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A method of characterising mechanical and thermal growth
of'a rotor tip clearance arrangement and a method of control-
ling such an arrangement. The characterisation method com-
prising constructing a finite element model and calibration
cases; run the model for the calibration cases to obtain dis-
placements; and calculating component growth therefrom.
The growth is characterised and scaled for the operating
conditions. The clearance is calculated in a time step from the
growths and input to a control arrangement for subsequent
time steps.
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ROTOR TIP CLEARANCE

[0001] The present invention relates to a method of charac-
terising mechanical and thermal growth of rotor tip compo-
nents and to a method of controlling the resultant clearance
between the rotor tip and surrounding casing.
[0002] EP 1314857 discloses a method of characterising
mechanical growth of rotor tip components on the basis of the
masses of the components. It also discloses controlling clear-
ance based on the mechanical growth.
[0003] One disadvantage of this method is that the compo-
nent growth calculation is not well adapted for transient
growth caused by thermal fluctuations. As a result, the rotor
tip components controlled to this method may transiently rub,
which subsequently increases all clearances between the
components, or may transiently comprise large clearances,
which decreases efficiency and therefore increases fuel
usage.
[0004] The present invention provides a method of charac-
terising component growth and a method of controlling rotor
tip clearance that seeks to address the aforementioned prob-
lems. It finds particular utility for rotor stages of a gas turbine
engine in which minimising tip clearance without causing tip
rub results in significant fuel savings.
[0005] Accordingly the present invention provides a
method of characterising mechanical and thermal growth ofa
rotor tip clearance arrangement, comprising steps to:

[0006] construct afinite element model of components in

the rotor tip clearance arrangement;

[0007] define reference points on components in the
model,;

[0008] define calibration cases for the model;

[0009] runthe model for each calibration case and record

displaced position of each reference point;
[0010] calculate component growth from the reference
points and displaced positions;
[0011] characterise the component growth as comprising
mechanical growth and thermal growth;
[0012] interpolate mechanical growth and thermal
growth between calibration cases; and
[0013] output a mechanical growth and thermal growth
characterisation map.
[0014] Advantageously the method enables growth of the
components forming a rotor and casing to be accurately cal-
culated and characterised. The growths are then scaled for all
engine operating conditions and recorded in a map that can be
referenced for real-time control of the rotor tip clearance
arrangement. The map may be graphical, tabular, one or more
functions or equations, or any other suitable reference format.
[0015] The steps may be performed off-line. Advanta-
geously the mechanical growth and thermal growth charac-
terisation map can be produced once and retained for subse-
quent use of the rotor tip clearance arrangement.
[0016] The calibration cases may include a calibration case
in which no thermal strain is present. Advantageously, such a
calibration case results in mechanical growth but no thermal
growth. The calibration cases may include a sea level calibra-
tion case and an altitude calibration case. Advantageously,
such cases may bound the engine operating envelope for
growth dependence on altitude. The calibration cases may
include sea level and altitude calibration cases combined with
controlled tip clearance displacement. Advantageously such
cases include the effect of changing the clearance, mechani-
cally or otherwise, on the growths. The thermal growth may
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comprise the component growth minus the mechanical
growth for calibration cases that include thermal strain.
[0017] The mechanical growth and thermal growth may be
extrapolated for engine operating conditions outside the cali-
bration cases and interpolated between calibration cases. The
mechanical growth may be interpolated using a pressure dif-
ference.

[0018] Thethermal growth may comprise steady-state ther-
mal growth and transient thermal growth. Advantageously the
stead-state and transient thermal effects on growth can be
separately calculated and mapped using the method of the
present invention.

[0019] The transient thermal growth may be calculated
using a time constant. The time constant may be a function of
an engine parameter; an aircraft parameter two or more
engine parameters; two or more aircraft parameters; or at least
one engine parameter and at least one aircraft parameter.
Advantageously, transient thermal growths calculated using
such time constants are more accurate representations of the
growth of the modelled components.

[0020] The transient thermal growth may be calculated
using a heating time constant and a cooling time constant. The
transient thermal growth may be calculated using a high
power time constant and a low power time constant. Advan-
tageously, using two or more different time constants enables
the method to produce a more accurate representation of the
transient thermal growths of the components modelled.
[0021] Themethod may comprise a further step to calculate
an effective temperature of one of the components, or of each
of the components. The eftective temperature may be calcu-
lated from the steady-state thermal growth and the character-
istic length of the component. The method may comprise a
further step to calculate a non-dimensional stabilised tem-
perature from the effective temperature. Advantageously the
non-dimensional temperature can be used to extrapolate and
interpolate the steady-state thermal growth for engine oper-
ating conditions outside the calibration cases.

