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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 the feasibility of the designof the GT-MHR rotor shaftassembly The
reportsummarizesheresultsof thefinite elementmagneticandstructuralcalculationgperformedor
the proposediesignof the axial magnetidbearingfor 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.

In [1] it is statedthatthe designof the radial AMBs for the GT-MHR rotor shaftassemblyis feasi-
ble. Radial AMBs of this sizeandload bearingcapacityhave alreadybeenbuilt. Dueto the vertical
arrangementf the GT-MHR rotor shaftthe load bearingcapacityof the axial AMB hasto be much
largerthanasfor normalsizeaxial AMBs. Thedesignof theaxial AMB for the GT-MHR rotor shaft
assemblyis limited by the maximumdiameterof the disk thatcanbe built. In [1] a feasibledesign
for the axial AMB is proposed.However, a singledisk designfor the AMB hasnot sufiicient load
bearingcapacity For the GT-MHR rotor shaftassemblya doubledisk designwill be requiredto
obtainsufficient load bearingcapacity

In this reportthe load bearingcapacitiesof a single and doubledisk designfor the axial AMB of
the GT-MHR rotor shaftassemblyareinvestigated. The load capacitiesof the axial AMBs designs
are calculatedusingfinite elementmagnetostatianalyses.The stresdoadsin the bearingdisksare
calculatedusingfinite elementstructuralanalyses.

20793/05.70431/C Confidential 7



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 supportedby 6 radialand1 axial Active
MagneticBearings(AMBSs). Theaxial AMB hasto carrytheweightof therotor shaftassemblyand
compensatéhe axial forcesexertedby theturbineandthe HP andLP compressoduringoperation.

Thefeasibility of the GT-MHR rotor shaftdesignis mainly determinedy thefactwhetherthedesign
of theaxial Active MagneticBearingis feasible.Thedesignof theaxial AMB for the GT-MHR rotor
shaftassemblyis limited by the maximumdiameterof the disk, thatcanbe manufctured.In [1] a
feasibledesignfor theaxial AMB is proposedThe proposediesigndoesnot meettherequirements
regarding the maximumdiameter(1610 mm) specifiedin [2]. To achieve the requiredload bear
ing thediameterof the disk hasbeenincreasedo thelargestdisk diameterthatcanbe manufctured
(1800mm). Despitetheincreasen disk diameteithe designstill hasnotsuficientresereloadcapac-
ity. A doublediskdesignis ervisagedo have suficientloadbearingcapacityunderall circumstances.

With the useof finite elementanalyseghe load bearingcapacityof the doubledisk designis inves-
tigated. First the load bearingcapacityof the singledisk design(Figure 2) is calculatedusingfinite
elementanalysesThesecalculatedesultsarecomparedvith theresultsgivenin [1] asa verification
of theutilized modelandcalculationmethod.

Secondly the load bearingcapacityof a single disk designwith upward and dovnward lifting ca-
pacity (Figure 3) is investigated. In [1] it hasbeenassumedhat the vertical force from the rotor
shaftwasalwaysdirecteddovnward, thusthe axial AMB only requiredan upward lifting capacity
During anaccidentituationtheverticalforce of therotor shaftcanbedirectedupward asa resultsof
aerodynamidorcesactingon theturbineandthe compressa@. Therefore the axial AMB shouldbe
ableto supportdownwardandupwardrotor loads.

In the next steptheloadbearingcapacityof a doubledisk design(Figure4) is investicated. Thedou-

ble disk designis alsocapableof supportingdownwardandupwardrotor loads.Finally, thestructural
behaiour of adisk underthe centrifugal andmagnetidoadsis investicated.

8 Confidential 20793/05.70431/C



3 Appr oach

The load bearingcapacitiesof the threeaxial AMB designshave beendeterminedwith the useof
magnetostatidinite elementanalyses.The disk mechanicabehaiour hasbeendeterminediusinga
staticstructuralfinite elementanalysis.Thesefinite elementcalculationshave beenperformedusing
thegeneralpurposdinite elementtodeMSC.Marcversion2003[3].

