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1 Intr oduction

This reportcontributesto the5��� Framework ProgrammeHTR-E WP 3. Theaim of this work pack-
ageis to giveaninsightin thedynamicbehaviour of theGT-MHR rotorshaftassemblyundervarious
operatingandemergency conditions.Thereportsummarizestheresultsof theseismicanalysesper-
formedfor theGT-MHR rotor shaftassembly.

UndernormaloperationconditionstheGT-MHR rotor shaftis supportedby Active MagneticBear-
ings (AMBs). AMBs do not requirelubricationandthe stiffnessesof the bearingscanbe changed
duringoperationby thecontrolsystemto counterirregularitiesin therotationof therotor shaft.

BasicallyanAMB is coupledwith amechanicalauxiliaryCatcherBearing(CB). A CB takesover the
supportof therotor shaftin caseof AMB failure.

Theloadson thebearingsandtheresponsedisplacementsof therotor shaftunderseismicconditions
calculatedwith finite elementdynamicanalysesarepresentedin this report. The reportfocuseson
theradialandaxialbearingloadsasaresultof apostulatedearthquake loadingontheGT-MHR rotor
shaftassembly.
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2 Problem Defin ition

In theGT-MHR designfor ahightemperaturegas-cooledreactorthegenerator, turbine,andcompres-
sorsaremountedon a singlevertically arrangedrotor shaft. Figure1 shows the layout of the rotor
shaft. Undernormaloperatingconditionstherotor shaftis supportedby 6 radialand1 axial Active
MagneticBearings(AMBs). If theAMBs arenot functioningtherotor shaftis supportedby 5 radial
and1 axial CatcherBearings(CBs). TheFigures2 and3 show thepositionof bearingssupporting
theGT-MHR rotor shaft.

To determinethe feasibility of the GT-MHR rotor shaftdesignandto designthe Active Magnetic
Bearingsthe bearingloadsundervariousoperationalconditionsmustbe known. The dynamicbe-
haviour of therotor shaftdeterminesthebearingloads.Thedynamicbehaviour of therotor shaftis
a function of the naturalfrequenciesof the rotor shaft. Massdistribution andstiffnessof the rotor
shaft,aswell asthe stiffnessesof the supports(bearings), determinethe naturalfrequenciesof the
rotor shaft. In caseof the AMBs the stiffnessis not constant,but a function of the appliedcontrol
systemandthefrequency (rotationalvelocity). In this reportthedynamicbehaviour of therotorshaft
hasbeeninvestigatedfor thefollowing supportvariants:

A - ActiveMagneticBearingsupport- rigid stiffness;
B - ActiveMagneticBearingsupport- openloopcontrolsystemstiffness;
C - ActiveMagneticBearingsupport- closedloopcontrolsystemstiffness;
D - CatcherBearingsupport- rigid stiffness;
E - CatcherBearingsupport- flexible stiffness (I);
F - CatcherBearingsupport- flexible stiffness (II) .

For thefollowing loadcasesthebearingloadshavebeendetermined:

1. An unbalancein theexciter;
2. A centralunbalancein thegenerator;
3. Oppositeactingunbalancesat theendsof thegenerator;
4. An unbalancein thediskof theaxialAMB;
5. An unbalancein themiddleof thehollow shaft;
6. An unbalanceat theinlet stageof theturbinedueto deblading;
7. An unbalanceat theinlet stageof theLP-compressordueto deblading;
8. A seismicloading;

Radialbearingloadsarea resultof unbalanceeccentricitiesin the variouscomponentsof the rotor
shaftor horizontalseismicaccelerations.Axial bearingloadsarecausedby thegravitationalaccel-
erationandverticalseismicaccelerations.Thecalculatedbearingloadsandresponsedisplacements
for theloadcases1 to 7 arepresentedanddiscussedin [1]. In this reportthecalculatedbearingloads
andresponsedisplacementsfor load case8 arepresented.For the seismicload casethe calculated
bearingloadsarecomparedwith themaximumfeasiblebearingloads[2].

