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1 Intr oduction

This reportcontritutesto the 5" Framevork ProgrammeHTR-E WP 3. Theaim of this work pack-
ageis to give aninsightin thedynamicbehaiour of the GT-MHR rotor shaftassemblyundervarious
operatingandemegeng conditions. Thereportsummarizeshe resultsof the seismicanalyseper

formedfor the GT-MHR rotor shaftassembly

Undernormaloperationconditionsthe GT-MHR rotor shaftis supportedoy Active MagneticBear
ings (AMBs). AMBs do not requirelubricationandthe stiffnesse®f the bearingscanbe changed
duringoperationby the controlsystemto counterirregularitiesin therotationof therotor shaft.

BasicallyanAMB is coupledwith amechanicahuxiliary CatcheBearing(CB). A CB takesoverthe
supportof therotor shaftin caseof AMB failure.

Theloadson thebearingsandtheresponsalisplacementsf the rotor shaftunderseismicconditions
calculatedwith finite elementdynamicanalysesare presentedn this report. The reportfocuseson
theradialandaxial bearingloadsasaresultof a postulatecearthquak loadingonthe GT-MHR rotor
shaftassembly

20793/05.70207/C Confidential 7
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2 Problem Definition

In the GT-MHR designfor ahightemperaturgas-cooledeactorthegeneratarturbine,andcompres-
sorsaremountedon a single vertically arrangedotor shaft. Figure 1 shaws the layout of the rotor

shaft. Undernormaloperatingconditionsthe rotor shaftis supportedy 6 radialand 1 axial Active

MagneticBearings(AMBSs). If the AMBs arenot functioningtherotor shaftis supportedy 5 radial

and1 axial CatcherBearings(CBs). The Figures2 and3 shav the positionof bearingssupporting
the GT-MHR rotor shatft.

To determinethe feasibility of the GT-MHR rotor shaftdesignandto designthe Active Magnetic
Bearingsthe bearingloadsundervariousoperationalconditionsmustbe known. The dynamicbe-
haviour of therotor shaftdetermineghe bearingloads. The dynamicbehaiour of the rotor shaftis
a function of the naturalfrequenciesf the rotor shaft. Massdistribution and stiffnessof the rotor
shaft,aswell asthe stiffnesse®f the supports(bearings) determinethe naturalfrequenciesf the
rotor shaft. In caseof the AMBs the stiffnessis not constantput a function of the appliedcontrol
systemandthefrequeng (rotationalvelocity). In this reportthe dynamicbehaiour of therotor shaft
hasbeeninvesticatedfor the following supportvariants:

A - Active MagneticBearingsupport- rigid stiffness;

B - Active MagneticBearingsupport- openloop controlsystemstiffness;
C - Active MagneticBearingsupport- closedloop controlsystemstiffness;
D - CatchemBearingsupport- rigid stiffness;

E - CatchemBearingsupport- flexible stiffness (1);

F - CatchemBearingsupport- flexible stiffnes (Il).

For thefollowing load caseghe bearingloadshave beendetermined:

An unbalancen theexciter;

A centralunbalanceén the generator;
Oppositeactingunbalancest the endsof the generator;

An unbalancén thedisk of the axial AMB;

An unbalancén themiddle of the hollow shaft;

An unbalancettheinlet stageof theturbinedueto deblading;

An unbalancettheinlet stageof the LP-compressodueto deblading;
A seismicloading;

© Nk whE

Radialbearingloadsare a resultof unbalancesccentricitiesn the variouscomponentof the rotor
shaftor horizontalseismicaccelerationsAxial bearingloadsare causedy the gravitational accel-
erationandvertical seismicaccelerationsThe calculatedbearingloadsandresponsealisplacements
for theloadcasedl to 7 arepresente@nddiscussedh [1]. In thisreportthe calculatedbearingloads
andresponsalisplacements$or load case8 are presented For the seismicload casethe calculated
bearingloadsarecomparedvith the maximumfeasiblebearingloads[2].

20793/05.70207/C Confidential 9



10

Confidential

20793/05.70207/C



3 Appr oach

To determinethe dynamicbehaiour of the GT-MHR rotor shaftwith respecto earthquak loading
thefollowing finite elementanalyseave to be performed:

Staticdeadweightanalysis;
Modefrequeng analysis;
Responsspectrumanalysis;
Load casecombination.

P wbn PR

Thesdfinite elementalculationsareperformedwith the generapurposdinite elemenicodeANSY S
Release.0 [3]. By meansof the staticanalysisthe bearingloadsfor the GT-MHR rotor shaftdue
to the deadweight at gravity loadingare calculated. The naturalfrequenciesof the GT-MHR rotor
shaftaredeterminedvith a modefrequeny analysis.The bearingloadsfor the GT-MHR rotor shaft
dueto seismidoadingarecalculatedvith aresponsspectrunanalysis.In aresponsespectrunanal-
ysisthe resultsof a modalanalysisare combinedwith a known spectrunto calculatethe structural
responsef a structure.lt is mainly usedto determinethe maximumstructuralresponseo random
loadingconditionssuchasearthquaks[3]. The spectrunmconsistof spectrabaseaccelerationser

susfrequencieshatcapturetheintensityandfrequeng contentof time-historyloads. The maximum
responsef the structureis assesselly modecombinationaccordingto the SquareRoot of the Sum
of the Squaresnethodfrom the NRC RegulatoryGuide[4].

