

36 

 

 

 

 

 Eigenmode

A

EM

on of natural 
    

or) 1D M

7%) 772.5

4%) 2064

0%) 4027

%) 6382

es of Shaft A

A 3D FEM

frequencies o
          

Model 2 (Error

55 (1.17%

4.1 (0.64%

7.7 (1.60%

2.3 (1.18%

 

M

1 4

 

of shaft A 
           

r) 1D M

%) 767.0

%) 2055.

%) 3985.

%) 6323.

2nd m

4th m

 

 

  Unit: Hz 
Model 3 (Error

09 (0.45%

.0 (0.20%

.8 (0.54%

.7 (0.25%

mode 

mode 

 

 

r) 

%)

%)

%)

%)



37 
 

1D Model 1 1.60%

3.13 (a) A 1.1 de

d0 1D Model 2

1D Model 1

1D Model 3 0.54%  

3.3 3.12 (b) B 3D FEM

3.13 (b) B 3 1D FEM 1 4

 

 

 

Table 3.3  Comparison of natural frequencies of shaft B 
Unit: Hz 

Mode 3D Model 1D Model 1 (Error) 1D Model 2 (Error) 1D Model 3 (Error) 

1 733.33 754.86 (2.94%) 739.64 (0.86%) 731.99 (-0.18%)

2 2034.8 2049.8 (0.74%) 2047.6 (0.63%) 2036.1 (0.06%)

3 3804.9 3924.8 (3.15%) 3841.9 (0.97%) 3812.8 (0.21%)

4 6161.8 6245.6 (1.36%) 6226.5 (1.05%) 6160.2 (-0.03%)
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Table 3.4  Comparison of natural frequencies of shaft C 
Unit: Hz  

Mode 3D Model 1D Model 1 (Error) 1D Model 2 (Error) 1D Model 3 (Error) 

1 730.28 750.15 (2.72%) 729.84 (-0.06%) 728.62 (-0.23%)

2 2001.2 2005.6 (0.22%) 2003.1 (0.10%) 1999.2 (-0.10%)

3 3743.2 3832.4 (2.38%) 3722.2 (-0.56%) 3740.5 (-0.07%)

4 6080.9 6121.4 (0.67%) 6096.5 (0.26%) 6063.6 (-0.28%)
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Table 3.5  Comparison of natural frequencies of shaft D 
Unit: Hz  

Mode 3D Model 1D Model 1 (Error) 1D Model 2 (Error) 1D Model 3 (Error) 
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Table 3.7   Identified natural frequencies of a shaft with stepped corss-section 
under free-free support condition 

Unit Hz 
1st mode 2nd mode 3rd mode 4th mode 

Rotor 1 764.23 2052.2 3963.9 6309.0 

Rotor 2 762.59 2050.1 3960.6 6304.4 

Rotor 3 764.37 2054.0 3966.0 6313.3 

Rotor 4 765.77 2055.0 3968.1 6313.5 

Rotor 5 763.97 2052.2 3964.5 6307.5 

Rotor 6 764.52 2054.5 3968.0 6316.8 

Rotor 7 765.19 2054.9 3970.1 6315.6 

Rotor 8 765.64 2055.0 3967.5 6314.0 

Rotor 9 762.50 2048.7 3958.8 6302.0 

Rotor10 766.25 2058.2 3973.6 6324.7 

Rotor11 765.56 2055.3 3970.3 6318.1 

Rotor12 764.20 2055.0 3970.0 6322.2 

Rotor13 764.74 2054.5 3967.1 6315.0 

Rotor14 765.26 2058.1 3973.8 6324.7 

Rotor15 763.59 2049.5 3957.9 6300.9 

Rotor16 764.59 2054.7 3967.3 .06316.8 

Mean 764.56 2053.9 3966.7 6313.7 
2 1.140 7.380 21.90 53.74 

3  
(Percentage 

against 
mean value) 

3.203 8.150 14.04 21.99 

(0.42%) (0.40%) (0.35%) (0.35%) 
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3 5%

1 5 3.23  

Table 3.9  Natural frequencies of bending modes 
for turbine – generator rotor 

              Unit: Hz 
Mode Proposed method Ordinary method 

1 17.026 17.250 (1.32%)

2 17.509 17.708 (1.13%)

3 42.803 44.759 (4.57%)

4 62.921 64.389 (2.33%)