20793/05.70207/C Confidential 9
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3 Appr oach

To determinethedynamicbehaviour of theGT-MHR rotor shaftwith respectto earthquake loading
thefollowing finite elementanalyseshave to beperformed:

1. Staticdeadweightanalysis;
2. Modefrequency analysis;
3. Responsespectrumanalysis;
4. Loadcasecombination.

Thesefinite elementcalculationsareperformedwith thegeneralpurposefinite elementcodeANSYS
Release6.0 [3]. By meansof the staticanalysisthe bearingloadsfor the GT-MHR rotor shaftdue
to the deadweight at gravity loadingarecalculated.The naturalfrequenciesof the GT-MHR rotor
shaftaredeterminedwith a modefrequency analysis.Thebearingloadsfor theGT-MHR rotor shaft
dueto seismicloadingarecalculatedwith aresponsespectrumanalysis.In aresponsespectrumanal-
ysis the resultsof a modalanalysisarecombinedwith a known spectrumto calculatethestructural
responseof a structure.It is mainly usedto determinethemaximumstructuralresponseto random
loadingconditionssuchasearthquakes[3]. Thespectrumconsistsof spectralbaseaccelerationsver-
susfrequenciesthatcapturetheintensityandfrequency contentof time-historyloads.Themaximum
responseof thestructureis assessedby modecombinationaccordingto theSquareRootof theSum
of theSquaresmethodfrom theNRC RegulatoryGuide[4].

For thestaticandseismicanalysesa linearelasticmaterialmodelhasbeenused.Therefore,the re-
sultsdueto theindividual loads,which arecalculatedseparately, canbecombinedby superposition.
Becausethe resultsof the seismicanalysesareexpressedin amplitudesof displacements,strains,
stresses,andforcestheresultsof theseismicanalysesarecombinedwith thestaticloadby superpo-
sitionwith apositiveandanegativesignrespectively.

3.1 Finite Elemen t Model

Figures2 and3 show thefinite elementmodelof theGT-MHR rotor shaft.Thefinite elementmodel
consistsof 441elementsand450nodalpoints.TheANSYS elementtypesusedin thefinite element
modelarePIPE16(pipeelement)for therotorshaftandCOMBIN14(spring-damperelement)for the
bearings[3]. Theradiusof therotor shaftis specifiedasapipeelementproperty.

3.2 Material Proper ties

Linearelasticmaterialbehaviour hasbeenassumedfor thesteelof the rotor shaft. For theYoung’s
modulus,Poissonratio,andmaterialdampingthefollowing valueshavebeenapplied:

E = 210000 MPa
� = 0.3 -
damping = 1.0 %

Theassumedmaterialdampingis only usedin theharmonicresponseanalyses.

3.3 Boun dary Cond itions

Theappliedboundaryconditionsaredifferentfor eachinvestigatedsupportvariant.
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Active magnetic bearing support - rigid stiffness

Figure4 shows theboundaryconditionsappliedfor thissupportvariant.In thisfigurethecyanarrow
symbolsaresuppressed displacements,the orangedoublearrow symbolsaresuppressed rotations,
andthegreensymbolsindicatecoupleddegreesof freedom.At thepositionsof the radialbearings
the displacementsperpendicularto the rotor shaftaxis aresuppressed(X- andY-direction). At the
positionof theaxialbearingall rotationsaresuppressedaswell asthedisplacementin axialdirection
(Z-direction).

