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A METHOD OF ASSEMBLING A ROTOR STACK

The disclosure relates to a method of assembling a rotor stack particularly, although not

exclusively, for use in a gas turbine engine.

Rotating components must be properly assembled and balanced in order to minimise vibrations.
This is particularly important where the components rotate at high speeds, as is the case with
the components of a gas turbine engine. In particular, abutting surfaces of component parts
may exhibit swash (distortion from a plane normal to the part axis) which can lead to runout
(perpendicular distance of the part axis from the central build axis) when the parts are

assembled. This issue is exacerbated when a plurality of parts are assembled in a stack.

Usually intermediate measurements are taken during the build process in order to estimate the
location of the rotation axis and any mass imbalance generated as the components are joined
together. Such measurements therefore allow corrective action to be taken so as to minimise
the occurrence of undesired effects. However, the intermediate measurements slow down the

assembly process and thus are undesirable.

The disclosure seeks to provide a method which overcomes or alleviates the problems of prior

methods.

In accordance with an aspect of the disclosure, there is provided a method of assembling a
rotor stack comprising a plurality of component parts, the method comprising: determining
swash measurements for interfacing surfaces of the plurality of parts; calculating a runout
estimate for a plurality of relative orientations of the parts; applying an optimisation algorithm to
identify an optimal orientation from the plurality of relative orientations based on the runout
estimates; and assembling the parts in the optimal orientation; wherein at least one of the
plurality of parts is selected from an inventory of available parts; and wherein the runout
estimate is compared with a threshold value, and if it falls outside of the threshold value, a

different combination of parts is selected.

The method may further comprise identifying a plurality of combinations of parts from the

inventory of available parts which fall within the threshold value.
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A likelihood of success value may be provided based on an uncertainty and the proximity to the
threshold.

A message may be generated containing instructions for assembling the parts.

Calculating the runout estimate may comprise estimating deformation of the parts as a function

of clamping load.

Calculating the runout estimate may comprise augmenting the swash measurements using a
neural network (or another appropriate statistical curve fit) to estimate the contact points

between the interfacing surfaces.

The runout estimation and the optimal orientation may be calculated for individual joints and/or
the overall stack.

The optimisation algorithm may be modified by user-defined settings.

For a better understanding of the disclosure, and to show more clearly how it may be carried
into effect, reference will now be made, by way of example, to the accompanying drawings, in

which:-

Figure 1 is a flowchart showing a method according to an aspect of the disclosure;

Figure 2 is a graphical representation of a side view (Y and Z axes) showing the alignment of

two parts and the effect of clamping the two parts together;

Figure 3 is a graphical representation of a side view (X and Z axes) showing the alignment of

the two parts and the effect of clamping the two parts together;
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Figure 4 is a graphical representation showing a top down view of a plurality of parts assembled

to one another in a first configuration;

Figure 5 is a graphical representation of a side view of the plurality of parts showing the

accumulated runout in the first configuration;

Figure 6 is a graphical representation showing a top down view of a plurality of parts assembled

to one another in a second configuration;

Figure 7 is a graphical representation of a side view of the plurality of parts showing the

accumulated runout in the second configuration;

Figure 8 is a graphical representation of a side view (Y and Z axes) showing the distortion of the

plurality of parts when in the second configuration;

Figure 9 is a graphical representation of a side view (X and Z axes) showing the distortion of the

plurality of parts when in the second configuration; and

Figure 10 is a graphical representation showing a top down view showing the distortion of the

plurality of parts when in the second configuration.

In a gas turbine engine, component parts are connected to one another to form a (rotor) stack

which rotates during operation of the engine.

Adjacent parts in the stack are connected to one another via abutting surfaces. For example,
the adjacent ends of the parts may each be provided with a flange comprising a plurality of
boltholes. The flanges may be brought into contact with one another such that the boltholes of

the respective flanges are aligned and are bolted to one another.
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It will be appreciated that any swash in the abutting flange surfaces will cause runout of the
parts. Figure 1 shows a method of assembling the rotor stack from an inventory of component

parts.

In step S2, swash measurements are obtained for each of the components parts in the
inventory. These measurements may be taken at the time of manufacturing the parts and/or
prior to assembly (i.e. when delivered into stock). Specifically, the abutting surfaces of the parts
(e.g. the flanges) are measured to determine any deviations from the proper dimensions
generated during manufacturing. These measurements may be stored on a suitable storage

medium for subsequent use.