For the staticandseismicanalyses linear elasticmaterialmodelhasbeenused. Therefore the re-
sultsdueto theindividual loads,which arecalculatedseparatelycanbe combinedby superposition.
Becausethe resultsof the seismicanalysesare expressedn amplitudesof displacementsstrains,
stresgs,andforcesthe resultsof the seismicanalysesare combinedwith the staticload by superpo-
sition with a positive anda negative signrespectiely.

3.1 Finite Element Model

Figures2 and3 shaw thefinite elementmodelof the GT-MHR rotor shaft. Thefinite elementmodel
consistf 441 elementsaand450nodalpoints. The ANSYS elementtypesusedin thefinite element
modelarePIPE16(pipeelement¥or therotor shaftandCOMBIN14 (spring-dampeelement¥or the
bearingd3]. Theradiusof therotor shaftis specifiedasa pipe elementproperty

3.2 Material Properties

Linear elasticmaterialbehaiour hasbeenassumedor the steelof the rotor shaft. For the Youngs
modulus,Poissorratio, andmaterialdampingthe following valueshave beenapplied:

E = 210000 MPa
v = 0.3 -
damping = 10 %

Theassumednaterialdampingis only usedin the harmonicresponseanalyses.

3.3 Boun dary Cond itions
Theappliedboundaryconditionsaredifferentfor eachinvestigatedsupportvariant.

20793/05.70207/C Confidential 11



Active magnetic bearing support - rigid stiffness

Figure4 shavs theboundaryconditionsappliedfor this supportvariant. In this figurethe cyanarrow

symbolsare suppressd displacementsthe orangedoublearrov symbolsare suppressd rotations,
andthe greensymbolsindicatecoupleddegreesof freedom. At the positionsof the radial bearings
the displacementgerpendiculato the rotor shaftaxis are suppressedX- and Y-direction). At the
positionof theaxial bearingall rotationsaresuppressedswell asthedisplacemenin axial direction
(Z-direction).

Active magnetic bearing support - open loop control system stiffness

Figure5 shavs the boundaryconditionsappliedfor this supportvariant. The bearingsaremodelled
with spring-dampeelements At oneendtheseelementsareconnectedo therotor shaft,atthe other
endall displacementandrotationsare suppressedAt the positionof the axial bearingthe rotation
aroundthe rotor shaftaxisis also suppresse@suppres®n of rigid body rotation). The stiffnes®s
usedfor the spring-dampeelementsarefrequeny dependen{Tablel1). Thevaluesusedarebased
onthedatasuppliedby [5]. For all bearingsa dampingof 0.05hasbeenassumed.

table 1 The frequency dependent stiffnesses of the AMBs with an open loop control system

Freg. AMBL  AMB2  AMB3  AMB4  AMB5  AMB6  AMBax
[Hz] [Njum] [N/pm] [Npm] [Npm] [Npm] [Npm] [N/pm]
10 299.57 31348  306.01 30207 30141  301.29 6470.90
20 508.44 52254  500.90  498.80  500.10  500.16  6997.60
30 674.90 72748  620.99 62153 63266  634.16 7583.70
40 804.57  817.50  808.03  801.19  794.69  794.53  6665.20
50 859.87 87455  848.63  846.84  846.66  844.05 6017.40
60 896.50  910.64  885.13  883.44 88569  884.91 7076.00
70 916.14  920.77  911.08 91154 91561 91562 7076.00
80 962.96  969.65 87594  899.34  920.93  923.15  7076.00
90 884.29  880.13  900.83  898.08  897.90  897.69  7076.00
100 914.99  910.14 89346 91227 917.87  918.26  7076.00

table 2 The frequency dependent stiffnesses of the AMBs with an closed loop control system

Freqg. AMB1 AMB2 AMB3 AMB4 AMBS AMB6 AMBax
[Hz] [N/um] [N/pm] [Npm] [Npm] [Npm] [Npm] [N/pm]
10 1856.1 4548.7 2134.1 1284.8 680.0 605.5 5796.5
20 2474.2 5666.3 2981.2 1791.7 944.1 840.1 4525.2
30 2347.4 4781.1 3327.2 1948.8 1004.6 891.4 3559.7
40 1718.4 3120.4 3616.6 1912.9 913.2 803.2 2741.0
50 1269.5 2335.8 2833.9 1425.6 674.6 592.9 3183.1
60 1675.9 3143.3 3532.0 1806.7 863.7 760.0 4989.6
70 2597.9 4801.4 5572.6 2851.0 1361.1 1197.1 4989.6
80 3746.7 6922.6 7386.9 3896.9 1890.2 1665.7 4989.6
90 4704.5 8896.0 9284.7 4896.1 2371.9 2089.8 4989.6
100 5903.2 11116.6 11316.2 6081.6 2958.0 2607.2 4989.6

Active magnetic bearing support - closed loop control system stiffness

Figure5 shaws the boundaryconditionsappliedfor this supportvariant. The bearingsaremodelled
with spring-dampeelements At oneendtheseelementsareconnectedo therotor shaft,atthe other
endall displacementandrotationsare suppressedAt the positionof the axial bearingthe rotation

12 Confidential 20793/05.70207/C



aroundthe rotor shaftaxis is also suppresse@suppresi®n of rigid body rotation). The stiffnesses
usedfor the spring-dampeelementsarefrequeny dependen{Table2). The valuesusedarebased
onthedatasuppliedby [5]. For all bearingsa dampingof 0.05hasbeenassumed.

