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TOOTH CONTACT PATTERN DEVELOPMENT BY

COMPUTATION FOR HELICOPTER GEARBOXES

By Christine PIETTE
Transmissions and Gearboxes Engineer
EURQCOPIER FRANCE

1- INTRODUCTION

The main objective of helicopter manufacturers
consists in improving technical performances
and  safety while reducing manufacturing
cycles and cosfs,

The cost ancalysis for a helicopter shows that
one of the prevailing components is the Main
Gearbox (MGB). When refining the analysis
within the MGB, the longest development work
hence the most costly phase is  the
deveiopment of the tooth contact patterns. In
fact, this optimizing effort involves o large
number of parameters and is dependent on the
global  deformation of the main  gearbox
casings.

Within  the fromework of the Franco-German
TIGER programme, ambitious goals have been
assigned such as the achievement of high
reliability level low vulnerakility. and above all,
a very short time from the initiation of
engineering studies to the first prototype flight,

Considering these constraints, Eurccopter France
has set up an  origingl appreach to  the
development of tooth contact patterns, by
creating software packages which simuiate the
meshing  functions and  the behaviour of
reduction gearboxes under load.

These enhancements were first introduced with
the TIGER programme.
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2-  TIGER'S MAIN GEARBOX

The confrol iinkage of the TIGER main gearbox
(MGB) is comprised of three stages which
ensure rotational speed reduction and power
transmission between the engines and the main
rotor (Figure 1).

the 1st stage is o spiral-bevel pair which
ensures the change in movement direction
(horizontal to vertical)

the 2Znd stage (helical cylindrical toothing)
sums up the power from the two engines

the oufput stage (main rotor) consists of an
epicychc gear rain, with a fixed ring gear (spur
cylindrical toothing).

The tail rotor drive function is ensured through
two stoges, one with cylindrical foothing, the
other with spiral-bevel toothing (see Figure 1).

FIGURE 1. Conirol linkage of the

TIGER Main Gearbox
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3/ TOQTH CONTACT PATTERN DEVELOPMENT

3.1/ Principle

The main gearbox casing deformation under
the effect of the torque causes reiative
dispiacements between the gears (see figure 2),
ond particularly ot the meshing points : these
displacements result in local overdoods and o
poor meshing  continuity. To  ensure  proper
opercation of the reduction gearbox, enhance its
reliability, and reduce its weight, it is necessary
o perform  corrections on  footh  confact
patterns (grinding of footh flanks) o account for
these deformations under load.

FIGURE 2:

A Main Gearbox Under Load

3.2/ Conventional method

In the case of spirai-bevel feeth for which the
development of tooth contact pattemns s @
particularly tricky operation, the first step consists
in dimensioning the pinion and gear pair by
means of the Gleason software programme.
Then, the stability of the tooth contact patiern
at no load and its locgtion on the surface of
the tooth are adjusted by means of the TCA
(Tooth Contact Analysis) software programme.
The "summary" (summary of adjustments for the
grinding machines) is then fransmitted to the
Production Deparrment for the grinding of the
pairs.

The development of itooth contact potterns is
carried out on test bench, with real main
gearboxes. The handling consists in anaiyzing
the patterns after torque loading  and
performing the successive corrective machining
operations on the tooth flanks until satisfactory
tooth contact pattem is achieved (see Figure 3),
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FIGURE 3. The conventional method for the

tooth contact pattern development

This  experimental method is time-consuming
and costly in terms of installation, test, removal,
grinding and checking cycle. In addition, it must
necessarily be integrated at an ecrly stage in
manufacturing, which s very costly due to the
numier of parts used.

For information. such a development work for a
TIGER-type MGB requires 8 to 15 iterations to
obtain optimized contact patterns.

3.3/ The method selected for the TIGER main
gearbox
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Considering the very shorf time ovailable for
development of the first TIGER profotype, o
conventional tooth contact poten
development could not be envisaged before
the first flight.

The original approach selected for the TIGER
consisted in defining. by calculation, before the
manufactunng of the parts, the first comections
o be implemented on the tooth surfaces 1o
obtain  corect focoth contact pattern  under
lcad, taking into account the deformations of
main gearoox ¢asing and folerances of the
various mechanical ifems.

Firstly, the spiral beve! teeth are dimensioned as
in the conventional method, with the Gleason,
then the TCA scftware programme for tooth
contact patterns at no load (see Figure 4).
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FIGURE 4: The new method for the tooth
contact pattern development

Then, the calculation of dispiacements at

meshing points was performed, based on O
finite eiement model of a complete MGB:
casings. gears, and bearings,
This work was performed by means of the
ASSYM  software  programme  ("Analyse et
Simulation  des  Systemes Mécaniques" Qe
"Mechanical system simulation analysis™).