[0022] The method may comprise a further step to measure
displaced positions corresponding to the model reference
points to validate the method. The measurements may be of
the absolute displaced positions or of the relative position of
the component features corresponding to the model reference
points. The method validation need only be performed in
testing so displacement probes need not be installed in
engines when in service. Advantageously, the weight and
consequent cost of displacement probes can be avoided.
[0023] The present invention also provides a method of
controlling a rotor tip clearance arrangement at a time step
comprising steps to:

[0024] measure engine parameters;

[0025] calculate the mechanical growth and thermal
growth from the measured engine parameters and the
map according to the method described above;

[0026] calculate clearance between components from
the calculated component growths; and

[0027] control the rotor tip clearance arrangement to
increase or decrease clearance based on the difference
between the calculated clearance and a pre-defined
clearance.

[0028] Advantageously, the method does not require dis-
placement probes or other heavy components. Instead it uses
engine parameters which are already measured on most
engines. Beneficially, the method results in better clearance
control.
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[0029] The steps of the method may be performed during
use of the rotor tip clearance arrangement. The steps may be
iterated for each subsequent time step. The clearance may be
calculated from the component growths calculated at the
current and previous time steps. Advantageously, therefore, it
is a real-time method.

[0030] Thetime step may be in the range 0.1 to 10 seconds.
Preferably it may be in the range 100 to 200 milliseconds.
Advantageously this is comparable to the measurement
period of at least some engine parameters.

[0031] The method may further comprise a step before the
step to measure engine parameters to initialise component
growths and clearance. This may be achieved by measure-
ment or calculation from the component growths and clear-
ance at last engine shut down.

[0032] The present invention also provides a rotor tip clear-
ance arrangement comprising a rotor blade having a tip; a
rotor stage casing surrounding the rotor blade and defining a
clearance with the tip; a clearance arrangement to increase or
decrease the clearance; and a controller to control the clear-
ance arrangement. The controller may comprise an engine
electronic controller. The controller is adapted to carry out the
methods described above. Advantageously, the rotor tip clear-
ance arrangement is more accurate than known arrangements.
[0033] The present invention also provides a gas turbine
engine comprising a rotor tip clearance arrangement as
described.

[0034] The present invention provides a computer program
having instructions adapted to carry out the methods
described; a computer readable medium, having a computer
program recorded thereon, wherein the computer program is
adapted to make the computer execute the methods described;
and a computer program comprising the computer readable
medium as described.

[0035] Any combination of the optional features is encom-
passed within the scope of the invention except where mutu-
ally exclusive.

[0036] The present invention will be more fully described
by way of example with reference to the accompanying draw-
ings, in which:

[0037] FIG. 1 is a sectional side view of a gas turbine
engine.
[0038] FIG. 2 is a schematic illustration of a rotor stage of

a gas turbine engine.

[0039] FIG. 3 is a schematic illustration of part of a mod-
elled rotor stage for use in the method of the present inven-
tion.

[0040] FIG. 4 is a flow chart of part of the method of the
present invention.

[0041] FIG. 5 is an exemplary plot of a calibration case.
[0042] FIG. 6 is an exemplary plot of the radial growth of
the blade tip.

[0043] FIG. 7 is an exemplary plot of transient thermal
growth.

[0044] FIG. 8 is an exemplary plot of another calibration
case.

[0045] FIG.9is a schematic illustration of part of a rotor tip

clearance arrangement according to the present invention.
[0046] FIG. 10 is an exemplary plot of the radial growth of
the blade tip and segment assembly, and the clearance.
[0047] FIG. 11 is a flow chart of part of the method of the
present invention.

[0048] A gas turbine engine 10 is shown in FIG. 1 and
comprises an air intake 12 and a propulsive fan 14 that gen-
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erates two airflows A and B. The gas turbine engine 10 com-
prises, in axial flow A, an intermediate pressure compressor
16, a high pressure compressor 18, a combustor 20, a high
pressure turbine 22, an intermediate pressure turbine 24, a
low pressure turbine 26 and an exhaust nozzle 28. A nacelle
30 surrounds the gas turbine engine 10 and defines, in axial
flow B, a bypass duct 32.

[0049] Each of the fan 14, intermediate pressure compres-
sor 16, high pressure compressor 18, high pressure turbine 22,
intermediate pressure turbine 24 and low pressure turbine 26
comprises one or more rotor stages. A schematic illustration
of a rotor stage 34 is shown in FIG. 2 comprising a rotor hub
36 from which radiate a plurality of blades 38. The blades 38
each comprise a blade tip 40 at the radially distal end from the
hub 36. Radially outside the blade tips 40 is a rotor stage
casing 42 which may include a segment assembly 56 com-
prising a plurality of segments forming its radially inner
surface as will be understood by those skilled in the art.
Between the blade tips 40 and the rotor stage casing 42 is a
clearance 44.

