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ROTOR BALANCING

Field of the Invention

The present invention relates to rotor balancing, and in particular, but not exclusively, to a
procedure for defining a balancing strategy and to the use of that strategy to balance a rotor

module.

Background

During manufacture of the components making up a rotor module, such as a fan,
compressor or turbine assembly in a gas turbine, efforts are made to minimise mass
imbalances in the individual components. Nevertheless, mass imbalances will tend to arise
in the completed module, for example due to manufacturing tolerances on rotor blades.
Consequently, the module as a whole must undergo a balancing operation in order to

prevent subsequent stress and vibration during operation of the module.

The vibration that is of principle concern is generally the resonant vibration. This has a
maximum amplitude when the speed of rotation of the rotor is at a critical speed (i.e.
rotational speed matching natural frequency). Imbalances within the spool tend to drive the
resonant vibration and increase its amplitude. This may cause excessive wear and stress
on bearings for the spool, as well as its rotors. The balancing operation thus reduces

imbalances and/or balances to compensate for them.

A spool of a gas turbine engine may be made up of plural modules, each treated
independently from a balancing point of view. For example, one module can be a high
pressure compressor assembly and another can be a high pressure turbine assembly, but a
“module” can also be a part thereof, i.e. a sub-assembly. Each module on the spool is
typically balanced in its own right, rather than balance being simply obtained across the
whole spool. This allows individual modules to be substituted without a need to re-balance

the rest of the spool.

In balancing a module the following sources of imbalance are generally considered and

compensated for:

1) Unbalance that arises within the module due to geometric errors, such as blades
being slightly different weights, or the rotor being slightly radially mal-positioned with

respect to the axis of rotation.
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2) Unbalance that arises within the module due to the module’s geometric error at its
interface with another module. In particular, the interface may not be square as a
consequence of the sum of miss-alignments of sub-units of the module.

3) Unbalance that arises outside of the module (that is, in the adjacent module) due to

the module’s geometric error at its interface with that other module.

To balance each module in its own right, an unbalance caused by the module must be

corrected on a balancing plane within that module, even if the unbalance is of type 3).

A two plane balancing correction is typically carried out by addition or removal of mass from
the module at two axially spaced-apart balancing planes which extend perpendicular to the
geometric axis of the assembly. In particular, weight be added or removed from axially
spaced balancing lands, which are usually located at respective ends of the module. This is
achieved using a balancing machine, on which the module is rotated and its imbalances are
measured. To account for unbalance of type 3), a mass simulator to simulate the (balanced)

adjacent module may be used on the balancing machine.

Additionally or alternatively, imbalances can be reduced with particular build techniques such
as: component balancing (balancing each component of the module), straight build
(eliminating as far as possible the geometric errors that give rise to type 2) and 3) unbalance
through careful building up of the sub-units of the module), and blade distribution (arranging

the blades of different weights to better balance one another).

A difficulty with the use of balancing lands is that they may be significantly axially spaced
from the unbalance that they are compensating for, especially in the case of type 3)
unbalance. This axial spacing between the unbalance and its compensating balancing mass
creates a bending moment, which may not be detectable at the low rotation speed of the
balancing machine. If the bending moment results in flexing at higher rotation speeds, this

can create a new imbalance that may drive the resonant vibration.

It would be desirable to perform balancing operations in a more efficient manner, which
avoids, as far as possible, unnecessary expensive balancing activities (e.g. component
balancing, straight build and/or blade distribution work) and also avoids the production of

bending moment which cause flexing at higher rotation speeds.
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Summary

The present invention is at least partly based on a realisation is that, even when balancing
corrections create bending moments, it is possible to determine whether parts of a spool will
behave flexibly or rigidly with respect to the resonant vibration at a critical rotation speed of
that spool, and therefore will or will not drive the resonant vibration. This determination can

then be used to promote improved design and balancing decisions.

Accordingly, in a first aspect, the present invention provides a procedure for defining a
balancing strategy to reduce mass eccentricity imbalances produced by a first rotor module
which in use is attached to one or more further rotor modules to form a spool, the procedure
including the steps of: providing a computer model which predicts the vibration amplitude at
a given axial position along the spool (e.g. at a bearing position of the spool) when the spool
is rotated at a given rotational speed; using the model to predict respective vibration
amplitudes at the given axial position for different axial positions of a unit unbalance applied
to the spool; plotting the predicted vibration amplitudes as data points on a graph of vibration
amplitude against axial position of the applied unit unbalance; using the graph to identify
axial positions which are more or less likely to contribute to flexing of the spool at the given
rotational speed when mass is added or removed from the first rotor module to reduce
imbalances at the axial positions; and defining a balancing strategy based on the

identification.

