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Abstract

The performance of a helicopter engine depends essentially on the performance of the high-pressure
turbine, closely correlated with the rotor/stator clearance at the tip of the blades. The engine’'s
thermodynamic cycle causes elastic or plastic strains on some of the high-pressure turbine components,
causing considerable geometric variations, some of which are irreversible.

In this article we propose to integrate the notion of behaviour into the evaluation of clearance in a high-
pressure turbine by defining the physical phenomena that are influential during certain operational phases
and more generally over the lifetime of the turbine. Modelling the variations in the geometric deviations of

the parts and the contacts is based on deviation hulls and clearance hulls.
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1 INTRODUCTION

Controlling the behaviour and the energy vyield of
helicopter engines for each of their different operational
regimes is clearly essential in order to guarantee that the
desired power is achieved. One way to improve the
performance of these turboshaft engines is to optimise
the energy vyield of the different constituent components,
and in particular to control clearance between the tips of
the high-pressure turbine blades and the stator.

In this article we propose a method that will take into
account different behaviours in order to characterise the
physical phenomena that are influential during certain
phases in the operational cycle.

In the first part, three behaviours are introduced for the
system studied: behaviour I, where the system is new and
the parts are at 20C; behaviour Il where some
components in the system are subject to thermal flux,
creating thermomechanical strains; behaviour IIl at 20C,
subsequent to behaviour I, where certain parts retain the
memory of earlier plastic strains. In part two we show how
changes in the contacts between the different behaviours
and strains in the parts themselves are taken into account
when modelling the dimension chains by operations on
the hulls (Minkowski sum and intersection). In part three,
we present an application of this work to a sub-unit of a
high-pressure helicopter engine turbine. Lastly, after
describing the main conclusions, we present future
developments for this work.

2 TAKING INTO ACCOUNT SEVERAL BEHAVIOURS
IN 3D DIMENSION-CHAINS

Three different behaviours are considered when
modelling the operating cycle of a system (see figure 1):

- behaviour I: the system has just been assembled and
has not yet been operational. All the parts are at 20C
and are considered to be infinitely rigid.

- behaviour Il: some parts of the system that have been
subjected to thermal flows undergo thermomechanical
strains. These strains are then taken into account in the
3D dimension-chains.

- behaviour Ill; the system is at 20C. Some parts that
have been subjected to thermal flows for a specified
duration t during behaviour 1l have undergone
thermomechanical strains, which can create plastic
strains. These plastic strains, if any exist, are then taken
into account in the 3D dimension-chains.

System subjected to a thermal flux
during t1 hours

System subjected to a thermal flux
during t1+t2 hours
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Figure 1: Operational cycle.

In this article, deviation hulls [1] are used to define the
tolerated limits of the geometric defects of a part (defined
by a specification), and clearance hulls to define the
accepted limits of relative displacement between two
surfaces in contact (defined by a clearance level), [2].



The concept of hull introduced by [3] is also developed in
[4], [5] and [6].

Studies which integrate strains on the parts caused by the
assembly process are currently underway: [7], [8] and [9].

2.1 Behaviour |: new system, temperature: 20C

Let us consider the system shown in figure 2, consisting
of two parts 1 and 2 in contact via a cylindrical pair joint
along x and a ball and plane pair joint along x. The
surface j of the part i is indicated by i,j.

One functional condition FC limiting translation d along y
of the cylindrical surface 1,1 in relation to the axis of
surface 2,1 at point A is to be fulfilled. This FC is defined

in the following equation: d_,, <d <d_,, (1)

Thus 9,,,, is the deviation hull characterising the

relative displacement of the axis of the cylindrical surface
1,1, in relation to the axis of surface 2,1 at point A.

We transferred the FC to parts 1 and 2 in order to
determine the 1ISO geometrical specifications [10], [11] ,
[12] that guaranteed that the functional condition FC was
fulfilled [13], [14]: see figure 2.

BPP : Ball and Plane Pair
CP : Cylindrical Pair
FC : Functional Condition

0o, BPP : Ball and Plane Pair

B CP : Cylindrical Pair

FC : Functional Condition

@ : influent cycle

Graph representation

Figure 2: Transfer of FC

CAD representation

To simplify expression of the hulls, we study the limits of
defects admissible in 2D modelling in plane (A,Z). The

relative translation deviations between surfaces 1,1 and
1,2, at point A along y are expressed thus: &,,,/,,,. The

relative rotation deviations between surfaces 1,1 and 1,2
along z are expressed thus: g,,,,, -
At point A we can construct the deviation hulls ®,,,,, and

D, .2, Of the coaxialities of parts 1 and 2 respectively

between surfaces 1,1 and 1,2 and surfaces 2,1 and 2,2
(see figure 3).
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Figure 3: Deviation hulls ®,,,,, and D,,,,, modelling

respectively the coaxialities of surfaces 1,1 and 1,2 and
2,2 and 2,1 at point A.