Simuitanecously  with  this  MGE  behavicur
simulation  work, the spiral-bevel teeth were
modeized by means of the SPIRO software
(SPIRO-bevel tooth optimizing soffware), similarly
cylindric toothings were modelized on PRINCE
software ("PRogramme INteractif de Calcul des
Engrenages  cylindriques".  ie  "Cylindrical
interactive calculation programme™}.

The meshing was first simulated at no 10ad, then
the contact patterns  under  load were
calculated after introducing displacements.

For spirgk-bevel gears, the contact patfern
modifications under load were performed
based on grinding parameters: pressure angle,
mounting clearance, machine adjusiment, etc.
The grinding machine adjustment parameters
which pemit optimized contact pattern were
determined by successive simuiations, using the
SPIRO software programme.

Similarly,  for cylindricat gears, the PRINCE
software programme enabled the calculation of
corrections on  profile and helix, fo  cobtain
satisfactory tocth contact patterns under load.

Simulations of contact patferns under load
introducing the tolerances of mechanical items
were then carried out in order to check the
stability of contact patterns.

Therefore. as eariy as the first manufacturing of
the gears, the tooth surface correction
parameters were integrated | moreover, taking
the tolerances for adjiustment of gear sensifivity
{i.e. stability) into account especially allowed to
free from those shims generclly used for
adjusting the spirai-beve! gears.

4/ MGB MODELLING ON ASSYM SOFTWARE

it should be reminded that the deformation of
the MGB casing under torque generates relative
displacements between gears ond that «
contact pattern under ioad on. g gear resulfs
from the meshing kinematics with the gear axis
displacement added.

That is why one of the prevailing stages in the
development  of contact potterns 5 fo
determine the displacements of gear axes
under load.
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Based on the principle of finite elements
adapted fo mechanics, the ASSYM software
programme is a powerful tool which simulates
the global behaviour of a mechanical
assembily. |t also caiculates the displacement at
all points in this assembly.

Specific elements adapted to the design
process ©of the mechanical system were
developed in the ASSYM software to modelize
clearances, bearings, gears and casings.

So, the TIGER MGB model is comprised of the
casing, the gears and the bearings. The
difficulty in the work consists in simplifying the
system, such as the TIGER MGB (see casing on
Figure 5), to tum it into a representative 2 or 3D
model.

FIGURE 5: TIGER MGEB's Casing

Moreover, Q precise angiysis of the various
connections between the components of the

model must be conducted with a view 10
introducing the proper conditions at the
boundaries.

The calculation caried out on the TIGER
helicopter reveaied rather significant
displacements under load. For reference, here
are g few significant values:

MGB rotation from the leff o the right. in the
order of 30" at input level,

pivoting of the right-hand and left-hand vertical
gear wheels, in the order of 15"

Based on absclute displacements, the relglive
dispiacements of a pinion with respect to the
meshing gear are colculated in terms of offset
(distonce between axes), voriation of the angle

M2

between the pinion and gear axes. and axial
displacements of the pinion and the gear (see
Figure &),

Cffset : d=M1M2
Finlon axial displacement : MTPO

Gear axial displacement : M2R0

-
-
....

FIGURE &:

Displacements between
pinicn and gear

5/ MODELLING USING SPIRQ AND PRINCE

SOFTWARES

The SPIRO software simulates the control linkage
of the Gleason grinding machines. The first
operation consists in defining the adjustments
required o dress the grinding wheel; the profile
of the grinding whee! is then calculated, and
the profile of the teeth is generated.

Once the O.B. profile {profile generated by the
outer face of the wheel) and the B profile
(profile generated by the inner face of the
wheel) are defined, the teeth surfaces are
calculated.

The meshing of the teeth is then performed (see
Figure 7} the element used is o 3D hexcedral
element comprising 20 nodes.
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FIGURE 7: An example of tcoth meshing

Calculation by finite element method in 3D
mode is used to determine the sfiffness matrix.
For this caiculation, the boundary conditions
must be imposed.

Figure 8 illustrates the boundary condifions
selected for the TIGER helicopter input wheel.

In this case, two meshing lines are sunk in (the
three degrees of freedom in transialion are
cancelied) in order to simulate the material on
either side of the tooth; a face is sunk in at mid-
width, to simuiate the wheel web.

FIGURE &:

Boundary conditions seiected for
the TIGER input wheel

Then, the percentage of the load transmifted by
ecch couple of teeth (5 consecutive couptes
agre studied) as a function of the meshing
position {s calculated.

The last calculation concerns contact patterns
under load, the input parameters being the
gear displacements calculated by the ASSYM
software.

A view of the contact paftern under load, with
the various Hertz pressures on the actlive flanks
highlighted, can then be created.

The fopographic surfaces 1o be obtained on

tooth flanks are then transmitted to the
Production  Depanment,  via  the computer
network.