In step S4, a virtual stack of two adjacent parts selected from the inventory of parts is generated

using the swash measurements from S2.

The raw swash measurements may be augmented using neural networks or other suitable
statistical curve fitting systems to provide an array of x, y, z points describing the possible

contact surfaces of each part.

The virtual stack provides an indication of the runout resulting from the swash associated with
the abutting surfaces. The virtual stack takes into account deformation of the abutting surfaces
generated by the clamping of the two parts together. For example, as shown in Figures 2 and
3, the flange of part A may deviate significantly from the flange of part B. However, the flange
of part A is sufficiently flexible that, when clamped, it conforms to the flange of part B. Thus, the
initial swash measurements are altered by the deformation of the parts when at the required
clamping loads (bolt torques). The user may thus enter the required torque for the bolts or this
may be preconfigured. The runout estimation may also take into account the flexibility of the

parts along their lengths and any external support of the parts which may limit runout.

A rotation matrix is then applied in step S6, such as the rotation matrix R below:
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cosf +u2 (1 —cosf)  uzu, (1 —cosh) —u,sinf  uzu, (1 — cosf) + u,sind

R= |uyu, (1 —cosf) +u.sinf  cost + u (1 — cosd) uyu;(l—cosﬁ')—uzsinﬁ'
w.uy (1 —cosf) —uysinf  u.u, (1 —cosf) + u,sinf  cosf +u? (1 — cosb)

The rotation matrix R changes the relative orientation between the two parts. Specifically, the
rotation matrix R adjusts the components of a vector (uy,uy,u,) describing the orientation of a
reference plane from which the x, y, z components are defined. The connection between the
parts may dictate that only specific orientations are possible. For example, the parts may be
assembled in a fixed number of orientations based on the number of boltholes provided in the
flanges. The rotation matrix R may thus simulate assembling the parts in every possible

orientation. For each position, the runout is again estimated.

The steps S2 to S6 are repeated for each interface in the rotor stack.

In step S8, an optimal solution is identified from the various permutations of the selected parts.
In step S10, it is determined whether the optimal solution for the stack of selected parts exhibits

runout which falls within acceptable levels.

Figures 4 and 5 show the runout for the stack of parts. Specifically, Figure 4 shows the runout
in a top down view. In this Figure, the dotted circle represents a threshold runout for the stack.
Each leg of the line shows the runout vector associated with each part, with the dots connecting
the lines indicating the rotation axis of each part. Figure 5 shows the runout in a side view. In a
similar manner to Figure 4, the dotted square (only the four corners are shown) represents a
threshold runout for the stack. Again, each leg of the line shows the runout vector associated
with each part, with the dots connecting the lines indicating the rotation axis of each part. The
accumulated runout must therefore lie within the threshold in order for the stack to be

acceptable.

For the stack shown in Figures 4 and 5, although the accumulated runout in the side view falls
within the threshold (square) and thus is acceptable, in the top down view, the accumulated

runout falls outside of the threshold (circle) and thus is not acceptable.
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Where the optimal solution still lies outside of the acceptable runout threshold, steps S2 to S10
are repeated for a different selection of parts until an acceptable selection of parts are
generated. For example, Figures 6 and 7 show the accumulated runout for a second selection

of parts which falls within the thresholds and thus is acceptable.

As shown in Figures 4 to 7, there is an accumulated uncertainty at each position in the virtual
stack. Thus, even where the accumulated runout lies within the thresholds, the uncertainty may
lead to unacceptable results in practice. Accordingly, a likelihood of success value may also be

provided based on the uncertainty and the proximity to the threshold.

The method may also provide an estimation of the vibration exhibited by the rotor during

operation of the engine.

Once an acceptable selection of parts is generated, a message (or other notification) is
generated at S12 which identifies (using a part number or the like) the required parts for the
stack and instructions for assembling the parts (i.e. their relative orientations). The stack can
therefore be assembled without any intermediate measurements, thus reducing the assembly

time.

The process may be repeated to identify a plurality of acceptable rotor stacks which may be
assembled using the available inventory of parts. The method may be optimised in order to
maximise the number of rotor stacks which can be manufactured from the available parts. The
method may also identify parts which cannot yet be used based on the available parts for the

other positions in the stack.