Catcher bearing support - rigid stiffness

Figure6 shavs theboundaryconditionsappliedfor this supportvariant. At the positionsof theradial
bearingghe displacementperpendiculato the rotor shaftaxisaresuppresse(X- and Y-direction).
At the positionof the axial bearingall rotationsare suppressd aswell asthe displacemenin axial
directionZ-direction).

Catcher bearing support - flexible stiffness

The boundaryconditionsappliedfor this supportvariantare shovn in Figure7. The bearingsare
modelledwith spring-dampeelements. The stiffnessesusedfor the spring-dampeelementsare
summarizecereafter To studytheinfluenceof the bearingstiffnessa small andlarge stiffnessare
used(Table3). For all bearingsadampingof 0.15hasbeenassumed.

table 3 The applied CB stiffnesses

CB2 CB3 CB4 CB5 CB6 CBax
[Njum] [N/pm] [Npm] [Npm] [Npm] [N/pm]
I 150.0 150.0 150.0 150.0 150.0 2500.0
I 300.0 300.0 300.0 300.0 300.0 5000.0

3.4 Loading Conditions

The deadweightloadingof the GT-MHR rotor shaftis a constantvolumeload. This loadingis ap-
plied by specifyingthe gravitationalacceleratiorg in negative Z-direction:

g = 9.81 m/&

Figure 8 shaws the seismicfrequeng responsespectrunto be appliedin horizontalandvertical di-

rectionfor the GT-MHR rotor shaft. The horizontalspectrumis appliedat the positionsof theradial
bearingsandthe vertical spectrumis appliedat the positionof the axial bearing.Becausd¢hebearing
supportsarenot yet designedn sufiicient detail, it is assumedhatthe bearingsupportshave a very
large stiffness. This assumptiorresultsin a simplified dynamicresponsef therotor shaft. There-

sponsespectrumatthepositionof thebearingsupportcanbeamplifiedif thestiffnessesf thevessel
andbearingsupportsaretakeninto account.This shouldbekeptin mind whenviewing theresultsof

the performeddynamicanalyses.

3.5 Evaluation Criteria

For the GT-MHR rotor shaft and actve magneticbearingsthe following requirementshave been
specifiedin [2]. The maximumload capacityof theradial AMBs is 100kN andof theaxial AMB is
1050kN.

20793/05.70207/C Confidential 13



14

Confidential

20793/05.70207/C



4 Mode Frequency Analyses

For the supportvariantsmentionedin chapter2 the naturalfrequenciesandthe mode shapeshave
beencalculatedwith finite elementmodalanalyseswith the generalpurposefinite elementprogram
ANSYS|[3]. Thenaturalfrequencieandmodeshapesave beencalculatedor the frequeng range
0to 100Hz. Table4 summarizesor eachsupportvariantthe naturalfrequencies.

table 4 The natural frequencies of the GT-MHR rotor shaft for the investigated support variants

Mode A B C D E F

[Hz] [Hz] [Hz] [Hz] [Hz] [Hz]
1 15.78 11.11 14.77 10.49 8.10 8.97
2 24.59 18.55 22.14 16.59 10.22 12.01
3 26.20 24.59 24.59 22.29 11.94 14.33
4 31.18 30.35 27.01 28.24 21.01 25.81
5 38.73 31.18 31.18 28.41 23.05 28.25
6 55.74 33.84 36.33 44.20 28.25 28.41
7 61.88 36.42 47.36 57.77 28.37 30.66
8 67.73 45.61 52.79 69.66 28.41 35.20
9 67.87 60.82 56.52 70.18 35.67 42.24
10 73.73 66.09 60.79 71.63 45.87 49.70
11 78.93 67.73 66.05 78.41 55.96 61.52
12 103.94 75.71 67.73 84.90 66.17 66.36
13 78.93 71.20 94.99 69.66 69.66
14 81.90 78.57 70.06 72.94
15 101.62 78.93 78.41 78.41
16 89.96 92.43

For supportvariantA, AMB supportwith rigid stiffnessthe modeshapesreshavn in the Figures9

and10. TheFigureslland12 shav the modeshapedor supportvariantB, AMB supportwith open
loop control systemstiffness. The modeshapedor the supportvariant AMB supportwith closed
loop controlsystenstiffnesqC) areshavn in the Figuresl3and14. For the CatcheBearingsupport
variantwith rigid stiffness(D) the Figures15 and16 shav the modeshapesindthe Figuresl7to 20

shav themodeshapedor supportvariantkE andF, CB supportwith flexible stiffness.

20793/05.70207/C Confidential 15
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5 Results of Load Combina tion

For eachsupportvariantthe resultsof the deadweightanalysisandthe frequeng responsanalyses
for the horizontalandvertical seismicloadingaregivenin this chapter The variousloadsare com-
binedfor thefollowing load combinations:

1) Deadweight+ horizontalseismicloading+ verticalseismicloading(DW + H + V);
2) Deadweight+ horizontalseismicloading- verticalseismicloading(DW + H - V);

5.1 Active Magnetic Bearing Support - Rigid Stiffness

Table 5 summarizeghe bearingloads due to the deadweight loading, the horizontal earthquak
loading,andtheverticalearthquakloadingfor therigid active magnetidearingsupport.Thebearing
loadsfor the load combinations(DW + H + V) and (DW + H - V) are summarizedn Table 6.
Figure21 shows the responsef the GT-MHR rotor shaftasa resultof the load combinationsdead
weightandseismic.The maximumresponselisplacemenis 0.572mm.