5 65.090 67.220 (3.27%)

 

Fig. 3.23   Eigenmodes of bending vibration for turbine – generator rotor 
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Table 4.1  Comparison between analytical natural frequencies of 3D Model of solid shaft and 

analytical natural frequencies of 1D Model 3 of shaft with a sleeve set on it by clearance fit 
                                          Unit: Hz 

Mode 

Analytical 
value of 3D 

Model of 
solid shaft 

Analytical value of 1D 
Model 3 of shaft with a 
sleeve on it by clearance 

fit (difference) 
1 733.33 724.34 (-1.23%) 

2 2034.8 2038.2 (0.17%) 

3 3804.9 3753.9 (-1.34%) 

4 6161.8 6174.5 (0.21%) 

 

 
Table 4.2  Comparison between analytical natural frequencies of 1D Model 3 of solid shaft and 

analytical natural frequencies of 1D Model 3 of shaft with a sleeve set on it by clearance fit 
                                          Unit: Hz 

Mode 

Analytical 
value of 1D 
Model 3 of 
solid shaft 

Analytical value of 1D 
Model 3 of shaft with a 
sleeve on it by clearance 

fit (difference) 
1 731.99 724.34 (-1.05%) 

2 2036.1 2038.2 (0.10%) 

3 3812.8 3753.9 (-1.54%) 

4 6160.2 6174.5 (0.23%) 

 

 

4.3 4.10 (b) 3 3D Model

4.10 (a)

4.4 4.10 (b) 1 1D Model 3

4.10 (a)

3D Model 1D 

Model 3 1 4

0.2% 0.4%
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Table 4.3  Comparison between analytical natural frequencies of 3D Model of solid shaft and 
measured natural frequencies of shaft with a sleeve set on it by interference fit 

                                     Unit: Hz 

Mode 

Analytical 
value of 3D 

Model of 
solid shaft 

Measured value of 
shaft with a sleeve 

set on it by shrink fit 
(Error) 

1 733.33 731.84 (-0.20%)

2 2034.8 2035.1 (0.01%) 

3 3804.9 3797.4 (-0.20%)

4 6161.8 6160.2 (-0.20%)

 

 
Table 4.4  Comparison between analytical natural frequencies of 1D Model 3 of solid shaft and 

measured natural frequencies of shaft with a sleeve set on it by interference fit 
                                     Unit: Hz 

Mode 

Analytical 
value of 1D 
Model 3 of 
solid shaft 

Measured value of 
shaft with a sleeve 

set on it by shrink fit 
(Error) 

1 731.99 731.84 (-0.02%) 

2 2036.1 2035.1 (-0.05%) 

3 3812.8 3797.4 (-0.40%) 

4 6160.2 6160.2 (0.00%) 
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Fig. 5.14   Eigenmodes of torsional vibration for turbine – generator rotor 
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Table 6.3   Design variables of original and initial model 

  
(kg/m3) 

E 
(Pa)  Jdisc1 

(kgm2) 
Jdisc2 

(kgm2) 
Jdisc3 

(kgm2) 
Jdisc4 

(kgm2) 
Original 
model 7800 2.110×1011 0.30 4.56064×105 4.77992×105 5.10716×105 5.20738×105

Initial 
model 7020 2.321×1011 0.33 5.01670×105 5.25791×105 5.61788×105 5.72812×105

 

 

E Jdisc
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nf1 =3 nf2 =1 3+ nf1+ nf2 ×n=25 n=19
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6.4 6.5

MAC Balmes and Leclere, 2006 1

0.9998 0.9993 0.9989 0.9990

1.0000 1.0000 1.0000 1.0000

 

 

 

Table 6.4  Rigid properties for centrifugal compressor 

 mc 
(kg) 

zCGc 
(m) 

JCGc 
(kgm2) 

JpCGc 
(kgm2) 

Original 
Model 0.84821 0.17593 3.574×10-3 3.859×10-4 

Initial Model 
(Error) 

0.81559 
(-3.836%)

0.17597
(0.023%)

3.314×10-3

(-7.269%)
4.246×10-4 

(10.020%) 

Identified 
Model 
(Error) 

0.84821 
(0.000%)

0.17593
(0.000%)

3.574×10-3 

(0.000%) 
3.859×10-4 

(0.000%) 
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Table 6.5  Natural frequencies for centrifugal compressor rotor 
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(Error) 
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Natural frequencies of bending vibration modes of uniform beam 