Active magnetic bearing support - open loop control system stiffness

Figure5 shows theboundaryconditionsappliedfor this supportvariant. Thebearingsaremodelled
with spring-damperelements.At oneendtheseelementsareconnectedto therotorshaft,at theother
endall displacementsandrotationsaresuppressed.At thepositionof theaxial bearingthe rotation
aroundthe rotor shaftaxis is alsosuppressed(suppression of rigid body rotation). The stiffnesses
usedfor thespring-damperelementsarefrequency dependent(Table1). Thevaluesusedarebased
on thedatasuppliedby [5]. For all bearingsadampingof 0.05hasbeenassumed.

table 1 The frequency dependent stiffnesses of the AMBs with an open loop control system
Freq. AMB1 AMB2 AMB3 AMB4 AMB5 AMB6 AMBax
[ Hz ] [ N/� m ] [ N/� m ] [ N/� m ] [ N/� m ] [ N/� m ] [ N/� m ] [ N/� m ]

10 299.57 313.48 306.01 302.07 301.41 301.29 6470.90
20 508.44 522.54 500.90 498.80 500.10 500.16 6997.60
30 674.90 727.48 620.99 621.53 632.66 634.16 7583.70
40 804.57 817.50 808.03 801.19 794.69 794.53 6665.20
50 859.87 874.55 848.63 846.84 846.66 844.05 6017.40
60 896.50 910.64 885.13 883.44 885.69 884.91 7076.00
70 916.14 920.77 911.08 911.54 915.61 915.62 7076.00
80 962.96 969.65 875.94 899.34 920.93 923.15 7076.00
90 884.29 880.13 900.83 898.08 897.90 897.69 7076.00

100 914.99 910.14 893.46 912.27 917.87 918.26 7076.00

table 2 The frequency dependent stiffnesses of the AMBs with an closed loop control system
Freq. AMB1 AMB2 AMB3 AMB4 AMB5 AMB6 AMBax
[ Hz ] [ N/� m ] [ N/� m ] [ N/� m ] [ N/� m ] [ N/� m ] [ N/� m ] [ N/� m ]

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 shows theboundaryconditionsappliedfor this supportvariant. Thebearingsaremodelled
with spring-damperelements.At oneendtheseelementsareconnectedto therotorshaft,at theother
endall displacementsandrotationsaresuppressed.At thepositionof theaxial bearingthe rotation
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aroundthe rotor shaftaxis is alsosuppressed(suppression of rigid body rotation). The stiffnesses
usedfor thespring-damperelementsarefrequency dependent(Table2). Thevaluesusedarebased
on thedatasuppliedby [5]. For all bearingsadampingof 0.05hasbeenassumed.

Catcher bearing support - rigid stiffness

Figure6 showstheboundaryconditionsappliedfor thissupportvariant.At thepositionsof theradial
bearingsthedisplacementsperpendicularto therotor shaftaxisaresuppressed(X- andY-direction).
At thepositionof theaxial bearingall rotationsaresuppressedaswell asthedisplacementin axial
directionZ-direction).

Catcher bearing support - flexible stiffness

The boundaryconditionsappliedfor this supportvariantareshown in Figure7. The bearingsare
modelledwith spring-damperelements. The stiffnessesusedfor the spring-damperelementsare
summarizedhereafter. To studythe influenceof thebearingstiffnessa smallandlargestiffnessare
used(Table3). For all bearingsadampingof 0.15hasbeenassumed.

table 3 The applied CB stiffnesses
CB2 CB3 CB4 CB5 CB6 CBax

[ N/� m ] [ N/� m ] [ N/� m ] [ N/� m ] [ N/� m ] [ N/� m ]
I 150.0 150.0 150.0 150.0 150.0 2500.0

II 300.0 300.0 300.0 300.0 300.0 5000.0

3.4 Loading Conditions

Thedeadweight loadingof theGT-MHR rotor shaftis a constantvolumeload. This loadingis ap-
pliedby specifyingthegravitationalaccelerationg in negativeZ-direction:

g = 9.81 m/s�

Figure8 shows theseismicfrequency responsespectrumto beappliedin horizontalandverticaldi-
rectionfor theGT-MHR rotor shaft.Thehorizontalspectrumis appliedat thepositionsof theradial
bearingsandtheverticalspectrumis appliedat thepositionof theaxialbearing.Becausethebearing
supportsarenot yet designedin sufficient detail, it is assumedthat thebearingsupportshave a very
largestiffness.This assumptionresultsin a simplifieddynamicresponseof the rotor shaft. There-
sponsespectrumatthepositionof thebearingsupportscanbeamplifiedif thestiffnessesof thevessel
andbearingsupportsaretakeninto account.Thisshouldbekeptin mindwhenviewing theresultsof
theperformeddynamicanalyses.