table 5 Active magnetic bearing support - (rigid)
Bearing loads due to dead weight and horizontal and vertical seismic loading

| Dead weight | Horizontal | Vertical

Frad Fax Fra‘d Fa‘x Fra‘d Fa‘x

[KN] [KN] [KN] [KN] [KN] [KN]
AMB1 0.00 0.00 17.08 0.00 0.00 0.00
AMB2 0.00 0.00 49.71 0.00 0.00 0.00
AMB3 0.00 0.00 77.05 0.00 0.00 0.00
AMB4 0.00 0.00 156.35 0.00 0.00 0.00
AMB5 0.00 0.00 97.47 0.00 0.00 0.00
AMB6 0.00 0.00 19.88 0.00 0.00 0.00
AMBax 0.00 1022.50 0.00 0.00 0.00 1.86

table 6 Active magnetic bearing support - (rigid)
Bearing loads due to load combination

DW+H+V DW+H-V
[kN] [kN]

AMB1 17.08 17.08

AMB2 49.71 49.71

AMB3 77.05 77.05

AMB4 156.35 156.35

AMB5 97.47 97.47

AMB6 19.88 19.88

AMBax 1020.64 1024.36
5.2 Active Magnetic Bearing Support - Open Loop

Table 7 summarizeghe bearingloadsdue to the deadweight loading, the horizontal earthquak
loading,andthe vertical earthquak loadingfor this supportvariant. The bearingloadsfor the load
combinationgDW + H + V) and(DW + H - V) aresummarizedn Table8. Figure 22 shavs the
responsef the GT-MHR rotor shaftasa resultof the load combinationsdeadweight and seismic.
The maximumresponsalisplacement$or theload combinationdDW + H + V) and(DW + H - V)

are0.991and1.005mmrespectiely.
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table 7 Active magnetic bearing support - (open loop)
Bearing loads due to dead weight and horizontal and vertical seismic loading

| Dead weight | Horizontal | Vertical

Frad Fax Frad Fax Frad Fa‘x

[kN] [kN] [kN ] [kN ] [kN ] [kN ]
AMB1 0.00 0.00 21.51 0.00 0.00 0.00
AMB2 0.00 0.00 128.48 0.00 0.00 0.00
AMB3 0.00 0.00 148.98 0.00 0.00 0.00
AMB4 0.00 0.00 19.64 0.00 0.00 0.00
AMB5 0.00 0.00 70.33 0.00 0.00 0.00
AMB6 0.00 0.00 14.47 0.00 0.00 0.00
AMBax 0.00 1022.50 0.00 0.00 0.00 161.55

table 8 Active magnetic bearing support - (open loop)

Bearing loads due to load combination

DW+H+V DW+H-V
[kN] [kN]

AMB1 2151 2151

AMB2 128.48 128.48

AMB3 148.98 148.98

AMB4 19.64 19.64

AMB5 70.33 70.33

AMB6 14.47 14.47

AMBax 860.95 1184.05
53 Active Magnetic Bearing Suppo rt - Closed Loop

Table 9 summarizeghe bearingloads due to the deadweight loading, the horizontal earthquak
loading,andthe vertical earthquak loadingfor this supportvariant. The bearingloadsfor the load
combinationgdDW + H + V) and(DW + H - V) aresummarizedn Table 10. Figure23 shavs the
responsef the GT-MHR rotor shaftasa resultof the load combinationsdeadweight and seismic.
The maximumresponselisplacementsor the load combinationgDW + H + V) and(DW + H - V)

are0.670and0.729mm respectiely.

table 9 Active magnetic bearing support - (closed loop)
Bearing loads due to dead weight and horizontal and vertical seismic loading

| Dead weight | Horizontal | Vertical
| Frad Fax | Frad Fax | Frad Fax
[kN] [kN] [kN] [kN] [kN] [kN]
AMB1 0.00 0.00 20.82 0.00 0.00 0.00
AMB2 0.00 0.00 103.62 0.00 0.00 0.00
AMB3 0.00 0.00 137.41 0.00 0.00 0.00
AMB4 0.00 0.00 75.57 0.00 0.00 0.00
AMB5 0.00 0.00 57.16 0.00 0.00 0.00
AMB6 0.00 0.00 14.18 0.00 0.00 0.00
AMBax 0.00 1022.50 0.00 0.00 0.00 258.67
18 Confidential 20793/05.70207/C



table 10

Active magnetic bearing support - (closed loop)
Bearing loads due to load combination

DW+H+V DW+H-V
[kN] [kN]
AMB1 20.82 20.82
AMB2 103.62 103.62
AMB3 137.41 137.41
AMB4 75.57 75.57
AMB5 57.16 57.16
AMB6 14.18 14.18
AMBax 763.83 1281.17
5.4 Catcher Bearing Support - Rigid Stiffness

Table 11 summarizeghe bearingloadsdue to the deadweight loading, the horizontal earthquak
loading,andthevertical earthquak loadingfor therigid catcherbearingsupport. The bearingloads
for theload combinationdDW + H + V) and(DW + H - V) aresummarizedn Table12. Figure24
shawvs theresponsef the GT-MHR rotor shaftasa resultof the load combinationgleadweightand
seismic.The maximumresponselisplacemenis 2.694mm.