[0050] In use of the gas turbine engine 10, working fluid
(air) does work on the rotor blades 38 as it passes substantially
axially through the engine 10. Working fluid that passes over
the blade tips 40 through the clearance 44 does no useful work
and therefore reduces the efficiency of the engine 10 and
increases fuel consumption. However, the clearance 44 is
necessary to prevent the blade tips 40 rubbing against the
rotor stage casing 42 which causes damage to one or both
components. Tip rub is a transient effect because the rub
erodes the blade tip 40 or casing surface which results in the
clearance 44 being increased and therefore the engine effi-
ciency reducing.

[0051] Additionally the clearance 44 is not constant
throughout use of the gas turbine engine 10. Taking the
example of a gas turbine engine 10 used to power an aircraft,
the rotor stage 34 components grow and shrink in response to
centrifugal forces and temperature changes resulting from
different engine operating conditions. Thus when the engine
10 is cold, before use, the rotor blades 38 have a defined radial
length and the rotor stage casing 42 has a defined diameter
and is annular. The components each grow or shrink by dif-
ferent amounts and with a different time constant governing
the speed at which the growth or shrinkage occurs. The
growth due to centrifugal forces is substantially instanta-
neous.

[0052] FIG. 3 is an enlargement of part of the rotor stage as
produced by a finite element model 48. The hub 36 is formed
as a disc 52 upon which the plurality of rotor blades 38 is
mounted. Each rotor blade 38 includes an integral blade root
54 which comprises suitable features, such as a fir tree shape,
to enable secure mounting to the disc 52. Except where dis-
tinction is required the term rotor blade 38 in this description
should be understood to include the blade root 54. The rotor
stage rotor stage casing 42 optionally has a segment assembly
56 on its radially inner surface. The segment assembly 56 is
comprised of a plurality of discontinuous segments in a cir-
cumferential array. The segments may be actively or pas-
sively controlled to move radially inwardly or outwardly to
change the clearance 44 between them and the blade tips 40.
[0053] When the engine 10 is switched on it begins to heat
up and the disc 52 and blades 38 begin to rotate which causes
all the rotating components to grow radially. Due to the rota-
tion of the rotor blades 38 and their relatively small mass the
rotor blades 38 tend to grow radially very quickly, substan-
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tially instantly, by a small amount. The disc 52 grows radially
outwardly by a relatively large amount, for example three
times as much as the rotor blades 38, with a long time con-
stant, for example 100 seconds. The rotor stage rotor stage
casing 42 which is relatively massive and does not rotate
grows by arelatively large amount, for example three times as
much as the rotor blades 38, but with a long time constant, for
example 50 seconds. The segment assembly 56 grows by a
small amount, for example a third of the growth experienced
by the rotor blades 38, with a moderate time constant, for
example 15 seconds.

[0054] The segment assembly 56 grows radially inwardly
whereas rotor stage rotor stage casing 42 and disc 52 grow
radially outwardly and the rotor blades 38 elongate radially.
Thus the clearance 44 reduces during engine acceleration
phases of the flight such as ramp up and the start of take-off.
Similarly, the clearance 44 increases during engine decelera-
tion phases. There is a settling period after an engine accel-
eration or deceleration during which the clearance 44 may
fluctuate before settling to a steady-state clearance 44.
[0055] It is known to apply active or passive tip clearance
control arrangements to reduce the variation of clearance 44.
For example cool air can be selectively delivered to passages
in the rotor stage rotor stage casing 42 to cool the rotor stage
casing 42 and thereby reduce the diameter or retard the
growth of the diameter. Alternatively the segment assembly
56 radially inside the rotor stage rotor stage casing 42 can be
moved mechanically to change the clearance 44.

[0056] The present invention relates to a more accurate
method to characterise the radial growth of the rotor stage 34
components in terms of both mechanical and thermal growth.
It also relates to the use of this characterised component
growth to control tip clearance arrangements.

[0057] A flow chart of the first part of the method is shown
in FIG. 4. The first step of the method, shown in box 46,
comprises constructing a finite element model 48 of compo-
nents forming the rotor stage 34. The finite element model 48
therefore provides a mathematical (and graphical) represen-
tation of the disc 52, blade roots 54 and blades 38, rotor stage
casing 42 and, indirectly, the clearance 44. A part of the model
48 is shown in FIG. 3. The finite element model 48 of the rotor
stage 34 may be a subset of a larger finite element model, for
example of the whole gas turbine engine 10 or a sub-system
thereof such as the intermediate pressure turbine 24.

[0058] The second step of the method, shown in box 50,
comprises defining reference points on the modelled compo-
nents. The example in FIG. 3 defines four radially aligned
reference points A, B, C, D as well as a null point at the
rotational axis (not shown). The first reference point A is
positioned where the disc 52 meets the blade root 54. The
second reference point B is positioned at the blade tip 40. The
third reference point C is positioned where the casing seg-
ment assembly 56 meets the rotor stage casing 42 and the
fourth reference point D is positioned at the radially inner face
of the segment assembly 56. The clearance 44 has radial
extent between reference point B and reference point D. Ben-
eficially the four reference points A, B, C, D mark the transi-
tions between components that may be formed from different
materials which each have different thermal capacity and
therefore thermal growth rates.