Next, the clearance hull ®,,,,, of the cylindrical pair joint

1,2/2,2 between parts 1 and 2 at point A can be
constructed: see figure 4.
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Figure 4: Clearance hull ©,,,, of joint 1,2/2,2 at
point A.

Lastly, using the Minkowski sum (2) we are able to
deduce hull ®,,,,, (see figure 5).
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Figure 5: Minkowski sum illustrating the deviation hull
D,4/,; atpoint Ain behaviour I.

2.2 Behaviour 11: system subjected to thermal flux

Consider figure 6 which describes the system studied in
behaviour II. By hypothesis, part 2 remains inflexible:
only part 1 undergoes thermomechanical strain. These
thermomechanical strains are the result of a steep



temperature gradient along direction y in partl. The
result is a camber in part 1: see figure 6.

Figure 6: Behaviour 1.

The cambering of part 1 within part 2 eliminates all
degrees of freedom in the joint between surfaces 1,2 and
2,2. Clearance between parts 1 and 2 becomes null.

Clearance hull ©,,,, is reduced to a point at the origin
of the hull area: see figure 7.
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Figure 7: Clearance hull ®,,,,, atpoint Ain
behaviour I1.

The thermomechanical strain in part 1 results in the
translation of the deviation hull ® defined in 82.1: see

11/12
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Figure 8: Deviation hull ©,,,,, at point A in behaviour II.

The Minkowski sum (2) describes hull D,,,, which is
shown graphically for behaviour I in figure 9.
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Figure 9: Minkowski sum illustrating deviation hull ®,,,,,
at point A in behaviour II.

2.3 Behaviour IIlI: system at 20T previously
subjected to thermal flux for X hours

Now we consider figure 10. Part 1 has undergone
thermomechanical strain in the context of behaviour Il for
a specified time of X hours, and has not returned to its
initial state. It undergoes a state of plastic strain called a
decambering phenomenon, which is then taken into
account in the 3D dimension-chains.

Figure 10: Behaviour I1I.

By hypothesis, the plastic strain in part 1 maintains null
clearance in the joint 1,2/2,2.

Moreover, the decambering of part 1 modifies the
deviation hull of this part at point A defined in §2.1 via
translation: see figure 11.
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Figure 11: Deviation hull ©,,,,, at point Ain
behaviour Il1.



The Minkowski sum for the deviation hulls of parts 1 and
2 and for the clearance hull between parts 1 and 2 in
behaviour 11 is illustrated in figure 12.
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Figure 12: Minkowski sum illustrating deviation hull
D,4/,; at point Ain behaviour I11.

Table 1 summarises the different results obtained for
behaviours 1, Il and Il in figures 5, 9 and 12 respectively
in order to fulfil the FC.
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Table 1: Synthesis of results of FC transfer.

3 APPLICATION TO A HIGH-PRESSURE TURBINE

3.1 Description of the turbine

The turbine is made up of two sub-units: a rotor
(consisting of the part numbered 5) and a stator
(consisting of the parts numbered 1, 2, 3 and 4) in a
turning pair joint along x by the intermediary of a ball
bearing numbered 6 and a cylindrical roller bearing
numbered 7: see figure 13. Part 5 has a revolution shape
where the largest diameter corresponds to the diameter
of the heads of the blades. Clearance at the top of the
blade between the vanes of part 5 and part 1 of the stator
is defined as the difference in diameter between parts 1
and 5: see figure 13.

In order to maximise turbine power, this clearance should
be minimised while still ensuring that in all turbine
operational phases part 5 does not come into contact with
part 1.

Figure 13: Simplified geometric model of a high-pressure
turbine.

When the turbine is operational, a flux of hot gases
(about 1000%C) is created in the combustion chamber
(not shown in figure 13) which results in strain on parts 1,
3 and 5: see figure 13. In this application, we restrict our
study to a sub-unit of the turbine made up of parts 1
and 2: see figure 14. The functional condition ensuring
control of clearance C at the top of the blades between
the rotor and the stator (see figure 13) corresponds to an
alignment FC of the axes of surfaces 1,8 and 2,8: see
figure 14.

FC is defined in equation (3) where e represents the
distance between the axes of surfaces 1,8 and 2,8 in a
direction orthogonal to x at point A:

emin ses emax (3)

In this example, the thermomechanical strains in part 1
are taken into account solely when operational. Part 2 is
considered to be infinitely rigid and geometrically perfect:
see figure 14.

The specifications required to satisfy the FC in the three
different behaviours defined in 82 are studied in turn.
First, the turbine is modelled in behaviour | where only
manufacturing defects and clearance in the different
contacts are taken into account. Next, behaviour Il is
considered, where strains due to the flux of hot gases
from the combustion chamber are also integrated, at a
point where the turbine is functioning in a stationary
regime. Finally, in a third phase, we study behaviour Il
after the turbine has been functioning for X hours, when
only plastic strains caused by the thermomechanical
strains from behaviour Il are taken into account.