table 11 Catcher bearing support - (rigid)
Bearing loads due to dead weight and horizontal and vertical seismic loading

| Dead weight | Horizontal | Vertical

Frad Fax Frad Fa‘x Fra‘d Fa‘x

[kN] [kN] [kN ] [kN ] [kN ] [kN ]
CB2 0.00 0.00 23.27 0.00 0.00 0.00
CB3 0.00 0.00 64.12 0.00 0.00 0.00
CB4 0.00 0.00 93.48 0.00 0.00 0.00
CB5 0.00 0.00 161.13 0.00 0.00 0.00
CB6 0.00 0.00 139.90 0.00 0.00 0.00
CBax 0.00 1022.50 0.00 0.00 0.00 3.07

table 12 Catcher bearing support - (rigid)
Bearing loads due to load combination

DW+H+V DW+H-V
[kN] [kN]
CB2 23.27 23.27
CB3 64.12 64.12
CB4 93.48 93.48
CB5 161.13 161.13
CB6 139.90 139.90
CBax 1019.43 1025.27
5.5 Catcher Bearing Support - Flexible |

Table 13 summarizeghe bearingloadsdue to the deadweight loading, the horizontalearthquak
loading,andthe vertical earthquak loadingfor this supportvariant. The bearingloadsfor theload
combinationgDW + H + V) and(DW + H - V) aresummarizedn Table14. Figure25 shavs the
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responsef the GT-MHR rotor shaftasa resultof the load combinationsdeadweight and seismic.
The maximumresponsalisplacement$or theload combinationdDW + H + V) and(DW + H - V)
are3.272and3.311mmrespectiely.

table 13 Catcher bearing support - (flexible 1)
Bearing loads due to dead weight and horizontal and vertical seismic loading

| Dead weight | Horizontal | Vertical

Frad Fax Frad Fax Frad Fa‘x

[kN] [kN] [kN] [kN] [kN] [kN]
CB2 0.00 0.00 125.50 0.00 0.00 0.00
CB3 0.00 0.00 131.64 0.00 0.00 0.00
cB4 0.00 0.00 88.90 0.00 0.00 0.00
CB5 0.00 0.00 75.77 0.00 0.00 0.00
CB6 0.00 0.00 8.64 0.00 0.00 0.00
CBax 0.00 1022.50 0.00 0.00 0.00 259.70

table 14 Catcher bearing support - (flexible 1)
Bearing loads due to load combination

DW+H+V DW+H-V
[kN ] [kN]
CB2 125.50 125.50
CB3 131.64 131.64
CB4 88.90 88.90
CB5 75.77 75.77
CB6 8.64 8.64
CBax 762.80 1282.20
5.6 Catcher Bearing Support - Flexible Il

Table 15 summarizeghe bearingloadsdueto the deadweight loading, the horizontalearthquak
loading,andthe vertical earthquak loadingfor this supportvariant. The bearingloadsfor the load
combinationgdDW + H + V) and(DW + H - V) aresummarizedn Table 16. Figure26 shavs the
responsef the GT-MHR rotor shaftasa resultof the load combinationsdeadweightandseismic.
The maximumresponselisplacementsor the load combinationgDW + H + V) and(DW + H - V)

are3.799and3.811mmrespectiely.

table 15 Catcher bearing support - (flexible II)
Bearing loads due to dead weight and horizontal and vertical seismic loading

| Dead weight | Horizontal | Vertical

Frad Fax Frad Fax Frad Fa‘x

[kN]  [kN] [kN]  [kN] [kN]  [kN]
CB2 0.00 0.00 130.62 0.00 0.00 0.00
CB3 0.00 0.00 115.62 0.00 0.00 0.00
CB4 0.00 0.00 92.13 0.00 0.00 0.00
CB5 0.00 0.00 84.08 0.00 0.00 0.00
CB6 0.00 0.00 15.56 0.00 0.00 0.00
CBax 0.00 1022.50 0.00 0.00 0.00 257.54
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table 16 Catcher bearing support - (flexible 11)
Bearing loads due to load combination

DW+H+V DW+H-V
[kN] [kN]

CB2 130.62 130.62
CB3 115.62 115.62
cB4 92.13 92.13
CB5 84.08 84.08
CB6 15.56 15.56
CBax 764.96 1280.04
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6 Summary and Conclusions

In the GT-MHR designfor ahightemperaturgas-cooledeactorthegeneratarturbine,andcompres-
sorsaremountedon a singlevertically arrangedotor shaft. To determinethe feasibility of this rotor
shaftdesignandto designthe AMBs the bearingloadsundervariousoperationalconditionshave
beendetermined.The bearingloadshave beencalculatedwith finite elementdynamicanalyses.In
theseanalysest is takenaccouniof the masdistribution andthe stiffnessof therotor shaftaswell as
the stiffnesse®f the supportgbearings)which determineghe dynamicbehaiour of therotor shatft.
Thedynamicbehaiour of therotor shafthasbeeninvestigatedfor thefollowing supportvariants:

A - Active MagneticBearingsupport- rigid stiffness;

B - Active MagneticBearingsupport- openloop controlsystemstiffness;
C - Active MagneticBearingsupport- closedloop controlsystemstiffness;
D - CatchemBearingsupport- rigid stiffness;

E - CatchemBearingsupport- flexible stiffness (1);

F - CatchemBearingsupport- flexible stiffness (I).