[0059] For a rotor stage 34 having a segment assembly 56
radially inwardly of the rotor stage casing 42, four reference
points A, B, C, D is the minimum requirement. If there is no
segment assembly 56, reference point D can be omitted and
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the clearance 44 has radial extent between reference point B
and reference point C. It is also possible to define more than
four reference points. For example, in the rotor stage 34
illustrated in FIG. 3 it may be beneficial to define a fifth
reference point at the radially inner surface of the disc 52. It
may also be beneficial to have axial spacing between refer-
ence points. For example, the leading and trailing edges of the
blade 38 may have different radial extent relative to the rota-
tional axis. Defining a reference point at the blade tip 40 at
each of the leading and trailing edges subsequently enables
clearance 44 to be controlled at both these locations.

[0060] The third step of the method, shown in box 58 of
FIG. 4, comprises defining calibration cases 60 for use in
running the model 48. The calibration cases 60 may take the
form of a square wave rotational speed profile against time, an
example of which is shown in FIG. 5. The calibration case 60
has a low power (speed) condition and a high power (speed)
condition. It ramps very rapidly from low power to high
power, holds at high power for a period and then ramps very
rapidly back down to low power. The ramps are modelled as
the fastest that are achievable in normal engine running and
may each be of the order of 10-15 seconds. Preferably a
calibration case 60 is also predicated with other constraints,
such as the altitude at which the engine 10 is being operated,
the mass flow of tip clearance control flow through the seg-
ment assembly 56, and the ambient temperature of the envi-
ronment in which the engine 10 is operated. At least one
calibration case 60 is defined for a high power condition, and
therefore high rotational speed, with no thermal strains. This
is achieved by using the temperatures only for determination
of Young’s Modulus for each component and excluding the
calculation of thermal growths so only centrifugal and other
mechanical growths are derived.

[0061] The fourth step of the method, shown in box 62 of
FIG. 4, comprises selecting one of the calibration cases 60
from the set defined at the previous step 58. Each of the
calibration cases 60 will be used within the method of the
present invention.

[0062] The fifth step of the method, shown in box 64 of
FIG. 4, comprises running the finite element model 48 using
the selected calibration case 60. The output from the run
comprises the displaced position d ,, dg, d-, d,, of each refer-
ence point A, B, C, D from its initial position. In the sixth step
of'the method, box 66, these displaced positions d ,, dz,d . d,,
are recorded.

[0063] The seventh step of the method, shown in box 68 of
FIG. 4, comprises calculating total component growth for
each calibration case 60. The component growth is calculated
as the difference between the reference point positions A, B,
C, D, and the displaced positions d, dz, d, d,,. Optionally
the subtraction can be arranged so that the calculated total
growth is positive for growth of the component and negative
for radial shrinkage of the component. Alternatively, the sub-
traction can be arranged so that the calculated total growth is
positive in the radial direction away from the hub 36 and
negative in the radial direction towards the hub 36. As will be
apparent, the choice herein simply results in different signs in
subsequent equations.

[0064] FIG. 6 is an exemplary plot of the radial growth 69
of the blade tip 40, which is the difference between the dis-
placed position d and the original position of reference point
B. It will be understood that equivalent plots can be produced
for the radial growth of each of the components by plotting
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the difference between the original position of the reference
points A, B, C, D and the displaced positions d , dz, d -, dpp.
[0065] The fourth 62, fifth 64, sixth 66 and seventh 68 steps
of the method are iterated, as shown by loop 70, for each
calibration case 60 in turn. The iteration loop 70 ends when
the finite element model 48 has been run with each calibration
case 60, the resultant displaced positions d ;, dg, d~, d, have
been recorded and the component growth calculated there-
from.

[0066] The eighth step of the method, box 72 in FIG. 4,
comprises characterising the component growth into
mechanical growth and thermal growth. First the calibration
case 60 with no thermal strain is used to calculate the
mechanical growth. This datum value of mechanical growth
is then scaled to fill the engine power condition envelope. For
example, a scaling factor that is proportional to the shaft
speed squared can be used, or a scaling factor that is depen-
dent on any one or more of shaft speed squared, altitude,
ambient temperature and/or pressure or any other engine or
aircraft parameters.

[0067] The calibration cases 60 which include some ther-
mal strain the component growth comprise the sum of
mechanical growth and thermal growth. Thus thermal growth
is the total component growth calculated at step 68 minus the
mechanical growth scaled from the calibration case 60 with
no thermal strain.

