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Propagation direction of gear tooth root cracks

Failure of planet gears

Reduction gearbox between fan and
low pressure turbine

DLR

Crack directions dependent on rim
thickness and shatft fits

Planetary gearbox with fixed annulus

Carrier & planet e Annulus

gears \

‘ Reduction planetary

f gearbox
UltraFan Concept [Source: Rolls-Royce plc,  Planetary Sun gear
© All Rights Reserved] gearbox [Source: wikimedia.org, CCO] Crack directions [Source: Glven 2022]

Reduction gear box allows higher bypass ratio of the aeroengine.
= Containment to be ensured to show airworthiness of the gear box.

Rim cracks in planet gears may cause uncontained bursting.
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Governing Equations (oliowing seles 2021)

Quasistatic balance of momentum

dive+b=0
u-—-u=20
t—t=20
Phase-field model of fatigue
(1—@)H — (p —1?Ap) =0 Vx € B
gradp -n=0 Vx € 0B
_ AN Crack driving force
H= ma X< (¥)vc 1> . (with threshold)
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= P Example fatigue degradation
FQ) = ( 1- 17,4,17,00) function
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Cycle jump up to the onset of H (oliowing setes 2021)

Preliminary remarks

» Same k cycle steps j for all cycles i
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internal energy density (IED) quantities at crack init. location

pbsitive lED ~lcomplete D ——
» Load stagen =i.j A T A I
Y =Py 1 — (P, — Y1) accumulatlor_l of internal L e = N TS S R
energy density after stage n Y N N U SO SO R SO SO
= Reversible / elastic behavior assumed. Mdedddd )
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load stage

= Crack driving state function must exceed threshold
value (SCT-model).
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Example fatigue calculation with cycle jump to onset of H
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Cycle jump up to the onset of H (oliowing setes 2021)

Preliminary remarks
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= Crack driving state function must exceed threshold
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Example fatigue calculation with cycle jump to onset of H
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Cycle jump up to the onset of H (oliowing setes 2021)

Preliminary remarks
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Example fatigue calculation with cycle jump to onset of H
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Submodeling technique
DLR

Implementation in FENICSX

FEnICSx-code Global model Sub model

Magnified displacement field of global model

globalModel = ...

subModel = ...
globalu = dolfinx.fem.vectorFunctionspace(globalModel, ("C6", 1)) .

subu = dolfinx.fem.vectorFunctionspace(subModel, ("CG", 1))

# degrees of freedom of sub model on interface

interfaceofsubModel = ...

dofsofsubModel = dolfinx.fem.locate_dofs_topological(subu, localDomain.topology.dim-1, interfaceofSubModel)
dofcoordinatesofsubModel = subu.tabulate dof_coordinates()[dofsofsubModel]

displacement field
sub model
gEett

# bounding box tree and colliding cells of global model
boundBoxTreeofGlobalModel = dolfinx.geometry.BoundingBoxTree(globalModel, globalModel.topology.dim)

cellsofGlobalModel = []
pointsonProcofsubModel = []

# 1st filtering: find cells whose bounding-box collide with the points
cellcandidatesofGlobaltodel = dolfinx.geometry.compute_collisions(boundBoxTreeofGlobalModel,
dofcoordinatesofsubModel)

collcellsofGlobalModel = dolfinx.geometry.compute_colliding_cells(globalmodel,
cellcandidatesofGlobalMedel, dofcoordinatesofSubModel)
for i, point in enumerate{dofCoordinatesofsubModel):
if len(collCellsofGlobalModel.links(i))>a:
pointsonProcofsubModel . append(point)
cellsofclobalModel. append(cellsofGlobalMedel.links(i)[@])

pointsonProcofsubModel = np.array(pointsonProcofSubModel, dtype=np.float64)

[ Deformed boundary
of global model

# Interpolation from
uGlobal = dolfinx.fem.Function{globalu)

to interface points:
uInterpolatedToSubModelPoints = []
uInterpolatedTosubModelPoints = uGlobal.eval(pointsonProcofsubModel, cellsofGlobalModel)

# write interpolated DOF values to usub = dolfinx.fem.Function(subl) via usub.x.array[j] disp Magnitude Deformed |nterface to and disp Magnitude

0.0e+00 0002 0004 0006 0.008 9.9e-03 0.0e+00 0,002 0,004 0006 0008 99e-03

Adapted code based on [Dokken 2022] e’ Losiessi  poOSition of sub model —
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Model setup and overview

FE-model configuration

Test rig configuration

Fixed planes of action und
zones of action

Rotating double helical gears

Change of observer for
global FE-model

Rotating planes of action and
zones of action

Fixed planet gear

Solution via FEM in FEnICSx:
= Balance of momentum (quasi-static)
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Sector model

Rotating planes of action and
zones of action

; 1
K /: !
.l,"l | IS
1j . "
i , \,
i . ;
_/_ ........... emimmm ,\
oA 1 H
/o 1 A
RN . ; .
. o i X
/ o i e \
/, .'\_:.\ | ’v’/:/ \
R X

Fixed planet gear sector

Solution via FEM in FENICSXx:
» Balance of momentum (quasi-static)
» Phase-field model of fatigue
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Crack propagation study: balance of momentum
of global model DLR

Example geometry based on Wu 2022

= Number of teeth z = 34

gear pressure loads Magnified displacement

= Modulusm = 2

* Pressure angle a = 20°

. H e I iX an g Ie B = 1 5 © A Bogeg:PgeGssureLoogd 5 ' gearPressureLoad 'v displacement Magnitude
-8.0e+01 - .0e+ Z & -8.0e+01-50 0.0e+00 X 0.0e+00 0.005 8.1e-03
. . . [ - L E
= Pitch circle radius r = 35,2 mm internal energy density

. 1.0e-04 O.flnmﬂﬂ???]].?ﬁ‘ﬁﬁﬁwo
= Assumed gear line loads —
= Semi-circular surface crack as initial

crack at tooth root

a=0.25mm
—>

1
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/ I internalEnergyDensity
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Balance of momentum of global model with initial crack
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Crack propagation study: balance of momentum
of global model DLR

gear pressure loads Magnified displacement
= Number of teeth z = 34
* Modulus m = 2
* Pressure angle a = 20°
= Helix angle B = 15° B e strr. L i
= Pitch circle radius r = 35,2 mm  emolerroy ety (€0) quattos o crckiatoncatr interna::ergy:ensity
= Assumed gear line loads k
= Semi-circular surface crack as initial
crack at tooth root
. a=025mm 510_%
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6 E 4 3 i internalEnergyDensity
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. roll angle in degrees

Balance of momentum of global model with initial crack
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Crack propagation study: phase-field model of fatigue of
sector model DLR

internal energy density (IED) quantities at initial crack C rac k p h ase_fl e I d

Cycle: 201 crackPhase-field
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gear pressure loads Magnified displacement

IED quantities in MPa
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Fatigue simulation for the gear sector model based on gear characteristics from Wu 2022
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Outlook ‘#7
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= Sector model as sub model
= Robustness of load-driven calculations

= Extension of the cycle jump to the crack propagation regime
(in accordance e.g. to Sele$ 2021)

* |nvestigation of observed stress ratios
» Residual stresses from manufacturing steps
» Validation of crack path with the help of tests
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