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1 Intr oduction

This reportcontributesto the5��� Framework ProgrammeHTR-E WP 3. Theaim of this work pack-
ageis to give an insight in the feasibility of the designof the GT-MHR rotor shaftassembly. The
reportsummarizestheresultsof thefinite elementmagneticandstructuralcalculationsperformedfor
theproposeddesignof theaxialmagneticbearingfor 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.

In [1] it is statedthat thedesignof the radialAMBs for theGT-MHR rotor shaftassemblyis feasi-
ble. RadialAMBs of this sizeandloadbearingcapacityhave alreadybeenbuilt. Dueto thevertical
arrangementof theGT-MHR rotor shafttheloadbearingcapacityof theaxial AMB hasto bemuch
largerthanasfor normalsizeaxialAMBs. Thedesignof theaxialAMB for theGT-MHR rotorshaft
assemblyis limited by themaximumdiameterof thedisk thatcanbebuilt. In [1] a feasibledesign
for the axial AMB is proposed.However, a singledisk designfor the AMB hasnot sufficient load
bearingcapacity. For the GT-MHR rotor shaftassemblya doubledisk designwill be requiredto
obtainsufficient loadbearingcapacity.

In this report the load bearingcapacitiesof a singleanddoubledisk designfor the axial AMB of
theGT-MHR rotor shaftassemblyareinvestigated. The loadcapacitiesof theaxial AMBs designs
arecalculatedusingfinite elementmagnetostaticanalyses.Thestressloadsin thebearingdisksare
calculatedusingfinite elementstructuralanalyses.
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2 Problem Definition

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). Theaxial AMB hasto carrytheweightof therotor shaftassemblyand
compensatetheaxial forcesexertedby theturbineandtheHPandLP compressorduringoperation.

Thefeasibilityof theGT-MHR rotorshaftdesignis mainlydeterminedby thefactwhetherthedesign
of theaxialActiveMagneticBearingis feasible.Thedesignof theaxialAMB for theGT-MHR rotor
shaftassemblyis limited by themaximumdiameterof thedisk, that canbemanufactured.In [1] a
feasibledesignfor theaxial AMB is proposed.Theproposeddesigndoesnot meettherequirements
regarding the maximumdiameter(1610mm) specifiedin [2]. To achieve the requiredload bear-
ing thediameterof thediskhasbeenincreasedto thelargestdiskdiameter, thatcanbemanufactured
(1800mm). Despitetheincreasein diskdiameterthedesignstill hasnotsufficientreserveloadcapac-
ity. A doublediskdesignis envisagedto havesufficientloadbearingcapacityunderall circumstances.

With theuseof finite elementanalysesthe loadbearingcapacityof thedoubledisk designis inves-
tigated.First the loadbearingcapacityof thesingledisk design(Figure2) is calculatedusingfinite
elementanalyses.Thesecalculatedresultsarecomparedwith theresultsgivenin [1] asaverification
of theutilizedmodelandcalculationmethod.

Secondly, the load bearingcapacityof a singledisk designwith upward anddownward lifting ca-
pacity (Figure3) is investigated. In [1] it hasbeenassumedthat the vertical force from the rotor
shaftwasalwaysdirecteddownward, thustheaxial AMB only requiredanupward lifting capacity.
Duringanaccidentsituationtheverticalforceof therotorshaftcanbedirectedupwardasaresultsof
aerodynamicforcesactingon theturbineandthecompressors. Therefore,theaxial AMB shouldbe
ableto supportdownwardandupwardrotor loads.

In thenext steptheloadbearingcapacityof adoublediskdesign(Figure4) is investigated.Thedou-
blediskdesignis alsocapableof supportingdownwardandupwardrotor loads.Finally, thestructural
behaviour of adiskunderthecentrifugal andmagneticloadsis investigated.
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3 Appr oach

The load bearingcapacitiesof the threeaxial AMB designshave beendeterminedwith the useof
magnetostaticfinite elementanalyses.Thedisk mechanicalbehaviour hasbeendeterminedusinga
staticstructuralfinite elementanalysis.Thesefinite elementcalculationshave beenperformedusing
thegeneralpurposefinite elementcodeMSC.Marcversion2003[3].