[0068] The thermal growth is further characterised as
steady-state thermal growth or transient thermal growth.
Steady-state thermal growth is the difference between the
total component growth and the scaled mechanical growth for
calibration cases 60 when at steady-state conditions. That is
once the component growth response has stabilised to the
elevated speed input portion of the square wave. An effective
temperature T, can be calculated from the steady-state
thermal growth divided by the product of the characteristic
length of the component (that is the distance between the two
reference points A, B, C, D that define its radial extent) and
the thermal coefficient of expansion of the component mate-
rial o (which may be temperature dependent). A non-dimen-
sionalised temperature x can be calculated from the effective
temperature T ..., a reference cold air temperature T, 5,
and a reference hot air temperature T, The reference cold
air temperature T . 5, and the reference hot air temperature
T orare chosen from locations in the main gas path or bypass
duct of the gas turbine engine 10. The non-dimensionalised
temperature X is thus different for each component and may
also vary between steady-state points in different calibration
cases 60. The non-dimensional temperature x is a scale factor
for the steady-state thermal growth.

[0069] Transient thermal growth is the difference between
total component growth and scaled mechanical growth in
periods which are not steady-state. Transient thermal growth
is characterised by time constants which define the rate at
which the component grows or shrinks due to transient ther-
mal strains. Typically there are different time constants for
heating from a low power to a high power condition and for
cooling from a high power to a low power condition. The
cooling time constant is generally longer than the heating
time constant, for example 2 to 4 times longer. The time
constants may also be dependent on altitude. Generally time
constants are around twice as long at cruise altitude as at sea
level.

[0070] A first approximation to the time constant for the
transient thermal growth is the time taken to reach 63% of the
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stabilised, new steady-state thermal growth. This is because
the radial growth is governed by

(1-e"),

where t is the time interval and T is the time constant. Alter-
natively, the time constant can be estimated from the initial
gradient (first derivative) of the radial growth. The time con-
stant can be refined, if required, by iterative methods to give
the best overall fit to the heating or cooling growth curve. The
two methods of first approximating the time constant T are
shown in FIG. 7.

[0071] In a ninth step of the method, shown in box 74 of
FIG. 4, the mechanical growths, steady-state thermal growths
and time constants for transient thermal growths character-
ised in the previous step 72 are scaled from datum values
derived from the calibration cases 60. The scaling is applied
to give component growth for conditions other than those
considered in the calibration cases 60; that is any condition
combinations in the engine operating envelope. Scale factors
76 are used in the scaling, which differ for the mechanical and
thermal growths and the time constants.

[0072] Mechanical growths are scaled differently for the
different components in the rotor stage 34. The disc 52 and
blade 38 mechanical growths are scaled in proportion to
rotational speed squared. The rotor stage casing 42 and seg-
ment assembly 56 mechanical growths are scaled in propor-
tion to a gas path pressure difference. For example the pres-
sure difference between compressor entry and compressor
delivery, or between fan bypass and compressor delivery.
Thus for mechanical growth the scale factors 76 are rotational
speed squared and gas path pressure difference. These factors
may be summed, particularly for long flexible rotor blades 38,
or multiplied together to form the scale factor 76 as required.
The casing axial tension may also be an input to the scale
factor 76 for the mechanical growth.

[0073] Transient thermal growths are scaled by scaling the
steady-state non-dimensionalised temperature x and the time
constants. The scale factor 76 may be altitude, Mach number,
ambient temperature, engine thrust or rotational speed. Alter-
natively the scale factor 76 may be a combination of two or
more of these factors.

[0074] The amount of scaling required at step 74 can be
reduced by using more calibration cases 60 at the expense of
processing capacity to run the finite element model 48 for all
the calibration cases 60. For example, the altitude-depen-
dence of a scale factor 76 can be improved by defining cali-
bration cases 60 at more altitude settings. The non-dimen-
sionalised temperature X can be improved by defining one or
more calibration cases 60 that comprise incremental speed
settings as shown in FIG. 8.

[0075] From the steps shown in FIG. 4 the method can
output a map of the mechanical growth, non-dimensionalised
temperature x for steady state thermal growth and time con-
stants for transient thermal growth against inputs. For
example, the growths can be mapped against engine power or
speed. It may also be mapped against altitude and/or ambient
conditions. The map may be a 2D or 3D graph or one or more
look-up tables from which the output can be read, or the map
may be one or more algorithms from which the output
growths can be calculated. Preferably the map, howsoever
constituted, takes account of whether the component is grow-
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ing or shrinking, so that differing heating and cooling rates are
encompassed. Graphically this may have the form of a hys-
teresis loop. Some conditions may be considered to have only
one of a heating and a cooling rate. For example, take-off
engine condition is only approached from slower speeds so
only a heating rate is required. Similarly, idle is only
approached from higher speeds so only a cooling rate is
required. Other engine conditions can be approached from
higher or lower speeds and therefore have a heating and a
cooling rate.