3.5 Evaluation Criteria

For the GT-MHR rotor shaft and active magneticbearingsthe following requirementshave been
specifiedin [2]. Themaximumloadcapacityof theradialAMBs is 100kN andof theaxial AMB is
1050kN.

20793/05.70207/C Confidential 13
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4 Mode Frequ ency Anal yses

For the supportvariantsmentionedin chapter2 the naturalfrequenciesandthe modeshapeshave
beencalculatedwith finite elementmodalanalyseswith thegeneralpurposefinite elementprogram
ANSYS [3]. Thenaturalfrequenciesandmodeshapeshave beencalculatedfor thefrequency range
0 to 100Hz. Table4 summarizesfor eachsupportvariantthenaturalfrequencies.

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 stiffness,themodeshapesareshown in theFigures9
and10. TheFigures11and12show themodeshapesfor supportvariantB, AMB supportwith open
loop control systemstiffness. The modeshapesfor the supportvariantAMB supportwith closed
loopcontrolsystemstiffness(C) areshown in theFigures13and14. For theCatcherBearingsupport
variantwith rigid stiffness(D) theFigures15 and16 show themodeshapesandtheFigures17 to 20
show themodeshapesfor supportvariantE andF, CB supportwith flexible stiffness.

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

For eachsupportvarianttheresultsof thedeadweightanalysisandthefrequency responseanalyses
for thehorizontalandverticalseismicloadingaregiven in this chapter. Thevariousloadsarecom-
binedfor thefollowing loadcombinations:

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

5.1 Active Magnetic Bearing Supp or t - Rigid Stiffness

Table 5 summarizesthe bearingloadsdue to the deadweight loading, the horizontalearthquake
loading,andtheverticalearthquakeloadingfor therigid activemagneticbearingsupport.Thebearing
loadsfor the load combinations(DW + H + V) and (DW + H - V) are summarizedin Table 6.
Figure21 shows the responseof theGT-MHR rotor shaftasa resultof the loadcombinationsdead
weightandseismic.Themaximumresponsedisplacementis 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

F�	��
 F��� F�	��
 F��� F�	��
 F���
[ 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 Supp or t - Open Loop

Table 7 summarizesthe bearingloadsdue to the deadweight loading, the horizontalearthquake
loading,andtheverticalearthquake loadingfor this supportvariant. Thebearingloadsfor the load
combinations(DW + H + V) and(DW + H - V) aresummarizedin Table8. Figure22 shows the
responseof the GT-MHR rotor shaftasa resultof the load combinationsdeadweight andseismic.
Themaximumresponsedisplacementsfor the loadcombinations(DW + H + V) and(DW + H - V)
are0.991and1.005mm respectively.
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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

F�
��
 F��� F�	��
 F��� F�	��
 F���
[ 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 21.51 21.51
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

5.3 Active Magnetic Bearing Suppo rt - Closed Loop

Table 9 summarizesthe bearingloadsdue to the deadweight loading, the horizontalearthquake
loading,andtheverticalearthquake loadingfor this supportvariant. Thebearingloadsfor the load
combinations(DW + H + V) and(DW + H - V) aresummarizedin Table10. Figure23 shows the
responseof the GT-MHR rotor shaftasa resultof the load combinationsdeadweight andseismic.
Themaximumresponsedisplacementsfor the loadcombinations(DW + H + V) and(DW + H - V)
are0.670and0.729mm respectively.