3.1 Geometry and Finite Element Model

Schematicviews of the threeinvestigatedaxial AMBs areshawn in the Figures2, 3, and4. A de-
tailed view of the modelledgeometryfor designl is shavn in Figure6. The utilized finite element
basemodelfor designl andll is shavn in Figure5. This basemodeldoubledin the axial direction
forms the finite elementmodelfor designlll. The basemodelconsistsof 4649 elementsand4915
nodalpoints. For the magnetostatiandstructuralanalyseshe samefinite elementmodelshave been
utilized. For the magnetostati@analysedMARC elementtype 40 hasbeenused[3]. This element
type is an axisymmetricbilinear quadrilaterakelementwith thermaland magnetostaticapabilities.
MARC elementtype 10 hasbeenusedfor the structuralanalyseg3]. This elementtypeis anarbi-
trary quadrilateraking element.

3.2 Material Proper ties
For the magnetostatianalysesherelatve magnetiqpermeabilityhasto be specifiedfor all materials

(Figure®6). Thevaluesusedfor the variouscomponentarelisted below. For the statormaterialthe
actualmeasured-H relationis used,which hasbeensuppliedto NRG in confidence.

statormaterial . B-Hrelation
ferromagnetiagnaterials : pr=1000
nonferromagnetianaterials : ;=1

In the structuralanalysislinear elasticmaterialbehaiour hasbeenassumedor the rotor shaftand
disk. For thedensity Young’s modulus,andPoissorratio the following valueshave beenapplied:

P = 7800 kg/m?
E = 210000 MPa
v = 0.3 -

For theremainingcomponentsow valuesfor the densityandYoung’s modulushave beenchosenin
this way thesecomponentgaredeactvatedin the structuralanalysis.

3.3 Boun dary Conditions

In themagnetostatianalyse®nly aboundaryconditionis appliedat the symmetryaxis. At thesym-
metry axisthe magnetigpotentialis prescribedaszero.

In the structuralanalyseghe radial displacementat the symmetryaxis aresuppressedlo suppress

therigid body motion of the modelthe lowestnodeon the symmetryaxis is alsosuppressn axial
direction.

20793/05.70431/C Confidential 9



3.4 Loading Conditions

For the magnetostati@nalyseghe electric currentthroughthe coils is appliedasa loading. Each
coil consistof 134winding turns. Theelectriccurrentthroughonewinding turnis 15, 30,45, or 60
Ampeéres.Thus,thetotal electriccurrentgoingthrougha coil is 2010,4020,6030,0r 8040Amperes-
turns. Theelectriccurrentthroughthe coils is appliedwith alternatelya positive andnegative signin

themodel.

In thestructuralanalysighedisk of the AMB designis loadedby a centrifugal loadandthe magnetic
forces. For the calculationof the centrifugal load the rotationalspeedof the rotor shafthasto be
specified:

w = 502-r =314.159

The magneticor Maxwell forces(in the air gaps)are calculatedrom the magneticinductioncalcu-
latedwith the magnetostatianalysesaccordingo thefollowing relations:

1 Ty Tio ny
F = — / . ds 1
(i} Ho S[TQI TQQ] lm] M
where
1 2 1 2
Ti=g-Bi—5- B (2)
T12 = Bx . By (3)
151 = By - By (4)
1 2
Toy = = Bv_g'Bx (5)
and:
B; : magnetidlux density
Fux . Maxwell force
o . normalvector
Ty . magnetianduction
140 . magnetigpermeabilityconstant
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4 Results

4.1 Results Magnetostatic Analysis for AMB Design |

Theresultsof themagnetostatianalyseperformedor the AMB designgivenin [1] aregivenin the
Figures7 to 14. Figure7 shavs the appliedelectriccurrent. The nominalcurrentis 60 A perturn.
With 134turnsper coil the total currentthrougha coil is 8040At. In adjacentoils the directionof
the currentis opposite. The magnetigpotentialdistribution is shovn in Figure8. Figure9 shavs the
magnetidield intensityin theair gapbetweerthe statorandthedisk. Figure10 shavsthevectorplot
of thedistribution of the magnetianduction.