The optimisation algorithm may be setup to achieve a pre-defined balance between snugness
of fit between the two components (characterised by standard deviation of the gap between
them) and the runout that Part B produces relative to Part A. The correct balance may be
defined by vibration dynamics considerations, which take into account the locations of bearings,
mass distributions or other physical factors. The optimisation may also take into account the
different operating conditions of the engine. Considerations of alignment include bearing
alignment, mass distribution, runout, swash, blade tip rub, vibration modes etc. The
optimisation of the whole rotor stack thus need not be based solely on absolute runout of the

stack and may be optimised for other attributes, which may be selected by a user. For
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example, a part within the stack may be housed by a bearing and thus a larger amount of
overall runout may be accepted in order to reduce the runout at this part, thereby reducing wear

of the bearing.

Figures 8 to 10 show the deformation of the parts in the stack when assembled to one another.

In order to estimate the deformation between the parts, the contact points (calculated from the
neural network) between the two mating surfaces are identified by finding the minimum gap
location when the first derivative of the gap function changes sign from negative to positive.
The clamping deformation is calculated through finite element analysis under the prescribed
assembly loads (a statistical approach can be used to account for uncertainties in the joint) and
then applied to the curve fitted on the mating surfaces of the parts as a function of the distance
from the closest contact point. The deformation imposed by the clamping load cannot be larger
than the initial surfaces’ distance; once the gap is closed under clamping load the two surfaces
are in contact and so further deformation is not allowed. The actual deformation of the mating
surfaces is then applied on the following joint surface of the component through deformation
correlations from computer finite element analysis which thus has a knock-on effect on the
swash and concentricity of the mating surfaces of the next joint. This is repeated for each joint
in the stack. To improve accuracy, an elastic microstructure deformation model which takes

into account individual grain orientation may be utilised.

Although the method has been described with reference to a rotor of a gas turbine engine, it
may have uses in any turbo-machinery and also other applications. In particular, the method
could be used for any precision alignment operation whereby the parts are precision measured,
the aim of the alignment operation is known and there is some form of existing adjustment.

Possible examples could include gearboxes, marine Z drive, turbochargers, etc.

In any of the above aspects, the various features may be implemented in hardware, or as
software modules running on one or more processors. Features of one aspect may be applied

to any of the other aspects.

There may also be provided a computer program or a computer program product for carrying
out any of the methods described herein, and a computer readable medium having stored

thereon a program for carrying out any of the methods described herein. A computer program



may be stored on a computer-readable medium, or it could, for example, be in the form of a
signal such as a downloadable data signal provided from an Internet website, or it could be in

any other form.
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CLAIMS

1. A method of assembling a rotor stack comprising a plurality of component parts, the

method comprising:
determining swash measurements for interfacing surfaces of the plurality of parts;
calculating a runout estimate for a plurality of relative orientations of the parts;

applying an optimisation algorithm to identify an optimal orientation from the plurality of

relative orientations based on the runout estimates; and
assembling the parts in the optimal orientation;

wherein at least one of the plurality of parts is selected from an inventory of available
parts; and wherein the runout estimate is compared with a threshold value, and if it falls outside

of the threshold value, a different combination of parts is selected.

2. A method as claimed in claim 1, further comprising identifying a plurality of combinations

of parts from the inventory of available parts which fall within the threshold value.

3. A method as claimed in claim 1 or 2, wherein a likelihood of success value is provided

based on an uncertainty and the proximity to the threshold.

4. A method as claimed in any preceding claim, wherein a message is generated containing

instructions for assembling the parts.

5. A method as claimed in any preceding claim, wherein calculating the runout estimate

comprises estimating deformation of the parts as a function of clamping load.

6. A method as claimed in any preceding claim, wherein calculating the runout estimate
comprises augmenting the swash measurements using a neural network to estimate the contact

points between the interfacing surfaces.
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7. A method as claimed in any preceding claim, wherein the runout estimation and the

optimal orientation are calculated for individual joints and/or the overall stack.

8. A method as claimed in any preceding claim, wherein the optimisation algorithm is

modified by user-defined settings.

9. A method as claimed in any preceding claim, wherein an optimisation goal is defined by

vibration dynamics considerations.