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

Dead weight Horizontal Vertical

F�
��
 F��� F�	��
 F��� F�	��
 F���
[ 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
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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 Supp or t - Rigid Stiffness

Table11 summarizesthe bearingloadsdue to the deadweight loading, the horizontalearthquake
loading,andtheverticalearthquake loadingfor therigid catcherbearingsupport.Thebearingloads
for theloadcombinations(DW + H + V) and(DW + H - V) aresummarizedin Table12. Figure24
shows theresponseof theGT-MHR rotor shaftasa resultof theloadcombinationsdeadweightand
seismic.Themaximumresponsedisplacementis 2.694mm.

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

Dead weight Horizontal Vertical

F�	��
 F��� F�	��
 F��� F�	��
 F���
[ 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 Supp or t - Flexible I

Table13 summarizesthe bearingloadsdue to the deadweight loading, the horizontalearthquake
loading,andtheverticalearthquake loadingfor this supportvariant. Thebearingloadsfor the load
combinations(DW + H + V) and(DW + H - V) aresummarizedin Table14. Figure25 shows the
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responseof the GT-MHR rotor shaftasa resultof the load combinationsdeadweight andseismic.
Themaximumresponsedisplacementsfor the loadcombinations(DW + H + V) and(DW + H - V)
are3.272and3.311mm respectively.

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

Dead weight Horizontal Vertical

F�
��
 F��� F�	��
 F��� F�	��
 F���
[ 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 I)
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 Suppo rt - Flexib le II

Table15 summarizesthe bearingloadsdue to the deadweight loading, the horizontalearthquake
loading,andtheverticalearthquake loadingfor this supportvariant. Thebearingloadsfor the load
combinations(DW + H + V) and(DW + H - V) aresummarizedin Table16. Figure26 shows the
responseof the GT-MHR rotor shaftasa resultof the load combinationsdeadweight andseismic.
Themaximumresponsedisplacementsfor the loadcombinations(DW + H + V) and(DW + H - V)
are3.799and3.811mm respectively.

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

Dead weight Horizontal Vertical

F�
��
 F��� F�	��
 F��� F�	��
 F���
[ 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 II)
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 Summar y and Conc lusions

In theGT-MHR designfor ahightemperaturegas-cooledreactorthegenerator, turbine,andcompres-
sorsaremountedon a singlevertically arrangedrotor shaft.To determinethefeasibility of this rotor
shaftdesignand to designthe AMBs the bearingloadsundervariousoperationalconditionshave
beendetermined.Thebearingloadshave beencalculatedwith finite elementdynamicanalyses.In
theseanalysesit is takenaccountof themassdistributionandthestiffnessof therotorshaftaswell as
thestiffnessesof thesupports(bearings),which determinethedynamicbehaviour of therotor shaft.
Thedynamicbehaviour of therotor shafthasbeeninvestigatedfor thefollowing supportvariants:

A - ActiveMagneticBearingsupport- rigid stiffness;
B - ActiveMagneticBearingsupport- openloopcontrolsystemstiffness;
C - ActiveMagneticBearingsupport- closedloopcontrolsystemstiffness;
D - CatcherBearingsupport- rigid stiffness;
E - CatcherBearingsupport- flexible stiffness (I);
F - CatcherBearingsupport- flexible stiffness (II) .

In this report attentionis focusedon the bearingloadscausedby a seismicloading on the rotor
shaft. Table17 summarizesthe maximumbearingloadsandresponsedisplacementsthat 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

F�	��
 F��� u�	���
� F�	��
 F��� u�	���	�
[ 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 I 131.64 762.80 3.272 131.64 1282.20 3.311
CB support - flexible II 130.62 764.96 3.799 130.62 1280.04 3.811

In Table17 it canbeseenthatduringanearthquake theloadbearingcapacityfor theradial(100kN)
andaxial (1050kN) AMBs is exceeded.UnderseismicloadingtheGT-MHR rotorshaftsupportwill
be transferredfrom the AMBs to the CBs. The requiredload capacityfor the CBs is, basedon the
seismicloadingonly, approximately140kN for theradialCB and1300kN for theaxialCB.