Unit: Hz 
Mode Timoschenko 

beam theory 
Euler-Bernoulli beam
theory      (Error)

1D FEM
(Error)  

1 743.68 750.12 (0.87%) 743.69 (0.00%) 

2 2018.5 2067.7 (2.44%) 2018.8 (0.01%) 

3 3872.4 4053.6 (4.68%) 3873.7 (0.03%) 

4 6230.5 6700.8 (7.55%) 6236.7 (0.10%) 

 

 

4 7.55%

1

4 0.1%  
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Seon, M., Han, H. B., and Timothy, W., Dynamics of transversely vibrating beams using for 
engineering theories, Journal of Sound and Vibration, Vol. 255, No.5 (1999), pp. 935-988. 
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Coordinate of nodes for bending vibration analysis model of turbine – generator rotor 

Node z (m) Node z (m) Node z (m) 
1 0.000 41 10.628 81 21.408 
2 0.390 42 10.847 82 21.708 
3 0.481 43 11.001 83 22.009 
4 0.692 44 11.133 84 22.310 
5 0.780 45 11.375 85 22.610 
6 1.300 46 11.700 86 22.911 
7 1.623 47 12.025 87 23.212 
8 1.755 48 12.155 88 23.512 
9 1.991 49 12.448 89 23.813 

10 2.210 50 12.608 90 24.113 
11 2.730 51 12.740 91 24.414 
12 3.185 52 12.935 92 24.670 
13 3.614 53 13.130 93 24.947 
14 3.900 54 13.262 94 25.480 
15 4.160 55 13.507 95 26.000 
16 4.420 56 13.884 96 26.130 
17 4.680 57 14.261 97 26.650 
18 4.940 58 14.638 98 26.785 
19 5.200 59 14.883 99 27.060 
20 5.460 60 15.015 100 27.469 
21 5.705 61 15.210 101 27.879 
22 5.990 62 15.405 102 28.288 
23 6.058 63 15.540 103 28.379 
24 6.292 64 15.860 104 28.711 
25 6.526 65 16.328 105 29.133 
26 6.760 66 16.705 106 29.188 
27 7.280 67 17.076 107 29.374 
28 7.447 68 17.311 108 29.614 
29 7.755 69 17.446 - - 
30 7.839 70 17.914 - - 
31 8.151 71 18.044 - - 
32 8.450 72 18.564 - - 
33 8.767 73 19.084 - - 
34 8.840 74 19.348 - - 
35 9.133 75 19.604 - - 
36 9.230 76 19.905 - - 
37 9.620 77 20.205 - - 
38 10.075 78 20.506 - - 
39 10.231 79 20.807 - - 
40 10.524 80 21.107 - - 
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Dimensions of shaft for bending vibration analysis model of turbine – generator rotor 
( Density 7850 kg/m3, Young's modulus 7850 Pa Shear modulus 7.9192 1010 Pa ) 

 

Node 
Outer 

Diameter 
(m) 

Node 
Outer

Diameter 
(m)

Node 
Outer 

Diameter 
(m)