Themagnetidnductionin the gap betweerthe statorandthe disk is shovn in Figure11l. Theresult-
ing magneticforceson the disk areshavn in Figure12. The total magneticforce actingon the disk
is 838kN. The calculatedotal magneticforceis smallerthanthe minimumrequiredmagneticforce
(1090kN) givenin [1]. Thisdifferencein resultcanbe explainedby the utilized modelling.

Beforethe AMB Designdl andlll wereinvestigatedthedifferencesn resultbetweerthe performed
finite elementcalculationandtheresultgivenin [1] hasbeeninvestigatedin moredetail. Theair gap
inductionandthe magnetidorce have beencalculatedor variousnominalcurrentperturn scenarios.
Figure13 shawvs the magneticdnductionin the air gap asafunctionof the appliedelectricalcurrent.
The magnetidforce asa functionof the magneticcurrentis shovn in Figure14. For the comparison
of theresultscalculatedwith thefinite elementmodelandgivenin [1] theresultsaresummarizedn
Table 1. For the maximuminductionin the air gap thereis a good accordancédetweenthe results
calculatedandpresentedn [1]. Thetotalmagnetidorceis in all casesinderestimatedith thefinite
elementcalculation. The total force calculateds stronglyinfluencedby the modellingof the stator
aroundthe coils. In thefinite elementmodelutilized the statorhasnot beenmodelledwith sufficient
detail accurag aroundthe coils andgap. This informationwas not availablein [1]. However, the
finite elementmodelis considereduficiently accuratdor theinvestigation performedandpresented
in thisreport.

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 Analysis for AMB Design I

Theresultsof themagnetostatianalyseperformedor the AMB designll aregivenin theFiguresl5
to 26. Figuresl15 and16 shawv the appliedelectriccurrentsin lift andpull mode. Thetotal current
througha coil is 8040At. The magneticpotentialdistribution is shavn in the Figures17 and 18.
Figuresl9 and 20 shav the magneticfield intensityin the air gap betweenthe statorandthe diskin
lift andpull moderespectiely. The Figures21 and 22 show the vectorplot of thedistribution of the
magnetianduction.

Themagnetidnductionin the gap betweerthe statorandthe diskis shovn in the Figures23 and 24.

20793/05.70431/C Confidential 11



Theresultingmagneticforceson thedisk in lift andpull modeareshawn in the Figures25 and 26.
The total magneticforce actingon the disk in lift modeis 837 kN. The addition of the extra coils
beneathhedisk hasnoinfluenceontheloadbearingcapacity Thetotal magnetidorceactingonthe
diskin pull modeis 366 kN. Thisis sufficientfor the verticalforceactingon therotor shaftduringan
accidentsituation.

4.3 Results Magnetostatic Analysis for AMB Design I

Theresultsof the magnetostatianalyseperformedor thedoubledisk AMB designaregivenin the
Figures27 to 38. Figures27 and 28 shav the appliedelectriccurrentin lift andpull mode. In lift
mode8 coils areactivatedandin pull mode2 coils. Thetotal currentthrougha coil is 8040At. The
magneticpotentialdistribution in lift andpull modeis shavn in the Figures29 and 30 respectiely.
Figures19 and 20 shawv the magneticfield intensityin the air gap betweerthe statorandthe disks
in lift andpull mode.TheFigures33 and 34 shaw the vectorplot of thedistribution of the magnetic
inductionin lift andpull mode.