1v21 22

28

Figure 14: Sub-unit of high-pressure turbine.

3.2 Behaviour I: new turbine, temperature: 20C

Part 1 is positioned via a support plane contact with part
2, by the intermediary of surfaces 1,7 and 2,7. Contacts
between surfaces 1,1/2,1; 1,2/2,2; 1,3/2,3; 1,4/2,4;
1,5/2,5 modelled by ball and cylinder pair joints, complete
the positioning between these two parts. Five clamping
screws ensure that parts 1 and 2 are held in place. The
graph of the joints corresponding to the system described



in figure 14 is shown in figure 15 with the parameters of
the different joints.

Features of PP

-Name : 1,7/2,7

-Type : Planar Pair (PP)
-Situation element : line (C, x)
-Nature : sliding contact

-Clearance : Jyax =Jpin =0

Features of BCPi (1 <i <5)

-Name : 1,i/2,i

-Type : Ball and Cylinder Pair (BCP)
-Situation element : point N;, line (N;, x)
-Nature : floatting contact

-Clearance : 0 < Jyip € Jnax

Figure 15: Graph of joints.

The CD datum reference frame on part 2 is defined in the
same way as for part 1. The primary surface designated
C corresponds to surface 2,7. The secondary surface
designated D corresponds to the group of 5 surfaces 2,1
to 2,5.
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Figure 16: Drawing showing definition of part 1.

The hull describing the displacement limits of surface 1,8
in relation to surface 2,8 is expressed in the following
Minkowski sum:

i)31.8/2,8 = 918/AB + QAB/CD (4)

D.g0s 1S the deviation hull characterised by the location
of surface 1,8 in relation to datum reference frame AB.
Dsico 1S the clearance hull defined by the support plane
joint (1,7/2,7) and the five ball and cylinder pair joints
(1,i12,)). Hull ©,g,, is formalised by the intersection of

the clearance hulls of the joint between surfaces 1,7/2,7
and the five joints 1,i/2,i:

Dasico = D727 0

(911/2.1 N D122 N Dizi23 N Digpa N 915/2,5)

®)

For each slug maximal clearance J., which is the

difference between the maximum diameter of the hole
and the minimum diameter of the shaft, corresponds to
the most unfavourable configuration for the FC. The

clearance hull ®,;,,, resultant of the intersection of the
clearance hulls for the five ball and cylinder pairs and the

support plane joint, is shown in figure 17, in 2D modelling
in plane (Ax).
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Figure 17: Clearance hull ® 5, at point A.

The deviation hull ©,,, is defined at point A. This

clearance characterising the location specification (see
figure 16) is shown in figure 18.
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Figure 18: Deviation hull for location of surface 1,8 at
point A.

The Minkowski sum defined in equation (4) is
represented in figure 19.
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Figure 19: Hull ®, g, at point A in behaviour I.

From this we can deduce in particular expression (6),
formalising respect for the worst case FC in behaviour I.

LI
max 2 2
(6)



3.3 Behaviour |II: turbine subjected to thermal flux
(flux of hot gases at 1000 C)

The thermomechanical strains induced by a flux of gases
from the combustion chamber illustrated in figure 13
should be integrated into the dimension chains verifying
that the FC are respected.

As described in 82.2, the nature of the contacts and the
clearances may evolve from one behaviour to
another [15].

A preliminary thermomechanical study was carried out to
determine changes in the contacts. The thermal marginal
conditions were provided by an expert engineer working
in this field. They consisted of two fluxes: a convection
flux due to the flux of hot gas from the combustion
chamber, situated on the internal face of part 1; a cooling
convective flux on the external face of part 1. see
figure 20.

T,=400C
H = 1000 W.m2.K1

\©

<—©y

Figure 20: Thermal marginal conditions.

The only mechanical marginal conditions considered
were the contact conditions of the support plane joint
1,7/2,7. This enabled us to carry out an initial analysis on
the behaviour of surfaces 1,1 to 1,5.

This initial thermomechanical study shows that the radial
displacement of the slugs is much greater than the
maximal clearances present in each BCP type joint.
Hence the nature of the contact between the five ball and
cylinder pair joints changes from floating to fixed.
Moreover, the strain on part 1 adds a forced contact to
each BCP type joint along direction v;: see figure 21.

Figure 21: Radial displacement of the slugs.
For this reason clearance hull D,g,, is a point centred

on the origin, given that the distribution of the slugs is
angularly equidistant: see figure 22.
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Figure 22: Clearance hull ©,g,, at point A.