[0076] The method described with respect to FIG. 4 can be
performed off-line in engine development or pass-off phases
and be loaded into computer memory. Preferably the output
map is loaded into memory on board the engine 10, such as a
dedicated memory or that associated with the engine elec-
tronic controller (EEC). Itis then available for use in a method
of controlling a rotor tip clearance arrangement 78 shown in
FIG. 9.

[0077] FIG.10is an exemplary plot of the radial growth 69
of'the blade tip 40, as shown in FIG. 6, for the calibration case
60 shown in FIG. 5. It also shows the radial growth 108 of the
rotor stage casing 42, which is the difference between the
displaced position d. and the original position of reference
point C. FIG. 10 also shows the clearance 44 calculated from
the net radial growth and initial component radial lengths. As
can be seen, the clearance 44 has a complex shape through the
calibration cycle 60 due to the different transient thermal
growth time constants T applicable for the components and
the different total radial growths of each component.

[0078] The rotor tip clearance arrangement 78 comprises
the rotor stage 34 and rotor stage casing 42 (with or without a
segment assembly 56). [t also comprises a controller 80 incor-
porating a processor and memory, and a clearance arrange-
ment 82 that can be controlled via signal line 84 to change the
clearance 44 between the blade tip 40 and the radially inner
surface of the segment assembly 56 or rotor stage casing 42.
The controller 80 may form part of or be a function of the
engine electronic controller, may be a dedicated controller 80
or may form part of or be a function of another controller
within the engine 10. The clearance arrangement 82 can take
any suitable form. For example, it may be an arrangement of
pipes and valves to selectively deliver cool air to the rotor
stage casing 42 or segment assembly 56 to change the growth
rates and thereby adjust the clearance 44. Alternatively it may
be a mechanical arrangement to move the segment assembly
56 or portions of the rotor stage casing 42 radially to change
the clearance 44.

[0079] For validation of modelled component growths, for
example during development phases of an engine, the rotor
tip clearance arrangement 78 may also include displacement
probes 86 positioned and arranged to measure the position of
points on the components that correspond to the model ref-
erence points A, B, C, D. There may be a displacement probe
86 for each radial location of points or a displacement probe
86 may be arranged to measure the position of more than one
point. Alternatively the displacement probes 86 may be
arranged to measure the distance between two points that are
equivalent to the model reference points A, B, C, D rather than
their absolute positions.

[0080] The measured displaced positions may be supplied
to the controller 80 via signal line 84. Within the processor
comprised in the controller 80, the current clearance 44 is
calculated using the measured displaced positions with ref-
erence to the mapped component mechanical growth and
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thermal growth. The controller 80 then compares the current
clearance 44 with a pre-defined optimal or desired clearance
44, if the current and pre-defined clearances 44 differ by more
than a pre-defined margin, the controller 80 generates a con-
trol signal which is passed along signal line 84 to the clear-
ance arrangement 82. The control signal causes the clearance
arrangement 82 to move the segment assembly 56 or rotor
stage casing 42 to increase or decrease the clearance 44 as
appropriate.

[0081] The present invention also provides a method of
controlling the rotor tip clearance arrangement 78 which in
shown in the flow chart in FIG. 11. The method is applied in
real-time during use of the engine 10 to actively control the tip
clearance 44 to optimise the clearance 44 for improved fuel
efficiency of the engine 10. The method is iterated in time
steps t, for example in the range of 0.1 to 10 seconds, prefer-
ably approximately 1 second.

[0082] In a first step 88, the growths and clearances are
initialised. The initial scaled mechanical growths are deter-
mined on the basis of the engine parameters at initialisation.
An effective temperature Tp.r for each component is
assigned. This may be measured directly or calculated on the
basis of ambient conditions at initialisation. The initial ther-
mal growths, which are assumed to be steady-state with no
transient component, can then be calculated. The initial clear-
ance can be calculated from the initial mechanical and steady-
state thermal growths.

[0083] Ina second step, the engine parameters 92 at a first
time step t are obtained.

[0084] In a third step 90 the mechanical growth of each
component is calculated for the first time step t;. The
mechanical growth is scaled from the calibration cases 60 as
described above. The scale factor 76 for each component is
determined from the engine parameters 92 at that time step,
either by looking up a table or graph of the previously calcu-
lated scale factors 76 or by real-time calculation.

[0085] In a fourth step 94, the steady-state thermal growth
in the first time step t; is derived for each component. The
engine parameters 92 at that time step are input to the fourth
step 94 for the calculation. The steady-state thermal growth in
the first time step t; and the effective temperature Tz are
calculated as described above.

[0086] In a fifth step 98, the time constant T for each com-
ponent for the transient thermal growth in the first time step t,
is determined. In a preferred embodiment, the time constant T
for each component is looked up, in a reference table or the
like, or calculated as a function of the engine parameters 92 or
aircraft parameters such as altitude or shaft speed.