However, rather than implementing the procedure using a computer model of the spoal, it
can also be performed on a real spool. Thus, in a second aspect, the present invention
provides a procedure for defining a balancing strategy to reduce mass eccentricity
imbalances produced by a first rotor module which in use is attached to one or more further
rotor modules to form a spool, the procedure including the steps of: rotating the spool at a
given rotational speed (e.g. in a balancing machine or in situ in an engine); measuring
respective vibration amplitudes at a given axial position along the spool (e.g. at a bearing
position of the spool) for different axial positions of a unit unbalance applied to the spool;
plotting the predicted vibration amplitudes as data points on a graph of vibration amplitude
against axial position of the applied unit unbalance; using the graph to identify axial positions
which are more or less likely to contribute to flexing of the spool at the given rotational speed
when mass is added or removed from the first rotor module to reduce imbalances at the

axial positions; and defining a balancing strategy based on the identification. In the second
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aspect, the further rotor modules of the spool can be real rotor modules or mass simulators

of such modules.

The identification of axial positions which are more or less likely to contribute to flexing of the
spool facilitates relates to how much bending moment a given section of rotor module can
withstand without causing excessive vibration, so that can be traded against other sections

in the balancing strategy.

A further aspect of the present invention provides a method of reducing dynamic imbalance
produced by a first rotor module, which in use is attached to one or more further rotor
modules to form a spool, the method including: performing the procedure of the first or
second aspect; and balancing the first rotor module according to the defined balancing

strategy. The first rotor module can be a module of a spool of a gas turbine engine.

Optional features of the invention will now be set out. These are applicable singly or in any

combination with any aspect of the invention.

The given rotational speed may be in a speed range in which the spool is susceptible to
resonant vibration. For example, the given rotational speed can be a rotational speed

matching a natural frequency of the spool.

The procedure may further include the step of including indicators on the graph, at different
axial positions, of likely average unbalance due to module component mass eccentricity at
the respective axial position, wherein the defined balancing strategy is also based on the

likely average unbalances.

The first rotor module may have two axially spaced apart balancing planes; the data points
may include a pair of data points for the predicted/measured vibration amplitudes when the
unit unbalance is applied to the spool at the balancing planes; and the graph may include a

straight line which extends through the data points at the balancing planes.

For example, the graph may have a range of axial positions (a “rigid response range”) in
which the data points lie on the straight line; and when the first rotor module has an
imbalance (a “rigid response imbalance”) which is identified to lie within the rigid response
range, a balancing strategy to address the rigid response imbalance may be defined in
which, to the maximum extent possible, mass is added or removed from the first rotor

module at the balancing planes to correct the rigid response imbalance.
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Additionally or alternatively, the graph may have one or more ranges of axial position
(“flexible response ranges”) in which the data points do not lie on the straight line; and when
the first rotor module has an imbalance (a “flexible response imbalance”) which is identified
to lie within such a flexible response range, a balancing strategy to address the flexible
response imbalance may be defined in which, to the minimum extent possible, mass is
added or removed from the first rotor module at the balancing planes to correct the flexible
response imbalance. In this case, the balancing strategy may include component balancing,
straight building and/or blade distribution procedures to correct the flexible response

imbalance.

As another possibility, when the graph has one or more ranges of axial position (“flexible
response ranges”) in which the data points within the flexible response range(s) do not lie on
the straight line; and when the first rotor module has an imbalance (a “flexible response
imbalance”) which is identified to lie within such a flexible response range, a balancing
strategy to address the flexible response imbalance may be defined in which the first rotor
module is reconfigured to move the straight line closer to a data point at the axial location of
the flexible response imbalance. For example, this may be achieved by moving one of the

balancing lands to or closer to the axial location of the flexible response imbalance.

Brief Description of the Drawings

Embodiments of the invention will now be described by way of example with reference to the

accompanying drawing in which:

Figure 1 shows an example of an unbalance response graph for a high pressure compressor

and a high pressure turbine of a gas turbine engine.

Detailed Description and Further Optional Features

Figure 1 is a graph of dynamic response (i.e. vibration amplitude) to unit unbalance
measured at a single fixed sensor (e.g. a bearing location) on a gas turbine engine spool
comprising a first module (a high-pressure compressor (HPC)) and a further module (a high-
pressure turbine (HPT)) against axial location along the spool. Plotted on the graph are
plurality of data points (crosses) at different axial positions. Each point represents the
respective vibration amplitude determined at the single sensor when a unit unbalance is
applied to spool at the axial position of the data point for a given rotational speed of the

spool (e.g. a critical speed for maximum amplitude of resonant vibration). As explained
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below, the graph is used for defining a balancing strategy to reduce imbalances caused by

mass eccentricities in the HPC and HPT.