Thermomechanical analysis of part 1 was carried out with
the thermal marginal conditions defined in figure 20 and
with the mechanical marginal conditions that conformed
to the parameters of the different joints in behaviour II.
From the strain on surface 1,8 from thermomechanical
stresses we were able to determine the results obtained
for figure 11 using Samcef software.
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Figure 23: Thermomechanical strain of surface 1,8 in
plane (Ax).

Three results in particular were characteristic of the strain
in plane (A,x) see figure 23:
- the translation deviation at point A in the centre of the

least square circle in relation to the centre of the
nominal circle: ~ A1828h

- the diameter of the least square circle of the deformed
section: D, g, =D;g +d g,

- the deviation in the form of the deformed section:
dev,g,, (6)

The thermomechanical distortion of surface 1,8 is not
axisymmetrical.

Using a similar process to that used in 82.2, figure 24
shows a representation of hull ®,4,,, characterising the

displacement limits of surface 1,8 in relation to surface
2,8 at point A.
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Figure 24: Hull ®,4,,, at point A in behaviour I1.

Expression (7) formalising fulfilment of the worst case FC
condition in behaviour Il can easily be deduced from
figure 24.

€rmax = +tl78
Q)
ey < 2
min 2



For behaviour Il, equation (8) shows the translation
deviation b,4(d) of a point on cylindrical surface 1,8 in

relation to its nominal position.

D, +d

+d
D,5(6) = €128, +$ +dev, g, (6) (8)

3.4 Behaviour |IlI: turbine at 20T after functioning
for X hours

The gas fluxes from the combustion chamber during
behaviour Il (see §2.3) lead to plastic strains when the
turbine is at rest and when the temperature of all the parts
is 20TC.

The geometric deviations caused by these plastic strains
are quantified by taking tridimensional measurements
from part 1 after the turbine has been dismantled.

Figure 25: Radial displacement of the slugs.

Changes in the clearances in the five ball and cylinder
pair joints can be checked by a simple visual inspection
of the parts. The plastic strain of part 1 adds a forced

contact to each BCP type joint along directionv,: see
figure 25.
As a result, clearance hull D, ,, is a point centred on

the origin, given that the distribution of the slugs is
angularly equidistant: see figure 26.
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Figure 26: Clearance hull D ., at point A.

The plastic strain of surface 1,8, determined by
tridimensional metrology, is shown in figure 27.

9D+ dyg,

°
©® — Nominal circle
— Mesered points
—— Least square circle

Figure 27: Plastic strain of surface 1,8 in plane (Ax).

Three results in particular, which are similar to those
found with behaviour Il, characterise the distortion of

surface 1,8 in plane (Ax) see figure 27:

- the translation deviation at point A of the centre of the
least square circle in relation to the centre of the

nominal circle: €, g/, gpst = 0

- the diameter of the least square circle for the section

under strain: D g, =D +d

18plast
- the deviation in the form of the deformed section under
strain: dev g, (6)

The thermomechanical deformation of surface 1,8 is not
axisymmetrical.

We can deduce the Minkowski sum for hull D,

characterising the displacement limits for surface 1,8 in
relation to surface 2,8 for behaviour I11: see figure 28.
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Figure 28: Hull ®,4,,, at point A in behaviour I11.

Equation (9), formalising fulfilment of the worst case FC
condition in behaviour 111, is the same as in behaviour II.

emax Z +tl78
2 9)
o < ls
min — 2

Thus the translation deviation b,4(8) from a point on the

cylindrical surface 1,8 in relation to its nominal position
takes plastic strains into account.



For behaviour situation I, see equation (10).
For behaviour situation Il, see equation (11).
For behaviour situation 111, see equation (12).

+
b.(6)=¢ +DJ~87‘dl8 (10)
18 A18/28z
D, +d, td
D, (6) = Enrgi0g, + W +dev, g, (6) (11)
D, +d +d
b,6(0) = Er1g/262 +W +devyg..(0) (12)
In behaviour I, II and 11, the limits of £,,,,,, are given

by the hulls of figures 19, 24 and 28 respectively.

4 CONCLUSIONS AND FUTURE PROSPECTS

We have shown how deviation hulls and clearance hulls
can take into account thermomechanical and plastic
strains in 3D dimension-chains.

This was put into application on a high-pressure turbine
from a helicopter engine.

For a specific behaviour, the intervention of
thermomechanical and plastic strains is in relation to a
reference definition of the variability of geometric defects
which corresponds to the behaviour of the system when
new, integrating the effects of permanent strain which
occur during the previous behaviour.

One of the main objectives of this study was to put
forward qualification criteria for technical solutions
envisaged in the design cycle of a high-pressure turbine
using geometric specifications.

Another area for future study is to show the usefulness of
considering different physical phenomena such as wear
in certain joints and damage to some components, thus
extending the definition of clearance to the tip of the
blade and to the entire lifetime of a turbine.
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