The magnetidnductionin the gapsbetweerthe statorsandthe disksis shavn in the Figures35 and
36. Thereis no differencebetweenthe upperandlower disk. The resultingmagneticforceson the
disksin lift andpull modeareshawn in the Figures37 and 38. Thetotal magnetidorceactingin lift
modeis 1674kN. Thetotal magnetidorceactingin pull modeis 366kN. Fromtheseresultsit canbe
concludedhata doubledisk designwill have sufficientload bearingcapacityto supportthe vertical
rotor shaftof the GT-MHR reactordesign.

4.4 Results Structural Analysis

Structurally the mostloadedcomponenbf anaxial AMB is thedisk. Thediskis loadedby the cen-
trifugal load andthe magneticforces. By meansof a finite elementanalysisthe stresdevelsin the
diskdueto thesdoadsarecalculated.Themagnetidorceappliedis themagnetidift force calculated
with themagnetostatianalysis.

Figure 39 shaws the distribution of the radial stressn the disk dueto the centrifugal loadonly. The
maximumradial stresslevel is approximately260 MPa. The distribution of the Von Mises stress
dueto the centrifugal load only is shavn in Figure40. The maximumVon Misesstresdevel is ap-
proximately238 MPa. Thehigheststressesdueto thecentrifugal loadingoccurattheroot of thedisk.

The distribution of the radial andVon Misesstressasdueto the magneticlift load only areshovn
in the Figures41 and42 respectrely. The magneticlift load resultsin a bendingof the disk. The
maximumradial stres level is approximately44 MPa andthe maximumVon Misesstresss approx-
imately 38 MPa. The higheststresseslueto themagnetidift load occuralsoattheroot of thedisk.

Figures43 and 44 shav the distribution of the radial and Von Mises stressdue to the combined
centrifugal andmagnetidift load. the maximumradialandVon Misesstresdevelsareapproximately
304and275MParespectiely. The calculatedstresdevelscomparewell with the stresdevelsgiven
in [1], which are consideredhe maximumstresslevels to be allowed. The centrifugal load is the
mostsevereloadingfor the disk. It shouldalsobe keptin mind thatanincreaseof the rotor speed
from 3000to 3600rpmwill resultin anincreaseof the stresesdueto only the centrifugal load with
nearly45%.

12 Confidential 20793/05.70431/C



5 Summary and Conclusions

In this reportthe load bearingcapacitieof a singleanddoubledisk designfor the axial AMB of the
GT-MHR rotor shaftassemblyhave beeninvestigated. Magnetostatiand structuralfinite element
analysediave beenperformedo determinghe magnetidift forcesandthe stresdoadsin thedisk.

It canbe concludedthat a doubledisk design,asproposedn [1], will have sufficient load bearing
capacityfor thevertical GT-MHR rotor shaftassemblyHowever, applicationof adoubledisk design
will increasehelengthandcompleity of the vertical GT-MHR rotor shaftassembly|t shouldalso
bekeptin mind thatthe proposedAMB disk resultsin anincreaseof the diameterof thevessekon-
tainingtherotor shaftassemblycomparedo therequirementgjivenin [2].

For thedetailedengineeringf thedoublediskaxial AMB designfurtherinvestigationsarenecessary
Especiallyregardingtherequiredcouplingandthe dynamicstability of therotor shaftassemblywith
increasedength. Beforethis is doneit hasfirst to be determinedwhetherthe vertical rotor shaft
assemblyith adoubledisk axial AMB is the bestsolutionfor the GT-MHR rotor shaftassembly

20793/05.70431/C Confidential 13
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Figure s
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figure 1 Layout of the GT-MHR rotor shaft
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Adjustment shim

HTR-E - Axial AMB - I

figure 2 Schematic view of the axial Active Magnetic Bearing design as proposed by S2M