Conveniently, the data points can be predicted from a computer numerical model of the
spool, suitable models being known to the skilled person. The unit unbalance can then
simply be applied as a rotating force. However, this does not exclude that the data points
can be measured experimentally (e.g. by an accelerometer, a displacement probe, or a
bearing force measurement) from a real spool being rotated in a balancing machine or in situ

in an engine, with the unit unbalance being applied by balancing weights.

In addition, circles are shown on the graph, the relative diameters of the circles representing
the likely average unbalance due to mass eccentricity at the respective axial positions. In
particular, the axial position of each circle centre corresponds to the axial position of the
centre of mass of a respective module component, and each circle diameter is calculated
from the mass of that component multiplied by the average (and therefore most likely)
eccentricity of the component. Conveniently, the average eccentricity can be obtained from
statistical analysis of rotor samples. Each circle is aligned in the vertical direction, purely for
convenience, so that its centre is at the vibration amplitude of the data point which shares
the same axial position, but the circle diameters themselves are merely scaled relative to
each other to show the relative importance of their likely unbalance. Circles relating to
components of the HPC module are drawn with solid perimeters, and circles relating to

components of the HPT module are drawn with dashed perimeters.

The HPC module has front and rear balancing planes, the axial positions of which are
indicated on the graph. These planes correspond to the axial locations of lands at which
balancing weights are added or removed from the module when balancing correction is
performed. A straight line X is drawn on graph between the data points at these two axial

positions.

If the data points within an axial range of a module lie on straight line X, then in that range
the spool is acting rigidly at the given rotational speed when the unit unbalance is applied.
That is, movement of the unbalance within the length of that range has a linear effect, and
therefore dynamic two plane low-speed balancing of the part of the module in that range

should be possible without exciting a mode shape producing vibration. Such balancing is

advantageous on grounds of cost and ease of vibration-reduction.
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However, if the data points within an axial range of a module do not lie on straight line X,
then in that range the spool is acting flexibly, and if a bending moment is applied in the part
of the module in that range the shaft will bend, which should excite a mode shape producing
vibration. Accordingly, a different balancing strategy should be adopted within the length of

that range.

A purpose of the circles is to give a user of the graph an indication of the relative desirabilty

of having a particular component (and therefore its circle) close to the line X.

More particularly, the locations available on the HPC module for dynamic two plane low-
speed balancing are the front and rear balancing planes. The graph has a range of axial
positions (a “rigid response range” — shaded grey on the graph and located towards the front
of the HPC) in which the data points lie on the straight line X. If an unbalance (a “rigid
response imbalance”) occurs somewhere in the response range, it can be balanced at the
front and rear balancing lands, and the bending moment induced will not significantly excite
the resonant vibration because that region of the spool is behaving rigidly with respect to the
resonant vibration. Thus, in this case a suitable balancing strategy to address the rigid
response imbalance can be defined in which, to the maximum extent possible, mass is
added or removed from the HPC module at the balancing planes to correct the on-line

imbalance.

However, the graph also has a range of axial positions (a “flexible response range” —
unshaded on the graph and located towards the rear of the HPC and into the HPT) in which
the data points do not lie on the straight line X. When an unbalance of the HPC module
occurs somewhere in the flexible response range (e.g. due to reason 3) discussed above),
the bending moment induced by balancing that imbalance at the balancing lands will induce
flexing and drive the resonant vibration. Accordingly, if the balancing land positions are not
moved, options to balance the HPC against imbalances in the flexible response range
include using compressor component balancing, straight build for the compressor and/or
blade distribution procedures to ensure that there is no imbalance induced in the HPT by the
HPC. Such approaches may be implemented, for example, to reduce the likely major
imbalance from the component indicated Y towards the rear of the HPC. In effect, the result

of adopting the approaches is to shrink the diameters of the HPC component circles.

However, these approaches will not address the likely major imbalance caused by, e.g.

geometric error at the HPC/HPT interface, from the component indicated Z in the HPT. In
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this case, therefore, another option is to move the rear balancing land of the HPC rearwards
so that it is adjacent the HPT. The straight line X will then be shifted (indicated by dashed
line X’) so that it passes close to the centre of circle Z. With the major response indicated by
circle Z induced by the HPC in the HPT then falling close to the line that passes through the
balancing lands, this unbalance can be safely addressed at those lands without inducing
bending. However any compressor internal component imbalances will not fall on the line
X', and so component balancing, straight build, and/or blade distribution approaches may be
needed to eliminate any imbalances within this region (i.e. to shrink the HPC component

circles).