3.1 Geometry and Finite Elemen t Model

Schematicviews of the threeinvestigatedaxial AMBs areshown in the Figures2, 3, and4. A de-
tailedview of themodelledgeometryfor designI is shown in Figure6. Theutilized finite element
basemodelfor designI andII is shown in Figure5. This basemodeldoubledin theaxial direction
forms the finite elementmodelfor designIII. The basemodelconsistsof 4649elementsand4915
nodalpoints.For themagnetostaticandstructuralanalysesthesamefinite elementmodelshavebeen
utilized. For the magnetostaticanalysesMARC elementtype 40 hasbeenused[3]. This element
type is an axisymmetricbilinear quadrilateralelementwith thermalandmagnetostaticcapabilities.
MARC elementtype10 hasbeenusedfor thestructuralanalyses[3]. This elementtype is anarbi-
traryquadrilateralring element.

3.2 Material Proper ties

For themagnetostaticanalysestherelativemagneticpermeabilityhasto bespecifiedfor all materials
(Figure6). Thevaluesusedfor thevariouscomponentsarelistedbelow. For thestatormaterialthe
actualmeasuredB-H relationis used,whichhasbeensuppliedto NRGin confidence.

statormaterial : B-H relation
ferromagneticmaterials : ��� = 1000
nonferromagneticmaterials : ��� = 1

In the structuralanalysislinear elasticmaterialbehaviour hasbeenassumedfor the rotor shaftand
disk. For thedensity, Young’s modulus,andPoissonratio thefollowing valueshavebeenapplied:

� = 7800 kg/m	
E = 210000 MPa
 = 0.3 -

For theremainingcomponentslow valuesfor thedensityandYoung’smodulushavebeenchosen.In
thisway thesecomponentsaredeactivatedin thestructuralanalysis.

3.3 Boun dary Cond itions

In themagnetostaticanalysesonly aboundaryconditionis appliedat thesymmetryaxis.At thesym-
metryaxisthemagneticpotentialis prescribedaszero.

In thestructuralanalysestheradialdisplacementsat thesymmetryaxisaresuppressed.To suppress
the rigid body motion of the modelthe lowestnodeon the symmetryaxis is alsosuppressin axial
direction.
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3.4 Load ing Conditions

For the magnetostaticanalysesthe electriccurrentthroughthe coils is appliedasa loading. Each
coil consistsof 134winding turns.Theelectriccurrentthroughonewinding turn is 15,30,45,or 60
Ampères.Thus,thetotalelectriccurrentgoingthroughacoil is 2010,4020,6030,or 8040Ampères-
turns.Theelectriccurrentthroughthecoils is appliedwith alternatelyapositiveandnegativesignin
themodel.

In thestructuralanalysisthediskof theAMB designis loadedby acentrifugal loadandthemagnetic
forces. For the calculationof the centrifugal load the rotationalspeedof the rotor shafthasto be
specified:

� = 50� 2� 
 = 314.159

Themagneticor Maxwell forces(in theair gaps)arecalculatedfrom themagneticinductioncalcu-
latedwith themagnetostaticanalysesaccordingto thefollowing relations:

����������� �
��� � �

��� �!���#"
�$"%�!�$" " � &

�
&
" ')( (1)

where:

� � � �*�+ �-,
"
.0/ �+ �-,

"
1 (2)

� �#" � , . �-, 1 (3)

�$"%� � , . �-, 1 (4)

� " " �*�+ �-,
"
10/ �+ �-,

"
. (5)

and:

,32 : magneticflux density�4�5�
: Maxwell force

& 2 : normalvector� 2 6 : magneticinduction
��� : magneticpermeabilityconstant
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4 Results

4.1 Results Magnetostatic Anal ysis for AMB Design I

Theresultsof themagnetostaticanalysesperformedfor theAMB designgivenin [1] aregivenin the
Figures7 to 14. Figure7 shows theappliedelectriccurrent. Thenominalcurrentis 60 A per turn.
With 134turnspercoil the total currentthrougha coil is 8040At. In adjacentcoils thedirectionof
thecurrentis opposite.Themagneticpotentialdistribution is shown in Figure8. Figure9 shows the
magneticfield intensityin theair gapbetweenthestatorandthedisk. Figure10showsthevectorplot
of thedistributionof themagneticinduction.