In this report attentionis focusedon the bearingloads causedby a seismicloading on the rotor
shaft. Table 17 summarizegshe maximumbearingloadsandresponsalisplacementshat occurfor
thevarioussupportvariantsundercombineddeadweightandseismicloading.

table 17 Maximum bearing loads and response displacements for each support variant due to a
combined dead weight and seismic loading

| DW +H +V | DW +H -V
| Frad Fax uresp | Frad Fax uresp
[kN] [kN] [mm] [kN] [kN] [mm]
AMB support - rigid 156.35 1020.64 0.572 156.35 1024.36 0.572
AMB support - open loop 148.98 860.95 0.991 148.98 1184.05 1.005
AMB support - closed loop 137.41  763.83 0.670 137.41 1281.17 0.729
CB support - rigid 139.90 1019.43 2.694 139.90 1025.27 2.694
CB support - flexible | 131.64 762.80 3.272 131.64 1282.20 3.311
CB support - flexible Il 130.62 764.96 3.799 130.62 1280.04 3.811

In Table17it canbe seenthatduringanearthquak theloadbearingcapacityfor theradial (L00kN)
andaxial (1050kN) AMBs is exceededUnderseismicloadingthe GT-MHR rotor shaftsupportwill

be transferredrom the AMBSs to the CBs. The requiredload capacityfor the CBsis, basedon the
seismicloadingonly, approximatelyl40kN for theradial CB and1300kN for theaxial CB.

It shouldbe notedthatit hasbeenassumedhatthe bearingsupportshave a very large stiffness. The
responsespectrumat the positionsof the bearingsupportscanbe amplifiedif the stiffnesesof the
vesseland bearingsupportsare taken into account. The influenceof the stiffnesesof the vessel
andbearingsupportson the responsef the rotor shafthasto be investigated,whenthesestiffnesses
becomeavailable.
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Figure s
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figure 1 Layout of the GT-MHR rotor shaft
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figure 2 The positions of the Active Magnetic Bearings supporting the GT-MHR rotor shaft
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figure 3 The positions of the Catcher Bearings supporting the GT-MHR rotor shaft
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HTR-E - SHAFTOO1 -

Mbdal Anal ysis -

AMB support -

(rigid)

A

figure 4 Applied boundary conditions for the GT-MHR rotor shaft resting on the active magnetic

bearings (rigid stiffness)

HTR-E - SHAFTOO1 -

Mbdal Anal ysis -

AMB support -

(open | oop)

A

figure 5 Applied boundary conditions for the GT-MHR rotor shaft resting on the active magnetic

bearings (flexible stiffness)
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CB support -

(rigid)

A

figure 6 Applied boundary conditions for the GT-MHR rotor shaft resting on the catcher bearings

(rigid stiffness)

HTR-E - SHAFTO01 - Mbdal Analysis -

CB support -

(flexible)

X

figure 7 Applied boundary conditions for the GT-MHR rotor shaft resting on the catcher bearings
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HTR-E - Seismic spectrum
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figure 8 Applied seismic acceleration spectrum for the GT-MHR rotor shaft
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MODE=1
FREQ=15. 78 Hz
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HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (rigid)

MODE=2
FREQ=24.59 Hz

et
Wz
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HTR E - SHAFTO0L - Mbdal Analysis - AMB support - (rigid)

MODE=3
FREQ=26. 20 Hz

e

b=

HTR-E - SHAFTOO1 - Mbdal Analysis - AMB support - (rigid)

MODE=4
FREQ=31. 18 Hz

F

Vo

HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (rigid)

MODE=5
FREQ=38. 73 Hz

I

HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (rigid)

MODE=6
FREQ=55. 74 Hz

B
ve k:

HTR-E - SHAFTO01 - Mbdal Analysis - AVB support - (rigid)

MODE=7
FREQ=61. 88 Hz

/

b

AAx

HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (rigid)

MODE=8
FREQ=67. 73 Hz

o
/

HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (rigid)

figure 9 Modal Analysis - Active magnetic bearing support - (rigid)

Mode shape 1to 8
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MODE=9
FREQ=67. 87 Hz

P

HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (rigid)

MODE=10
FREQ=73. 73 Hz

HTR-E - SHAFTOO1 - Mbdal Analysis - AMB support -

(rigid)

MODE=11
FREQ=78. 93 Hz

//\}”/
/

A

HTR E - SHAFTO01 - Mbdal Analysis - AMB support - (rigid)

MODE=12
FREQ=103. 94 Hz

=

HTR-E - SHAFTO01 - Mbdal Analysis - AVB support -

(rigid)

figure 10 Modal Analysis - Active magnetic bearing support - (rigid)

Mode shape 9 to 12
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MODE=1
FREQ=11. 11 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (open | oop)

HTR-E -

MODE=2
FREQ=18. 55 Hz

SHAFT001 - Mbdal Analysis -

AMB support -

(open | 0op)

MODE=3
FREQ=24.59 Hz

HTR-E - SHAFTOO1 - Mbdal Analysis - AVB support - (open |oop)

HTR-E -

MCDE=4
FREQ=30. 35 Hz

SHAFT001 - Mbdal Analysis -

AVB support -

(open | 0op)

MODE=5
FREQ=31. 18 Hz

HTR-E - SHAFTOO1 - Mbdal Analysis - AVB support - (open |oop)

HTR-E -

MCDE=6
FREQ=33. 84 Hz

SHAFT001 - Mbdal Analysis -

AVB support -

(open | 0op)

MODE=7
FREQ=36. 42 Hz

A

HTR-E - SHAFT001 - Modal Analysis - AVB support - (open | 0op)

HTR-E -

MODE=8
FREQ=45. 61 Hz

SHAFT001 - Modal Analysis -

AVB support -

(open | oop)

figure 11 Modal Analysis - Active magnetic bearing support - (open loop)