Another option is to take an intermediate approach, and place the balancing lands such that
the straight line passes somewhere between the HPC component and HPT component
responses, and then adopt a balancing strategy with a degree of component
balancing/straight build/blade distribution etc. for the HPC, but to a lesser extent than might

have been otherwise been required.

Other possible options are to more substantially reconfigure the modules, such as altering
where module interfaces lie. As will be appreciated, any approach involving component
reconfiguration (even if just movement of a balancing land), may require repetition of the

procedure outline above to define an appropriate balancing strategy.

Having defined a balancing strategy for the HPC, a similar procedure can then be performed
to define a balancing strategy for the HPT. In this way both modules of the spool can be

balanced independently.

Advantageously, the procedure allows the rotor dynamics of a given rotor configuration and
low speed balancing requirements to be optimised at the same time. It also allows a

multitude of balancing options to be considered with reference to just one graph.

While the invention has been described in conjunction with the exemplary embodiments
described above, many equivalent modifications and variations will be apparent to those
skilled in the art when given this disclosure. Accordingly, the exemplary embodiments of the
invention set forth above are considered to be illustrative and not limiting. Various changes
to the described embodiments may be made without departing from the spirit and scope of

the invention.
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CLAIMS

1. A procedure for defining a rotor balancing strategy to reduce mass eccentricity
imbalances produced by a first rotor module which in use is attached to one or more further
rotor modules to form a spool of a gas turbine engine, the procedure including the steps of:

providing a computer model which predicts the vibration amplitude at a given axial
position along the spool when the spool is rotated at a given rotational speed;

using the model to predict respective vibration amplitudes at the given axial position
for different axial positions of a unit unbalance applied to the spool;

plotting the predicted vibration amplitudes as data points on a graph of vibration
amplitude against axial position of the applied unit unbalance;

using the graph to identify axial positions which are more or less likely to contribute to
flexing of the spool at the given rotational speed when mass is added or removed from the
first rotor module to reduce imbalances at the axial positions; and

defining a rotor balancing strategy based on the identification of those axial positions.

2. A procedure according to claim 1, wherein the given rotational speed is in a speed

range in which the spool is susceptible to resonant vibration.

3. A procedure according to claim 1 or 2 further including the step of:
including indicators on the graph, at different axial positions, of likely average
unbalance due to module component mass eccentricity at the respective axial position;
wherein the defined balancing strategy is also based on the likely average

unbalances.

4, A procedure according to any one of the previous claims, wherein:
the first rotor module has two axially spaced apart balancing planes;
the data points include a pair of data points for the predicted/measured vibration
amplitudes when the unit unbalance is applied to the spool at the balancing planes; and
the graph includes a straight line which extends through the data points at the

balancing planes.

5. A procedure according to claim 4, wherein:
the graph has a range of axial positions (a “rigid response range”) in which the data
points lie on the straight line; and

when the first rotor module has an imbalance (a “rigid response imbalance”) which is
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identified to lie within the rigid response range, a balancing strategy to address the rigid
response imbalance is defined in which, to the maximum extent possible, mass is added or
removed from the first rotor module at the balancing planes to correct the rigid response

imbalance.

6. A procedure according to claim 4 or 5, wherein:

the graph has one or more ranges of axial position (“flexible response ranges”) in
which the data points do not lie on the straight line; and

when the first rotor module has an imbalance (a “flexible response imbalance”) which
is identified to lie within such a flexible response range, a balancing strategy to address the
flexible response imbalance is defined in which, to the minimum extent possible, mass is
added or removed from the first rotor module at the balancing planes to correct the flexible

response imbalance.

7. A procedure according to claim 6, wherein the balancing strategy includes
component balancing, straight building and/or blade distribution procedures to correct the

flexible response imbalance.

8. A procedure according to claim 4 or 5, wherein:
the graph has one or more ranges of axial position (“flexible response ranges”) in
which the data points within the flexible response range(s) do not lie on the straight line; and
when the first rotor module has an imbalance (a “flexible response imbalance”) which
is identified to lie within such a flexible response range, a balancing strategy to address the
flexible response imbalance is defined in which the first rotor module is reconfigured to move

the straight line closer to a data point at the axial location of the flexible response imbalance.

9. A procedure according to claim 8 including repeating the steps of any one of claims 1

to 7 for the reconfigured first rotor module.

10. A method of reducing dynamic imbalance produced by a first rotor module, which in
use is attached to one or more further rotor modules to form a spool of a gas turbine engine,
the method including:

performing the procedure according to any one of the previous claims; and

balancing the first rotor module according to the defined balancing strategy.