Themagneticinductionin thegapbetweenthestatorandthedisk is shown in Figure11. Theresult-
ing magneticforceson thedisk areshown in Figure12. Thetotal magneticforceactingon thedisk
is 838kN. Thecalculatedtotal magneticforceis smallerthantheminimumrequiredmagneticforce
(1090kN) givenin [1]. Thisdifferencein resultcanbeexplainedby theutilizedmodelling.

BeforetheAMB DesignsII andIII wereinvestigatedthedifferencesin resultbetweentheperformed
finite elementcalculationandtheresultgivenin [1] hasbeeninvestigatedin moredetail.Theair gap
inductionandthemagneticforcehavebeencalculatedfor variousnominalcurrentperturnscenarios.
Figure13 shows themagneticinductionin theair gapasa functionof theappliedelectricalcurrent.
Themagneticforceasa functionof themagneticcurrentis shown in Figure14. For thecomparison
of theresultscalculatedwith thefinite elementmodelandgivenin [1] theresultsaresummarizedin
Table1. For the maximuminductionin the air gap thereis a goodaccordancebetweenthe results
calculatedandpresentedin [1]. Thetotalmagneticforceis in all casesunderestimatedwith thefinite
elementcalculation.The total forcecalculatedis stronglyinfluencedby themodellingof thestator
aroundthecoils. In thefinite elementmodelutilized thestatorhasnot beenmodelledwith sufficient
detail accuracy aroundthe coils andgap. This informationwasnot available in [1]. However, the
finite elementmodelis consideredsufficiently accuratefor theinvestigationperformedandpresented
in this report.

table 1 Magnetic analyses - Comparison of results
Electrical current Air gap induc tion Force

[ A ] [ T ] [ kN ]

S2M FEM S2M FEM
15 0.44 0.47 95 67
30 0.88 0.94 372 266
45 1.28 1.26 788 553
60 1.56 1.41 1090 838

4.2 Results Magnetostatic Anal ysis for AMB Design II

Theresultsof themagnetostaticanalysesperformedfor theAMB designII aregivenin theFigures15
to 26. Figures15 and16 show theappliedelectriccurrentsin lift andpull mode. The total current
througha coil is 8040At. The magneticpotentialdistribution is shown in the Figures17 and 18.
Figures19 and 20 show themagneticfield intensityin theair gapbetweenthestatorandthedisk in
lift andpull moderespectively. TheFigures21 and 22 show thevectorplot of thedistribution of the
magneticinduction.

Themagneticinductionin thegapbetweenthestatorandthedisk is shown in theFigures23and 24.
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Theresultingmagneticforceson thedisk in lift andpull modeareshown in theFigures25 and 26.
The total magneticforce actingon the disk in lift modeis 837 kN. The additionof the extra coils
beneaththediskhasno influenceontheloadbearingcapacity. Thetotalmagneticforceactingon the
disk in pull modeis 366kN. This is sufficient for theverticalforceactingon therotorshaftduringan
accidentsituation.

4.3 Results Magnetostatic Anal ysis for AMB Desig n III

Theresultsof themagnetostaticanalysesperformedfor thedoublediskAMB designaregivenin the
Figures27 to 38. Figures27 and28 show the appliedelectriccurrentin lift andpull mode. In lift
mode8 coils areactivatedandin pull mode2 coils. Thetotal currentthrougha coil is 8040At. The
magneticpotentialdistribution in lift andpull modeis shown in theFigures29 and 30 respectively.
Figures19 and 20 show themagneticfield intensityin theair gapbetweenthestatorandthedisks
in lift andpull mode.TheFigures33 and 34 show thevectorplot of thedistribution of themagnetic
inductionin lift andpull mode.

Themagneticinductionin thegapsbetweenthestatorsandthedisksis shown in theFigures35 and
36. Thereis no differencebetweentheupperandlower disk. The resultingmagneticforceson the
disksin lift andpull modeareshown in theFigures37and 38. Thetotalmagneticforceactingin lift
modeis 1674kN. Thetotalmagneticforceactingin pull modeis 366kN. Fromtheseresultsit canbe
concludedthata doubledisk designwill have sufficient loadbearingcapacityto supportthevertical
rotor shaftof theGT-MHR reactordesign.