Mode shape 1 to 8
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MODE=9 MODE=10
FREQ=60. 82 Hz FREQ=66. 09 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (open | oop) HTR E - SHAFTO0L - Mbdal Analysis - AMB support - (open | oop)

MODE=11

= MODE=12
FREQ=67. 73 Hz

FREQ;754 71 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - AVB support - (open |oop) HTR-E - SHAFTO01 - Mbdal Analysis - AVB support - (open | oop)

MCDE=13
FREQ=78. 93 Hz

MODE=14
FREQ=81. 90 Hz

HTR-E - SHAFTOO1 - Mbdal Analysis - AVB support - (open |oop) HTR-E - SHAFTO01 - Mbdal Analysis - AVB support - (open |oop)

MODE=15
FREQ=101. 62 Hz

Ax
HTR-E - SHAFT001 - Mbdal Analysis - AMB support - (open | oop)
figure 12 Modal Analysis - Active magnetic bearing support - (open loop)
Mode shape 9 to 15
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MODE=1 MCDE=2
FREQ=14. 77 Hz FREQ=22. 14 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (closed | oop) HTR E - SHAFTO0L - Mbdal Analysis - AMB support - (closed |oop)

MCDE=4
FREQ=27. 01 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (closed | oop) HTR-E - SHAFTO01 - Mbdal Analysis - AVB support - (closed |oop)

MODE=5
FREQ=31. 18 Hz

MCDE=6
FREQ=36. 33 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (closed | oop) HTR-E - SHAFTO01 - Mbdal Analysis - AVB support - (closed |oop)

MODE=7 MODE=8
FREQ=47. 36 Hz FREQ=52. 79 Hz

A Ax

HTR-E - SHAFT001 - Mbdal Analysis - AMB support - (closed | oop) HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (closed | oop)
figure 13 Modal Analysis - Active magnetic bearing support - (closed loop)
Mode shape 1 to 8
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MODE=9
FREQ=56. 52 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (closed | oop)

MODE=10
FREQ=60. 79 Hz

HTR-E - SHAFTO0L - Mbdal Analysis -

AMB support -

(closed | oop)

HTR E - SHAFTO01 - Mbdal Analysis - AMB support - (closed |oop)

MODE=12
FREQ=67. 73 Hz

HTR-E - SHAFTO0L - Mbdal Analysis -

AVB support -

(closed | oop)

MODE=13
FREQ=71. 20 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - AMB support - (closed |oop)

MCDE=14
FREQ=78.57 Hz

HTR-E - SHAFTO01 - Mbdal Analysis -

AVB support -

(closed | oop)

MODE=15
FREQ=78. 93 Hz

HTR-E - SHAFTO01 - Mbdal Analysis -

AMB support -

(closed | oop)

Ax

figure 14 Modal Analysis - Active magnetic bearing support - (closed loop)

Mode shape 9 to 15
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MODE=1
FREQ=10. 49 Hz

y

HTR-E - SHAFTO01 - Mbdal Analysis - CB support - (rigid)

MODE=2
FREQ=16.59 Hz

y.

HTR-E - SHAFTO0L - Mbdal Analysis - CB support - (rigid)

MODE=3
FREQ=22. 29 Hz

o

HTR-E - SHAFTOO1 - Mbdal Analysis - CB support - (rigid)

MCDE=4
FREQ=28. 24 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - CB support - (rigid)

MODE=5
FREQ=28. 41 Hz

HTR-E - SHAFTOO1 - Mbdal Analysis - CB support - (rigid)

MODE=6
FREQ=44. 20 Hz

—

HTR-E - SHAFTO01 - Mbdal Analysis - CB support - (rigid)

MODE=7
FREQ=57. 77 Hz

M

HTR-E - SHAFTOO1 - Mbdal Analysis - CB support - (rigid)

AAx

MODE=8
FREQ=69. 66 Hz

L/_}ff

HTR-E - SHAFTO001 - Mbdal Analysis - CB support - (rigid)

figure 15 Modal Analysis - Catcher bearing support - (rigid)

Mode shape 1 to 8
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MODE=9
FREQ=70. 18 Hz

s

MODE=10
FREQ=71. 63 Hz

-

HTR-E - SHAFT001 - Mbdal Analysis - CB support - (rigid) HTR E - SHAFT001 - Mbdal Analysis - OB support - (rigid)
MODE=11 MODE=12
FREQ=78.41 Hz FREQ=84. 90 Hz
A
5, ]
/ /
HTR-E - SHAFT001 - Mbdal Analysis - CB support - (rigid) HTR-E - SHAFT001 - Mbdal Analysis - CB support - (rigid)

MODE=13
FREQ=94. 99 Hz

-

HTR-E - SHAFTO01 - Mbdal Analysis - CB support -

(rigid)

figure 16 Modal Analysis - Catcher bearing support - (rigid)
Mode shape 9to 13
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MODE=1 MODE=2
FREQ=8. 10 Hz FREQ=10. 22 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - CB support - (flexible) HTR E - SHAFTO0L - Mbdal Analysis - CB support - (flexible)

MODE=3 MODE=4
FREQ=11. 94 Hz FREQ=21. 01 Hz

HTR-E - SHAFTOO1 - Mbdal Analysis - CB support - (flexible) HTR-E - SHAFTOO1 - Mbdal Analysis - CB support - (flexible)

MODE=5
FREQ=23. 05 Hz

MCDE=6
FREQ=28. 25 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - CB support - (flexible) HTR-E - SHAFTO01 - Mbdal Analysis - CB support - (flexible)