1 to 2 0.312 41 to 42 0.780 81 to 82 1.170 
2 to 3 0.689 42 to 43 0.780 82 to 83 1.170 
3 to 4 0.312 43 to 44 0.468 83 to 84 1.170 
4 to 5 0.312 44 to 45 0.468 84 to 85 1.170 
5 to 6 0.468 45 to 46 0.468 85 to 86 1.170 
6 to 7 0.468 46 to 47 0.468 86 to 87 1.170 
7 to 8 0.468 47 to 48 0.858 87 to 88 1.170 
8 to 9 0.780 48 to 49 0.468 88 to 89 1.170 
9 to 10 0.780 49 to 50 0.468 89 to 90 1.170 
10 to 11 1.014 50 to 51 0.468 90 to 91 1.170 
11 to12 1.014 51 to 52 0.910 91 to 92 0.910 
12 to 13 1.014 52 to 53 0.910 92 to 93 0.910 
13 to 14 1.014 53 to 54 0.468 93 to 94 0.910 
14 to 15 1.014 54 to 55 0.468 94 to 95 0.910 
15 to 16 1.014 55 to 56 0.468 95 to 96 1.300 
16 to 17 1.014 56 to 57 0.468 96 to 97 0.910 
17 to 18 1.014 57 to 58 0.468 97 to 98 0.481 
18 to 19 1.014 58 to 59 0.468 98 to 99 0.481 
19 to 20 1.014 59 to 60 0.468 99 to 100 0.481 
20 to 21 1.014 60 to 61 0.910 100 to 101 0.481 
21 to 22 1.014 61 to 62 0.910 101 to 102 0.481 
22 to 23 1.092 62 to 63 0.481 102 to 103 0.325 
23 to 24 1.092 63 to 64 0.481 103 to 104 0.325 
24 to 25 1.092 64 to 65 0.481 104 to 105 0.325 
25 to 26 1.092 65 to 66 0.481 105 to 106 0.195 
26 to 27 1.092 66 to 67 0.481 106 to 107 0.195 
27 to 28 1.092 67 to 68 0.481 107 to 108 0.195 
28 to 29 1.092 68 to 69 0.481 - -
29 to 30 1.300 69 to 70 0.910 - -
30 to 31 1.300 70 to 71 1.300 - -
31 to 32 1.300 71 to 72 0.910 - -
32 to 33 1.300 72 to 73 0.910 - -
33 to 34 1.300 73 to 74 0.910 - -
34 to 35 1.300 74 to 75 0.910 - -
35 to 36 1.508 75 to 76 1.170 - -
36 to 37 1.508 76 to 77 1.170 - -
37 to 38 1.508 77 to 78 1.170 - -
38 to 39 1.508 78 to 79 1.170 - -
39 to 40 1.040 79 to 80 1.170 - -
40 to 41 1.040 80 to 81 1.170 - -
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Specification of disc elements for bending vibration analysis model of turbine – generator rotor 

Node Density 
(kg/m3) 

Thick- 
ness 
(m) 

Outer 
diameter 

(m) 

Outer 
diameter 

(m) 
Node Density

(kg/m3)

Thick- 
ness 
(m) 

Outer 
diameter 

(m) 

Outer 
diameter 

(m) 

13 7850 0.130 1.404 1.014 78 7222 0.301 1.580 1.170 
14 7850 0.130 1.404 1.014 79 7222 0.301 1.580 1.170 
15 7850 0.130 1.404 1.014 80 7222 0.301 1.580 1.170 
16 7850 0.130 1.404 1.014 81 7222 0.301 1.580 1.170 
17 7850 0.130 1.404 1.014 82 7222 0.301 1.580 1.170 
18 7850 0.130 1.404 1.014 83 7222 0.301 1.580 1.170 
19 7850 0.130 1.404 1.014 84 7222 0.301 1.580 1.170 
20 7850 0.130 1.404 1.014 85 7222 0.301 1.580 1.170 
23 7850 0.135 1.508 1.092 86 7222 0.301 1.580 1.170 
24 7850 0.135 1.508 1.092 87 7222 0.301 1.580 1.170 
25 7850 0.135 1.508 1.092 88 7222 0.301 1.580 1.170 
26 7850 0.135 1.508 1.092 89 7222 0.301 1.580 1.170 
30 7850 0.169 1.820 1.300 90 7222 0.301 1.580 1.170 
31 7850 0.169 1.820 1.300 - - - - - 
32 7850 0.169 1.820 1.300 - - - - - 
34 7850 0.169 1.820 1.300 - - - - - 
36 7850 0.195 1.820 1.508 - - - - - 
37 7850 0.195 1.820 1.508 - - - - - 
38 7850 0.312 1.820 1.508 - - - - - 
13 7850 0.006 1.612 1.404 - - - - - 
14 7850 0.006 1.612 1.404 - - - - - 
15 7850 0.006 1.612 1.404 - - - - - 
16 7850 0.006 1.612 1.404 - - - - - 
17 7850 0.006 1.612 1.404 - - - - - 
18 7850 0.006 1.612 1.404 - - - - - 
19 7850 0.006 1.612 1.404 - - - - - 
20 7850 0.006 1.612 1.404 - - - - - 
23 7850 0.009 1.820 1.508 - - - - - 
24 7850 0.009 1.872 1.508 - - - - - 
25 7850 0.009 1.950 1.508 - - - - - 
26 7850 0.009 2.080 1.508 - - - - - 
30 7850 0.012 2.444 1.820 - - - - - 
31 7850 0.012 2.600 1.820 - - - - - 
32 7850 0.012 2.691 1.820 - - - - - 
34 7850 0.012 2.860 1.820 - - - - - 
36 7850 0.016 3.055 1.820 - - - - - 
37 7850 0.017 3.315 1.820 - - - - - 
38 7850 0.019 3.640 1.820 - - - - - 
76 7222 0.301 1.580 1.170 - - - - - 
77 7222 0.301 1.580 1.170 - - - - - 
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Coordinate of nodes for torsional vibration analysis model of turbine – generator rotor 