4.4 Results Structural Anal ysis

Structurally, themostloadedcomponentof anaxial AMB is thedisk. Thedisk is loadedby thecen-
trifugal load andthe magneticforces. By meansof a finite elementanalysisthe stresslevels in the
diskdueto theseloadsarecalculated.Themagneticforceappliedis themagneticlift forcecalculated
with themagnetostaticanalysis.

Figure39 shows thedistribution of theradialstressin thedisk dueto thecentrifugal loadonly. The
maximumradial stresslevel is approximately260 MPa. The distribution of the Von Misesstress
dueto thecentrifugal loadonly is shown in Figure40. ThemaximumVon Misesstresslevel is ap-
proximately238MPa. Thehigheststressesdueto thecentrifugal loadingoccurat therootof thedisk.

The distribution of the radial andVon Misesstressasdueto the magneticlift load only areshown
in the Figures41 and42 respectively. The magneticlift load resultsin a bendingof the disk. The
maximumradialstress level is approximately44 MPa andthemaximumVon Misesstressis approx-
imately38MPa. Thehigheststressesdueto themagneticlift loadoccuralsoat therootof thedisk.

Figures43 and 44 show the distribution of the radial and Von Mises stressdue to the combined
centrifugal andmagneticlift load. themaximumradialandVonMisesstresslevelsareapproximately
304and275MPa respectively. Thecalculatedstresslevelscomparewell with thestresslevelsgiven
in [1], which areconsideredthe maximumstresslevels to be allowed. The centrifugal load is the
mostsevereloadingfor the disk. It shouldalsobe kept in mind that an increaseof the rotor speed
from 3000to 3600rpm will resultin anincreaseof thestressesdueto only thecentrifugal loadwith
nearly45%.
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5 Summar y and Conc lusions

In this reporttheloadbearingcapacitiesof a singleanddoubledisk designfor theaxial AMB of the
GT-MHR rotor shaftassemblyhave beeninvestigated. Magnetostaticandstructuralfinite element
analyseshavebeenperformedto determinethemagneticlift forcesandthestressloadsin thedisk.

It canbe concludedthat a doubledisk design,asproposedin [1], will have sufficient load bearing
capacityfor theverticalGT-MHR rotorshaftassembly. However, applicationof adoublediskdesign
will increasethelengthandcomplexity of theverticalGT-MHR rotor shaftassembly. It shouldalso
bekept in mind thattheproposedAMB disk resultsin anincreaseof thediameterof thevesselcon-
tainingtherotor shaftassemblycomparedto therequirementsgivenin [2].

For thedetailedengineeringof thedoublediskaxialAMB designfurtherinvestigationsarenecessary.
Especiallyregardingtherequiredcouplingandthedynamicstabilityof therotorshaftassemblywith
increasedlength. Before this is doneit hasfirst to be determined,whetherthe vertical rotor shaft
assemblywith adoublediskaxialAMB is thebestsolutionfor theGT-MHR rotor shaftassembly.

20793/05.70431/C Confidential 13



References

[1] L. Baudelocque. HTR-E Magnetic bearing - Concept proposal. Societ́e deMecaniqueMagne-
tique,Ref.BU1 214/02rev B, 2-10-2002.

[2] F. Cellier. WP3 Magnetic bearings and catcher bearings - Functional requirements. Framatome
ANP, DocumentN7 : HTR-E-02/06-D-3-1-1, November2002.

[3] MARC2003Usersmanual.MSC Software Inc.