An example of tooth software corrections s
given in figure 9. In this case an  excess
material thickness of 20 microns is required on
one side of the tooth .
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FIGURE @: Tooth software corrections

A complementary module in the SPIRO sofiware,
so-called SPIRO-MQ ("SPIRC Machine Quti", e
"Machine ool spiro") permits the proper control
of the surfaces generated by the Production
department, on spirai-bevel gears.

in fact « first grinding operation on  footh
surfaces is performed by means of the dota
supplied by the Engineering Department
(tfopographic  surfaces and  cofresponding
machine adjustments).

The deviations between the surfaces obtained
and the desired surfaces (deviations caused by
the machine clearances. amongst others) are
then megsured by means of ¢ 3D machine
(Zeiss-type).
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The SPIRO-MO moduie then permits the
recaiculation  of  the  grinding  machine
adjustments, in order to cancel the deviafions.
Therefore, high reliability resuits are  obtained
(fingl  surfaces obtained to within 2 1o 3
MICIONSs).

The same path is followed for cylindiical teeth,
with the PRINCE software programme.

The specific fegiure of this software programme
5 to use the finite prisms mefthod . the 3D
problem is reduced o a 2-D problem (the third
dimension which here represents the tooth
facewidth is modelized using a continuously
derivable serie),

All calculation steps previously quoted for the
SPIRC soffware are used in PRINCE software.
Compared with  the SPIRO  software,  the
difference lies at the level of the data
fransmitted to the Production Department ; for
cylindrical gears. these data do not concern
topographic surfaces but corrections according
to the profile and the helix.

6/ WHAT IS SOUGHT ?

Firstly, < tooth contact paftern under load
comprised within the surface of the tooth and
spread  as  widely as  possible, I8 sought
Maximum surface utilization is desired.

Then, the Hertz pressure values are analyzed:
the objective is to obtain the lowest possible
values, and as consistent as possible.

Finaity, the sliding speeds are ¢iso checked, 1o
avoid scratches in operation,

The optimization of all parameters is carried out
by means of modifications fo the tooth
topography (ooth surface), as regards spiral-
bevel gears, and by means of modifications to
the helix and prefile for cylindrical teeth.

7/ RESULTS

7.1/ Problems encountered

The magjor problem encountered in this
calculation approach was the MGB modelling
by means of the ASSYM software.

Since the calculated displacement vaiues (using
ASSYM) directly impact on the caicutation of
tooth bearing patterns by means of SPIRC and
PRINCE softwares ., it is mandatory to create as
representative a model as possibie.

Considering the geometric complexity of the
TIGER MGB casing and the lack of experience,

tedious and fime-
necessary  for

the modeling work was
consuming: 4  monihs  were
adjusting the model ...

7.2/ Tooth contact patterns simulation

Tooth contact patterns simulated under ioad
and those observed after the first bench test
are quite similar (see Figure 10). A slight
difference as regards the spreading of the
pattern is found. This difference is due to the
fact that tooth contact pattern simulation under
load is a succession of stofic contact patterns
(quasi-static model for a given power P,
whereas the real tooth contact patten is Q
dynamic pgattern, ie. the enveiope of all
confact patterns from zero power to power P.

It should be noted that one of the most
significant  improvement  achieved is  the
simulation of the effect of folerances on the
change in contact paftterns the possibie
differences in the contact patterns between two
MGBs are simulated, which therefore prevents
any additional adjustments.

The footh contact patterns obtalned during the

first  test proved satisfactory  to perform
prototype flights.
Final  optimizing is effected further on test

bench. in  considergtion of tooth contact
pafterns obtained, the expert engineer defines
the ultiimale corrections by means of the SPIRO-
MQ software.

Pinion tooth contact pattern

TOOTH CONTACT PATTERN OBTAINED ON
BENCH TEST

Pinion tooth contact pattern

ra N 1 ST e
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FIGURE 10:
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8/ CONCLUSION

Tne approach implemented enables 80 to 20 %
approximation of the optimum solufion : small
devictions were introduced by calculation using
the ASSYM software. It is now neacessary 1o
acquire experience on this type of calculation
and o control influences of modelling aocuracy
on the resulfs.

Sirmilcar - approaches on other MGBs will be
conducted fo ennch the experience acquired
on this type of calcuiation and will even befter
promete  optimum  tooth contact  paftemn
achievement.

Nevertheless, the quaiity of tooth contact
patterns obtained  from  the  first run i3
safisfactory to perform the TIGER prototype
flights which could have never peen achieved
with  the conventional tooth  development
rmethod.

The time saved for the manufacturing cycle was
significant © 28 months; the production cost
savings were in the order of 2 million French
Francs.

Moreover, these  softwores  enlarge he
engineer's possibiliiies to anticipate the effect of
mechanical  tolerances and  manufacturing
control.

Finally, ail three softwares {(ASSYM, SPIRC and
PRINCE) prove to be invaiuable analysis
supports  for  understonding  those problems
encountered on MGBs during flights or tests © as
a matter of fact, through a modelization and
calculation that simuiate the behavicour of an
MGB under load. the enginger can better
gnalyze and understand the phenomena.
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