Node z (m) Node z (m) Node z (m) 
1 0.000 41 10.628 81 21.408 
2 0.390 42 10.725 82 21.708 
3 0.481 43 11.001 83 22.009 
4 0.739 44 11.065 84 22.310 
5 0.780 45 11.375 85 22.610 
6 1.300 46 11.700 86 22.911 
7 1.691 47 12.025 87 23.212 
8 1.755 48 12.155 88 23.512 
9 2.114 49 12.448 89 23.813 

10 2.210 50 12.674 90 24.113 
11 2.730 51 12.740 91 24.414 
12 3.185 52 12.935 92 24.525 
13 3.614 53 13.130 93 24.947 
14 3.900 54 13.196 94 25.480 
15 4.160 55 13.507 95 26.000 
16 4.420 56 13.884 96 26.130 
17 4.680 57 14.261 97 26.650 
18 4.940 58 14.638 98 26.717 
19 5.200 59 14.949 99 27.060 
20 5.460 60 15.015 100 27.469 
21 5.884 61 15.210 101 27.879 
22 5.990 62 15.405 102 28.288 
23 6.058 63 15.472 103 28.330 
24 6.292 64 15.860 104 28.711 
25 6.526 65 16.328 105 29.133 
26 6.760 66 16.705 106 29.159 
27 7.280 67 17.076 107 29.374 
28 7.629 68 17.379 108 29.614 
29 7.755 69 17.446 - - 
30 7.839 70 17.914 - - 
31 8.151 71 18.044 - - 
32 8.450 72 18.564 - - 
33 8.840 73 19.084 - - 
34 8.986 74 19.493 - - 
35 9.133 75 19.604 - - 
36 9.230 76 19.905 - - 
37 9.620 77 20.205 - - 
38 10.075 78 20.506 - - 
39 10.231 79 20.807 - - 
40 10.366 80 21.107 - - 
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Dimensions of Shaft for torsional vibration analysis model of turbine – generator rotor 
( Density 7850 kg/m3, Shear modulus 7.9192 1010 Pa ) 

 

Node 
Outer 

Diameter 
(m) 

Node 
Outer

Diameter 
(m)

Node 
Outer 

Diameter 
(m)

1 to 2 0.312 41 to 42 0.780 81 to 82 1.170 
2 to 3 0.689 42 to 43 0.780 82 to 83 1.170 
3 to 4 0.312 43 to 44 0.468 83 to 84 1.170 
4 to 5 0.312 44 to 45 0.468 84 to 85 1.170 
5 to 6 0.468 45 to 46 0.468 85 to 86 1.170 
6 to 7 0.468 46 to 47 0.468 86 to 87 1.170 
7 to 8 0.468 47 to 48 0.858 87 to 88 1.170 
8 to 9 0.780 48 to 49 0.468 88 to 89 1.170 
9 to 10 0.780 49 to 50 0.468 89 to 90 1.170 
10 to 11 1.014 50 to 51 0.468 90 to 91 1.170 
11 to 12 1.014 51 to 52 0.910 91 to 92 0.910 
12 to 13 1.014 52 to 53 0.910 92 to 93 0.910 
13 to 14 1.014 53 to 54 0.468 93 to 94 0.910 
14 to 15 1.014 54 to 55 0.468 94 to 95 0.910 
15 to 16 1.014 55 to 56 0.468 95 to 96 1.300 
16 to 17 1.014 56 to 57 0.468 96 to 97 0.910 
17 to 18 1.014 57 to 58 0.468 97 to 98 0.481 
18 to 19 1.014 58 to 59 0.468 98 to 99 0.481 
19 to 20 1.014 59 to 60 0.468 99 to 100 0.481 
20 to 21 1.014 60 to 61 0.910 100 to 101 0.481 
21 to 22 1.014 61 to 62 0.910 101 to 102 0.481 
22 to 23 1.092 62 to 63 0.481 102 to 103 0.325 
23 to 24 1.092 63 to 64 0.481 103 to 104 0.325 
24 to 25 1.092 64 to 65 0.481 104 to 105 0.325 
25 to 26 1.092 65 to 66 0.481 105 to 106 0.195 
26 to 27 1.092 66 to 67 0.481 106 to 107 0.195 
27 to 28 1.092 67 to 68 0.481 107 to 108 0.195 
28 to 29 1.092 68 to 69 0.481 - -
29 to 30 1.300 69 to 70 0.910 - -
30 to 31 1.300 70 to 71 1.300 - -
31 to 32 1.300 71 to 72 0.910 - -
32 to 33 1.300 72 to 73 0.910 - -
33 to 34 1.300 73 to 74 0.910 - -
34 to 35 1.300 74 to 75 0.910 - -
35 to 36 1.508 75 to 76 1.170 - -
36 to 37 1.508 76 to 77 1.170 - -
37 to 38 1.508 77 to 78 1.170 - -
38 to 39 1.508 78 to 79 1.170 - -
39 to 40 1.040 79 to 80 1.170 - -
40 to 41 1.040 80 to 81 1.170 - -
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Specification of disc elements for torsional vibration analysis model of turbine – generator rotor 
 