14 Confidential 20793/05.70431/C



Figure s

figure 1 Layout of the GT-MHR rotor shaft
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figure 2 Schematic view of the axial Active Magnetic Bearing design as proposed by S2M

figure 3 Schematic view of the axial Active Magnetic Bearing design providing support for downward
and upward rotor loads
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figure 4 Schematic view of the 2-disk axial Active Magnetic Bearing design providing support for
downward and upward rotor loads

figure 5 The finite element model used for the magnetic and structural calculations
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figure 6 Axial Active Magnetic Bearing design I
Geometry and materials
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figure 7 Axial Active Magnetic Bearing design I
Electric current distribution [ At ]

figure 8 Axial Active Magnetic Bearing design I
Magnetic potential distribution [ A8 ]

20793/05.70431/C Confidential 19



figure 9 Axial Active Magnetic Bearing design I
Distribution of the magnetic field intensity [ H ]

figure 10 Axial Active Magnetic Bearing design I
Magnetic induction [ T ]
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figure 11 Axial Active Magnetic Bearing design I
The magnetic induction in the gap between the stator and the disk
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figure 12 Axial Active Magnetic Bearing design I
The magnetic forces on the disk
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figure 13 Axial Active Magnetic Bearing design I
The magnetic induction in the gap between the stator and the disk as a function of the
electric current
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figure 14 Axial Active Magnetic Bearing design I
The magnetic forces on the disk as a function of the electric current
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figure 15 Axial Active Magnetic Bearing design II
Electric current distribution (lift mode) [ At ]

figure 16 Axial Active Magnetic Bearing design II
Electric current distribution (pull mode) [ At ]
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figure 17 Axial Active Magnetic Bearing design II
Magnetic potential distribution (lift mode) [ A8 ]

figure 18 Axial Active Magnetic Bearing design II
Magnetic potential distribution (pull mode) [ A8 ]
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figure 19 Axial Active Magnetic Bearing design II
Distribution of the magnetic field intensity (lift mode) [ H ]

figure 20 Axial Active Magnetic Bearing design II
Distribution of the magnetic field intensity (pull mode) [ H ]
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figure 21 Axial Active Magnetic Bearing design II
Magnetic induction (lift mode) [ T ]

figure 22 Axial Active Magnetic Bearing design II
Magnetic induction (pull mode) [ T ]
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figure 23 Axial Active Magnetic Bearing design II
The magnetic induction in the gap between the stator and the disk (lift mode)
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figure 24 Axial Active Magnetic Bearing design II
The magnetic induction in the gap between the stator and the disk (pull mode)
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figure 25 Axial Active Magnetic Bearing design II
The magnetic forces on the disk (lift mode)
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figure 26 Axial Active Magnetic Bearing design II
The magnetic forces on the disk (pull mode)
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figure 27 Axial Active Magnetic Bearing design III
Electric current distribution (lift mode) [ At ]

figure 28 Axial Active Magnetic Bearing design III
Electric current distribution (pull mode) [ At ]
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figure 29 Axial Active Magnetic Bearing design III
Magnetic potential distribution (lift mode) [ A8 ]

figure 30 Axial Active Magnetic Bearing design III
Magnetic potential distribution (pull mode) [ A8 ]
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figure 31 Axial Active Magnetic Bearing design III
Distribution of the magnetic field intensity (lift mode) [ H ]

figure 32 Axial Active Magnetic Bearing design III
Distribution of the magnetic field intensity (pull mode) [ H ]
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figure 33 Axial Active Magnetic Bearing design III
Magnetic induction (lift mode) [ T ]

figure 34 Axial Active Magnetic Bearing design III
Magnetic induction (pull mode) [ T ]
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figure 35 Axial Active Magnetic Bearing design III
The magnetic induction in the gap between the stator and the disk (lift mode)
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figure 36 Axial Active Magnetic Bearing design III
The magnetic induction in the gap between the stator and the disk (pull mode)
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figure 37 Axial Active Magnetic Bearing design III
The magnetic forces on the disk (lift mode)
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figure 38 Axial Active Magnetic Bearing design III
The magnetic forces on the disk (pull mode)
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figure 39 Axial Active Magnetic Bearing design
The distribution of the radial stress due to the centrifugal load

figure 40 Axial Active Magnetic Bearing design
The distribution of the Von Mises stress due to the centrifugal load
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figure 41 Axial Active Magnetic Bearing design
The distribution of the radial stress due to the magnetic load

figure 42 Axial Active Magnetic Bearing design
The distribution of the Von Mises stress due to the magnetic load
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figure 43 Axial Active Magnetic Bearing design
The distribution of the radial stress due to the combined load

figure 44 Axial Active Magnetic Bearing design
The distribution of the Von Mises stress due to the combined load
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