HTR-E - Axial AMB - II

figure 3 Schematic view of the axial Active Magnetic Bearing design providing support for downward
and upward rotor loads
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HTR-E - Axial AMB - III

figure 4 Schematic view of the 2-disk axial Active Magnetic Bearing design providing support for

downward and upward rotor loads
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figure 5 The finite element model used for the magnetic and structural calculations
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figure 6 Axial Active Magnetic Bearing design |
Geometry and materials
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Electric current distribution [ At ]
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figure 8 Axial Active Magnetic Bearing design |
Magnetic potential distribution [ Az ]
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Magnetic field intensity
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figure 9 Axial Active Magnetic Bearing design |
Distribution of the magnetic field intensity [H ]
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Magnetic induction [T ]
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figure 11 Axial Active Magnetic Bearing design |
The magnetic induction in the gap between the stator and the disk
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figure 12 Axial Active Magnetic Bearing design |
The magnetic forces on the disk
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figure 13 Axial Active Magnetic Bearing design |
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 |
The magnetic forces on the disk as a function of the electric current
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Axial Active Magnetic Bearing design I

Electric current distribution (lift mode) [ At]
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Axial Active Magnetic Bearing design I

Electric current distribution (pull mode) [ At]
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figure 17 Axial Active Magnetic Bearing design Il
Magnetic potential distribution (lift mode) [ Az ]
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figure 18 Axial Active Magnetic Bearing design Il
Magnetic potential distribution (pull mode) [ Az ]
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figure 19 Axial Active Magnetic Bearing design Il
Distribution of the magnetic field intensity (lift mode) [H ]
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figure 20 Axial Active Magnetic Bearing design Il
Distribution of the magnetic field intensity (pull mode) [H ]
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figure 21 Axial Active Magnetic Bearing design Il

Magnetic induction (lift mode) [ T]
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figure 22 Axial Active Magnetic Bearing design Il

Magnetic induction (pull mode) [T ]
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figure 23 Axial Active Magnetic Bearing design Il
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 I
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 Il
The magnetic forces on the disk (lift mode)
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figure 26 Axial Active Magnetic Bearing design I
The magnetic forces on the disk (pull mode)
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figure 27 Axial Active Magnetic Bearing design Il

Electric current distribution (lift mode) [ At]
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figure 28 Axial Active Magnetic Bearing design Ill

Electric current distribution (pull mode) [ At]
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figure 29 Axial Active Magnetic Bearing design Il
Magnetic potential distribution (lift mode) [ Az ]

Magnetic potentiz

0.040

0.026

0.013

-0.000

-0.014

-0.027

-0.040

-0.053

-0.067

-0.080

-0.093

figure 30 Axial Active Magnetic Bearing design Il
Magnetic potential distribution (pull mode) [ Az ]
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figure 31 Axial Active Magnetic Bearing design IlI
Distribution of the magnetic field intensity (lift mode) [H ]
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figure 32 Axial Active Magnetic Bearing design Il
Distribution of the magnetic field intensity (pull mode) [H ]
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figure 33 Axial Active Magnetic Bearing design IlI

Magnetic induction (lift mode) [ T]
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figure 34 Axial Active Magnetic Bearing design Il

Magnetic induction (pull mode) [T ]
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figure 35 Axial Active Magnetic Bearing design Ill
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 IlI
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 IlI
The magnetic forces on the disk (lift mode)
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figure 38 Axial Active Magnetic Bearing design Ill
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
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figure 40 Axial Active Magnetic Bearing design
The distribution of the Von Mises stress due to the centrifugal load
20793/05.70431/C Confidential

35



Radial stress
[Pa]

4.500e+07

I 3.600e+07

2.700e+07

1.800e+07

9.000e+06

0.000e+00

=9.000e+0/

-1.800e+07

—-2.700e+07

-3.600e+07

—4.500e+07
Magnetic load
Y

figure 41 Axial Active Magnetic Bearing design
The distribution of the radial stress due to the magnetic load
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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
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figure 44 Axial Active Magnetic Bearing design
The distribution of the Von Mises stress due to the combined load
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