Node Density 
(kg/m3) 

Thick- 
ness 
(m) 

Outer 
diameter 

(m) 

Outer 
diameter 

(m) 
Node Density

(kg/m3)

Thick- 
ness 
(m) 

Outer 
diameter 

(m) 

Outer 
diameter 

(m) 

13 7850 0.130 1.404 1.014 78 7222 0.301 1.580 1.17 
14 7850 0.130 1.404 1.014 79 7222 0.301 1.580 1.17 
15 7850 0.130 1.404 1.014 80 7222 0.301 1.580 1.17 
16 7850 0.130 1.404 1.014 81 7222 0.301 1.580 1.17 
17 7850 0.130 1.404 1.014 82 7222 0.301 1.580 1.17 
18 7850 0.130 1.404 1.014 83 7222 0.301 1.580 1.17 
19 7850 0.130 1.404 1.014 84 7222 0.301 1.580 1.17 
20 7850 0.130 1.404 1.014 85 7222 0.301 1.580 1.17 
23 7850 0.135 1.508 1.092 86 7222 0.301 1.580 1.17 
24 7850 0.135 1.508 1.092 87 7222 0.301 1.580 1.17 
25 7850 0.135 1.508 1.092 88 7222 0.301 1.580 1.17 
26 7850 0.135 1.508 1.092 89 7222 0.301 1.580 1.17 
30 7850 0.169 1.820 1.300 90 7222 0.301 1.580 1.17 
31 7850 0.169 1.820 1.300 - - - - - 
32 7850 0.169 1.820 1.300 - - - - - 
33 7850 0.169 1.820 1.300 - - - - - 
36 7850 0.195 1.820 1.508 - - - - - 
37 7850 0.195 1.820 1.508 - - - - - 
38 7850 0.312 1.820 1.508 - - - - - 
13 7850 0.006 1.612 1.404 - - - - - 
14 7850 0.006 1.612 1.404 - - - - - 
15 7850 0.006 1.612 1.404 - - - - - 
16 7850 0.006 1.612 1.404 - - - - - 
17 7850 0.006 1.612 1.404 - - - - - 
18 7850 0.006 1.612 1.404 - - - - - 
19 7850 0.006 1.612 1.404 - - - - - 
20 7850 0.006 1.612 1.404 - - - - - 
23 7850 0.009 1.820 1.508 - - - - - 
24 7850 0.009 1.872 1.508 - - - - - 
25 7850 0.009 1.950 1.508 - - - - - 
26 7850 0.009 2.080 1.508 - - - - - 
30 7850 0.012 2.444 1.820 - - - - - 
31 7850 0.012 2.600 1.820 - - - - - 
32 7850 0.012 2.691 1.820 - - - - - 
33 7850 0.012 2.860 1.820 - - - - - 
36 7850 0.016 3.055 1.820 - - - - - 
37 7850 0.017 3.315 1.820 - - - - - 
38 7850 0.019 3.640 1.820 - - - - - 
76 7222 0.301 1.580 1.170 - - - - - 
77 7222 0.301 1.580 1.170 - - - - - 

 