MODE=7 MODE=8
FREQ=28. 37 Hz FREQ=28. 41 Hz

A A%

HTR-E - SHAFT001 - Mbdal Analysis - CB support - (flexible) HTR-E - SHAFT001 - Mbdal Analysis - CB support - (flexible)
figure 17 Modal Analysis - Catcher bearing support - (flexible 1)
Mode shape 1 to 8
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MODE=9
FREQ=35. 67 Hz

HTR E - SHAFTO01 - Mbdal Analysis - CB support - (flexible)

MODE=10
FREQ=45. 87 Hz

HTR-E - SHAFTO0L - Mbdal Analysis -

CB support -

(flexible)

MODE=11
FREQ=55. 96 Hz

HTR-E - SHAFTOO1 - Mbdal Analysis - CB support - (flexible)

MODE=12
FREQ=66. 17 Hz

HTR-E - SHAFTO0L - Mbdal Analysis -

C8 support -

(flexible)

MCDE=13
FREQ=69. 66 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - CB support - (flexible)

MODE=14
FREQ=70. 06 Hz

HTR-E - SHAFTO01 - Mbdal Analysis -

CB support -

(flexible)

A

HTR-E - SHAFT001 - Modal Analysis - CB support - (flexible)

MODE=16
FREQ=89. 96 Hz

HTR-E - SHAFTO01 - Mbdal Analysis -

CB support -

(flexible)

figure 18 Modal Analysis - Catcher bearing support - (flexible 1)

Mode shape 9to 16
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MODE=1
FREQ=8. 97 Hz

MODE=2
FREQ=12. 01 Hz

HTR-E - SHAFTO01 - Mudal Analysis - CB support - (flexible I1) HTR E - SHAFTO01 - Mbdal Analysis - CB support - (flexible I1)
"
MODE=3 MODE=4
FREQ=14. 33 Hz FREQ=25. 81 Hz
HTR-E - SHAFT001 - Mbdal Analysis - CB support - (flexible I1) HTRE - SHAFT001 - Mbdal Analysis - CB support - (flexible I1)

MODE=5
FREQ=28. 25 Hz

MODE=6

FREQ=28. 41 Hz

HTR-E - SHAFTOO1 - Mbdal Analysis - CB support - (flexible I1) HTR-E - SHAFTO001 - Mbdal Analysis - CB support - (flexible I1)
"
MODE=7 MODE=
FREQ=30. 66 Hz FREQ=35. 20 Hz
HTR-E - SHAFTO01 - Mbdal Analysis - CB support - (flexible I1) HTR-E - SHAFTO001 - Mbdal Analysis - CB support - (flexible I1)

figure 19 Modal Analysis - Catcher bearing support - (flexible I1)

Mode shape 1 to 8
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MODE=9
FREQ=42. 24 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - CB support - (flexible I1)

MODE=10
FREQ=49. 70 Hz

HTR-E - SHAFTO0L - Mbdal Analysis -

CB support -

(flexible 11)

MODE=11
FREQ=61. 52 Hz

HTR E - SHAFTOO1 - Mbdal Analysis - CB support - (flexible I1)

MODE=12
FREQ=66. 36 Hz

HTR-E - SHAFTO0L - Mbdal Analysis -

C8 support -

(flexible 11)

MCDE=13
FREQ=69. 66 Hz

HTR-E - SHAFTO01 - Mbdal Analysis - CB support - (flexible I1)

MCDE=14
FREQ=72. 94 Hz

HTR-E - SHAFTO01 - Mbdal Analysis -

CB support -

(flexible 11)

A

HTR-E - SHAFTO01 - Mbdal Analysis - CB support - (flexible I1)

MCDE=16
FREQ=92. 43 Hz

HTR-E - SHAFTO01 - Mbdal Analysis -

CB support -

(flexible I1)

figure 20 Modal Analysis - Catcher bearing support - (flexible 1)

Mode shape 9to 16
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HTR-E - SHAFT009 - AMB support - (rigid)
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HTR-E - SHAFTO09 - AMB support - (rigid)

figure 21 AMB support (rigid)
Response due to load combination dead weight and seismic
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X
HTR-E - SHAFTO09 - AMB support - (open |oop)
DW+ H - V
\ // .
MAX. AMPLI TUDE=1. 005 mm /
X
HTR-E - SHAFTO09 - AMB support - (open | oop)

figure 22 AMB support (open loop)
Response due to load combination dead weight and seismic
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HTR-E - SHAFTO09 - AMB support - (closed | oop)
DW+ H - V
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MAX. AMPLI| TUDE=0. 729 mm /

s

HTR-E - SHAFTO09 - AMB support - (closed |oop)

figure 23 AMB support (closed loop)
Response due to load combination dead weight and seismic
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HTR-E - SHAFTO09 - CB support - (rigid)
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HTR-E - SHAFTO09 - CB support - (rigid)

figure 24 CB support (rigid)
Response due to load combination dead weight and seismic
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HTR-E - SHAFTO09 - CB support - (flexible 1)
DW+ H - V
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MAX. AMPLI TUDE=3. 311 nm /

HTR-E - SHAFTO09 - CB support - (flexible 1)

figure 25 CB support (flexible 1)
Response due to load combination dead weight and seismic
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HTR-E - SHAFTO09 - CB support - (flexible I1)
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figure 26 CB support (flexible 11)
Response due to load combination dead weight and seismic
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