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ABSTRACT

In order to explore the resonance conditions of the Francis runner due to the rotor-stator interaction between the runner and
the guide vane, modal analyses in air or water are required mainly. However, it is substantially challenging to analyze the
resonance conditions at a specific nodal diameter using the full model with an arbitrary number of bolt holes and balance holes.
Hence, dry/wet mode analyses were performed based on the cyclic symmetry model without a bolt hole and with a balance hole,
which is not real. The changes in the natural frequencies of the primary resonance modes due to the shape change were analyzed.
In the dry mode, the difference is only within 0.9% at most, but in the wet mode, the difference is up to 6.37%. The absence
of a bolt hole increases the stiffness, but a balance hole in each cyclic symmetry model decreases the stiffness. Despite their
conflict with each other, the change in the dry mode does not occur significantly. However, in the wet mode, it is judged that
the added mass effects are increased by increasing the balance holes more than in reality, which increases the change in natural
frequencies compared to the cases of dry modes. Therefore, this change should be compensated for when analyzing the resonance

conditions of the wet mode using a cyclic symmetry model with a different number of bolt holes and balance holes.
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Fig. 1 Load and Boundary Condition for Static
Strength Analysis of Full Runner Model

Fig. 2 Finite Element Model of Full Mode for

Static Strength Analysis and Modal Aanalysis

Table 1 Definition for Acoustic Body

Parameter Value
Mass Density 1000 kg/m®
Sound Speed 1483.24 m/s
Reference Pressure 2E-5 Pa
Reference Static Pressure 101325 Pa
Acoustic-Structural Coupled Uncoupled
Behavior Compressible
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Fig. 3 Acoustic Body for Wet Mode Calculation of

Full Runner Model

Fig. 4 Load and boundary condition for static

strength analysis of cyclic symmetry runner model
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Fig. 5 Acoustic body for wet mode calculation of cyclic

symmetry runner model

Table 2 Comparison of Dry/Wet mode of full runner model

Dry Mode Wet DIff (%)
Stop Rated | Runaway | Mode

Mode 1 1.000 1.000 1.000 0.878 12.24
Mode 2 1.072 1.072 1.072 0.848 2091
Mode 3 1.462 1.463 1.464 1.164 20.35
Mode 4 2.331 2.331 2.331 1.554 33.32
Mode 5 2.541 2.542 2.544 2.166 14.78
Mode 6 2.903 2.904 2.904 1.653 43.08
Mode 7 3.238 3.238 3.238 1.817 43.86

* Normalized by freq. of mode 1, dry mode, full model
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(a) Mode 1, Global
Torsion(NDO)

(b) Mode 2, Global
Bending(ND1)

(c) Mode 3, Global

Bending(ND2) (d) Mode 4, Up-Down(ND0)

(f) Mode 6, Global
Bending(ND1)+1st Blade
Bending

(e) Mode 5, Global
Bending(ND3)

(g) Mode 7, Global
Bending(ND2)+1st Blade
Bending

*ND# : #th Nodal Diameter

Fig. 6 Mode shape of full runner model
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Dry Mode for Full Model
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Fig. 7 Campbell diagram of full runner model

based on dry mode
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(a) Mode 1, Global Torsion(ND0O)  (b) Mode 2, Up-Down(NDO)

(c) Mode 3, 1st Blade
Bending-Typel(NDO)

(d) Mode 4, st Blade
Bending-Type2(NDO)

(e) Mode 5, 2nd Blade
Bending-Typel(NDO)

(f) Mode 6, 2nd Blade
Bending-Type2(NDO)

(g) Mode 7, 3rd Blade
Bending(NDO)

Fig. 8 Mode shape of cyclic symmetry runner model
in case of NDO

*ND# : #th Nodal Diameter

Table 3 Comparison of dry/wet mode of cyclic symmetry
runner model in case of NDO

Dry Mode Wet
Stop Rated | Runaway | Mode

Diff(%)

Mode 1 0.993 0.993 0.993 0.865 12.90

Mode 2 2.330 2329 2.330 1.455 37.55

Mode 3 3.491 3.491 3.489 2.086 40.25

Mode 4 4.293 4.293 4.293 2.733 36.35

Mode 5 4.525 4.525 4.522 - -

Mode 6 5.627 5.627 5.626 3.179 43.51

Mode 7 6.251 6.252 6.248 4.204 32.75

* Normalized by freq. of mode 1, dry mode, full model
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Hz NDO Dry Mode for Cyclic Symmetry Model
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Fig. 9 Campbell diagram of cyclic symmetry runner
model based on dry mode in case of NDO

Table 4 Comparison of dry/wet mode of cyclic symmetry
runner model in case of ND5

Dry Mode Wet
Stop Rated | Runaway | Mode
Mode 1 3.375 3.375 3.374 1.661 50.79
Mode 2 4.129 4.130 4.130 3.109 24.70
Mode 3 4.943 4.944 4.945 2.501 49.41
Mode 4 5.387 5.388 5.386 3711 31.13
Mode 5 5.923 5.923 5.924 - -
Mode 6 6.546 6.546 6.545 - -
Mode 7 7.133 7.135 7.136 4.621 3522
* Normalized by freq. of mode 1, dry mode, full model

Diff(%)
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(a) Mode 1, 1st Blade
Bending(ND5)

(b) Mode 2, Ist and 2nd Blade
Bending(ND5)

(c) Mode 3, 2nd Blade
Bending(ND5)

(d) Mode 4, 2nd and 3rd Blade
Bending(ND5)

(e) Mode 5, Complex Blade
Bending-Typel(ND5)

(f) Mode 6, 3rd Blade
Bending(ND5)

(g) Mode 7, Complex Blade
Bending-Type2(ND5)

Fig. 10 Mode shape of cyclic symmetry runner model

*ND# : #th Nodal Diameter

in case of ND5
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Hz ND5 Dry Mode for Cyclic Symmetry Model
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Fig. 11 Campbell diagram of cyclic symmetry runner
model based on dry mode in case of ND5

Table 5 Comparison of dry mode between full runner

model and cyclic symmetry runner model

Full Cyclic Diff.(%)
Mode 1 1.000 0.993 0.71
Mode 2 1072 1.082 (-0.90
Mode 3 1462 1.465 (-0.19
Mode 4 2331 2330 0.04
Mode 5 2541 2533 030
Mode 6 2903 2918 (1049
Mode 7 3238 3.239 (-0.05

* Normalized by freq. of mode 1, dry mode, full model

Table 6 Comparison of wet mode between full runner

model and cyclic symmetry runner model

Full Cyclic Diff.(%)
Mode 1 0.878 0.865 1.46
Mode 2 0.848 0.819 344
Mode 3 1.164 1.108 481
Mode 4 1554 1.455 637
Mode 5 2.166 2.084 3.75
Mode 6 1.653 1.599 3.23
Mode 7 1.817 1749 3.78

* Normalized by freq. of mode 1, dry mode, full model
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