It shouldbenotedthat it hasbeenassumedthatthebearingsupportshave a very largestiffness. The
responsespectrumat the positionsof the bearingsupportscanbe amplifiedif the stiffnessesof the
vesseland bearingsupportsare taken into account. The influenceof the stiffnessesof the vessel
andbearingsupportson theresponseof therotor shafthasto beinvestigated,whenthesestiffnesses
becomeavailable.
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Figure s

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

figure 3 The positions of the Catcher Bearings supporting the GT-MHR rotor shaft
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HTR-E - SHAFT001 - Modal Analysis - AMB support - (rigid)

figure 4 Applied boundary conditions for the GT-MHR rotor shaft resting on the active magnetic
bearings (rigid stiffness)
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Z

HTR-E - SHAFT001 - Modal Analysis - AMB support - (open loop)

figure 5 Applied boundary conditions for the GT-MHR rotor shaft resting on the active magnetic
bearings (flexible stiffness)
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HTR-E - SHAFT001 - Modal Analysis - CB support - (rigid)

figure 6 Applied boundary conditions for the GT-MHR rotor shaft resting on the catcher bearings
(rigid stiffness)
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HTR-E - SHAFT001 - Modal Analysis - CB support - (flexible)

figure 7 Applied boundary conditions for the GT-MHR rotor shaft resting on the catcher bearings
(flexible stiffness)
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figure 8 Applied seismic acceleration spectrum for the GT-MHR rotor shaft
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figure 9 Modal Analysis - Active magnetic bearing support - (rigid)
Mode shape 1 to 8
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figure 10 Modal Analysis - Active magnetic bearing support - (rigid)
Mode shape 9 to 12
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figure 11 Modal Analysis - Active magnetic bearing support - (open loop)
Mode shape 1 to 8
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figure 12 Modal Analysis - Active magnetic bearing support - (open loop)
Mode shape 9 to 15
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figure 13 Modal Analysis - Active magnetic bearing support - (closed loop)
Mode shape 1 to 8
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figure 14 Modal Analysis - Active magnetic bearing support - (closed loop)
Mode shape 9 to 15
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figure 15 Modal Analysis - Catcher bearing support - (rigid)
Mode shape 1 to 8
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figure 16 Modal Analysis - Catcher bearing support - (rigid)
Mode shape 9 to 13

20793/05.70207/C Confidential 39



1

MODE=1
FREQ=8.10 Hz

X

Y

Z

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

1

MODE=2
FREQ=10.22 Hz

X

Y

Z

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

1

MODE=3
FREQ=11.94 Hz

X

Y

Z

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

1

MODE=4
FREQ=21.01 Hz

X

Y

Z

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

1

MODE=5
FREQ=23.05 Hz

X

Y

Z

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

1

MODE=6
FREQ=28.25 Hz

X

Y

Z

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

1

MODE=7
FREQ=28.37 Hz

X

Y

Z

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

1

MODE=8
FREQ=28.41 Hz

X

Y

Z

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

figure 17 Modal Analysis - Catcher bearing support - (flexible I)
Mode shape 1 to 8
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figure 18 Modal Analysis - Catcher bearing support - (flexible I)
Mode shape 9 to 16
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figure 19 Modal Analysis - Catcher bearing support - (flexible II)
Mode shape 1 to 8
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figure 20 Modal Analysis - Catcher bearing support - (flexible II)
Mode shape 9 to 16
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figure 21 AMB support (rigid)
Response due to load combination dead weight and seismic
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figure 22 AMB support (open loop)
Response due to load combination dead weight and seismic
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figure 23 AMB support (closed loop)
Response due to load combination dead weight and seismic
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figure 24 CB support (rigid)
Response due to load combination dead weight and seismic
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figure 25 CB support (flexible I)
Response due to load combination dead weight and seismic
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figure 26 CB support (flexible II)
Response due to load combination dead weight and seismic
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