[0087] In the sixth step 100 of the method the time con-
stants T calculated at the fifth step 98 are used to calculate the
transient thermal growth for each component in the first time
step t;.

[0088] Thetotal growth of each component at the end ofthe
first time step t, is calculated from the sum of the mechanical
growth, steady-state thermal growth and transient thermal
growth in the first time step t, and subtracted from the initial
growth. These component growths are recorded in the seventh
step 102 of the method.

[0089] In the final step 104 of the method the clearance 44
at the end of the first time step t; is calculated from the
component growths determined in the previous step 102.
Thus the clearance 44 is the net growth of the components
subtracted from the initial clearance.
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[0090] An iteration loop 106 increments the time step t,
such that the component growths and clearance at the end of
the first time step t; are used in the next time step t,, in place of
the initial growths and clearance. Thus the second pass
through the method shown in FIG. 11 outputs the component
growths and clearance at the end of the second time step t,
which are passed to the second step 90 of the method for the
subsequent iteration. The method is iterated for each time step
t, where n is governed by the engine operating period or
desired clearance control period.

[0091] Preferably the clearance 44 calculated in the final
step 104 of the method can be passed to a control arrange-
ment. The calculated clearance 44 can be compared to a
desired clearance 44 for the engine operating condition. If the
calculated clearance 44 is greater than the desired clearance
44 by a predetermined margin the control arrangement may
cause the segment assembly 56 or rotor stage casing 42 to
move radially inwards to close the clearance 44 or may cause
a flow of cooling air to be passed through the segment assem-
bly 56 or rotor stage casing 42 to change the thermal growth
and thereby decrease the clearance 44. If the calculated clear-
ance 44 is smaller than the desired clearance 44 by a prede-
termined margin, increasing the risk of tip rub, the control
arrangement may cause the segment assembly 56 or rotor
stage casing 42 to move radially outwards to increase the
clearance 44. The predetermined margins may be the same or
different for the size of the calculated clearance 44 relative to
the desired clearance 44.

[0092] The steps for controlling the rotor tip clearance
arrangement 78 are thus iterated to enable the clearance 44 to
be actively managed. The time steps t, may be in the range of
0.1 to 10 seconds. For preferred embodiments of the present
invention the time steps t,, is at the low end of that range, for
example 100 to 200 milliseconds. This is similar to the mea-
surement frequency of control parameters in a gas turbine
engine 10 and is therefore within the processing capacity of
suitable controllers 80. As will be appreciated, the calcula-
tions can only be updated by new engine parameters 92 for
calculation of the scale factors 76 and x factors 96. However,
it is appropriate to match the measurement and calculation
periods to the frequency at which the clearance arrangement
82 can act to change the clearance 44.

[0093] The method of the present invention is preferably
encompassed in computer-implemented code and stored on a
computer-readable medium. It is thus a computer-imple-
mented method of characterising mechanical and thermal
growth of a rotor tip clearance arrangement 78 and of con-
trolling such an arrangement. The method may be imple-
mented on a basic computer system comprising a processing
unit and memory. There may be a user interface such as a
keyboard and/or mouse, and display means to allow interro-
gation of the system during maintenance activity. During
active control of the rotor tip clearance arrangement 78 such
interfaces are unlikely to be required. The memory may com-
prise both temporary memory, to store measurements and
calculations during application of the method, and long-term
storage memory, to record some or all of the measurements,
calculations and control signals for later review. The stored
data may be transmitted during or after the engine flight cycle
or downloaded after the engine flight cycle.

[0094] Although a finite element model 48 has been
described, any suitable model may be used. Square wave
calibration cases 60 have been described as these are common
test cycle engine operating profiles. However, more complex
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calibration cases 60 can be used which more closely mirror
expected operating profiles of the engine 10.

[0095] Although linear scale factors 76 or combinations of
scale factors 76 have been described, the scale factors 76 may
be applied in a non-linear function. Thus the scaling may be
more aggressive in portions of the operating envelope than in
other portions of it. For example, the scaling may be more
aggressive for extrapolated portions than for interpolated por-
tions, or may be more aggressive for portions of the envelope
that are furthest from any calibration cases 60. There may be
apolynomial, parabolic or exponential dependence on one or
more scale factor 76 for some or all of the operating envelope.
[0096] Alternatively the scale factor 76 for the transient
thermal growth may have inverse dependence on a convective
heat transfer function as convection is the dominant heat
transfer mechanism affecting the time constants.

[0097] The iteration period has been envisaged as constant
so that the displaced positions of the points on the compo-
nents are measured at a fixed time interval, for example
between 0.1 and 10 second intervals, preferably around 1
second intervals or slightly more frequent. However, the time
interval could be variable instead. For example, a short time
interval could be used when the component is growing or
shrinking quickly, during take-off or other transient engine
events, and then a longer time interval used when the com-
ponent is not changing so quickly, during cruise or other
steady-state engine conditions. This reduces the calculation
and recording burden overall for the engine cycle without
compromising rapid control of the clearance 44 when neces-
sary. The methods make no other distinction between steady-
state and transient periods in the engine cycle.

[0098] There may be a fast time constant and a slow time
constant defined for transient thermal growth. The growth is
then calculated using a weighted sum of those calculated
from the fast and slow time constants.

[0099] Although the method is used to control the clearance
44, the calculated clearance 44 can also be supplied to other
control arrangements in the engine 10. For example the clear-
ance 44 can be used to schedule bleed valves in the compres-
sors to manage surge margin availability.

1. A method of characterising mechanical and thermal
growth of a rotor tip clearance arrangement (78), comprising
steps to:

a. construct a finite element model (48) of components in

the rotor tip clearance arrangement (78);

b. define reference points (A, B, C, D) on components in the
model (48);

c. define calibration cases (60) for the model (48);

d. run the model (48) for each calibration case (60) and
record displaced position (d , dz, d ., d,,) of each refer-
ence point;

e. calculate component growth from the reference points
(A, B, C, D) and displaced positions (d, dz, d-, dp);

f. characterise the component growth as comprising
mechanical growth and thermal growth;

g. interpolate mechanical growth and thermal growth
between calibration cases (60); and

h. output a mechanical growth and thermal growth charac-
terisation map.

2. A method as claimed in claim 1 wherein the steps are

performed off-line.

3. A method as claimed in claim 1 wherein the calibration
cases (60) include a calibration case (60) in which no thermal
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strain is present and wherein mechanical growth is calculated
from the calibration case (60) having no thermal strain.

4. A method as claimed in claim 1 wherein the calibration
cases (60) include a sea level calibration case (60), an altitude
calibration case (60), and sea level and altitude calibration
cases (60) combined with controlled tip clearance (44) dis-
placement.

5. A method as claimed in claim 4 wherein the thermal
growth comprises component growth minus mechanical
growth.

6. A method as claimed in claim 1 wherein the mechanical
growth is interpolated using a pressure difference.

7. A method as claimed in claim 1 wherein the thermal
growth comprises steady-state thermal growth and transient
thermal growth and wherein the transient thermal growth is
calculated using a time constant (T).

8. A method as claimed in claim 7 wherein the time con-
stant (T) is a function of an engine parameter (92).

9. A method as claimed in claim 7 wherein the transient
thermal growth is calculated using a heating time constant (T)
and a cooling time constant (T) or wherein the transient ther-
mal growth is calculated using a high power time constant (T)
and a low power time constant (T).

10. A method as claimed in claim 1 further comprising a
step to calculate an effective temperature (T ;zz) of one of the
components.

11. A method as claimed in claim 10 further comprising a
step to calculate a non-dimensional stabilised temperature (x)
from the effective temperature (T zzz).

12. A method as claimed in claim 1 further comprising
steps to measure displaced positions (d, dz, d., d,,) corre-
sponding to the model reference points (A, B, C, D) to vali-
date the model.

13. A method of controlling a rotor tip clearance arrange-
ment (78) at a time step (t,) comprising steps to:
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a. measure engine parameters (92);

b. calculate the mechanical growth and thermal growth
from the measured engine parameters (92) and the map
according to the method of claim 1;

c. calculate clearance (44) between components from the
calculated component growths; and

d. control the rotor tip clearance arrangement (78) to
increase or decrease clearance (44) based on the differ-
ence between the calculated clearance (44) and a pre-
defined clearance (44).

14. A method as claimed in claim 13 wherein the steps are
performed during use of the rotor tip clearance arrangement
(78).

15. A method as claimed in claim 13 wherein the steps are
iterated for each subsequent time step (t;) and wherein step
13.c¢ is calculated from the component growths calculated at
the current and previous time step (t,).

16. A method as claimed in claim 13 further comprising a
step before step 13.a to initialise component growths and
clearance (44).

17. A rotor tip clearance arrangement (78) comprising a
rotor blade (38) having a tip (40); a rotor stage casing (42)
surrounding the rotor blade (38) and defining a clearance (44)
with the tip; a clearance arrangement (78) to increase or
decrease the clearance (44); and a controller (80) adapted to
carry out the method according to claim 1 to control the
clearance arrangement (78).

18. A gas turbine engine (10) comprising a rotor tip clear-
ance arrangement (78) as claimed in claim 17.

19. A computer program having instructions adapted to
carry out the method according to claim 1.

20. A computer readable medium, having a computer pro-
gram recorded thereon, wherein the computer program is
adapted to make the computer execute the method according
to claim 1.

21. A computer program comprising the computer read-
able medium as claimed in claim 20.
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