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Methods are provided for: (i) measuring the position of the blade stagger angle axis for one or more blades of a row of blades
attached to a rotor, (ii) measuring the blade tip stagger angle for one or more such blades, and (ii) measuring the blade tip axial
displacement for one or more such blades. The methods use forward and rearward blade tip timing datasets for successive
rotations of the blades from two axially spaced blade tip timing probes. The forward probe is forward of the rearward probe along
the axial direction of the rotor. The blade tip timing datasets allow the times of arrival of the blades at the respective probes to be
measured. The methods also use a once per revolution dataset for the successive rotations of the blades. The once per revolution
dataset allows the angular velocity of the blades to be measured.

50 rue Victoria

¢ Place du Portage 1 ® Gatineau, (Québec) KI1AOC9 e www.opic.ic.gc.ca
50 Victoria Street e Place du Portage 1 ® Gatineau, Quebec

vl

Canada

K1A 0C9 e www.cipo.ic.gc.ca



Abstract

Methods are provided for: (i) measuring the position of the blade stagger

angle axis for one or more blades of a row of blades attached to a rotor, (ji)

5 measuring the blade tip stagger angle for one or more such blades, and (jii)

measuring the blade tip axial displacement for one or more such blades. The

methods use forward and rearward blade tip timing datasets for successive

rotations of the blades from two axially spaced blade tip timing probes. The

forward probe is forward of the rearward probe along the axial direction of the

10 rotor. The blade tip timing datasets allow the times of amival of the blades at the

respective probes to be measured. The methods also use a once per revolution

dataset for the successive rotations of the blades. The once per revolution
dataset allows the angular velocity of the blades to be measured.

[Figure 1]
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ROTATING BLADE ANALYSIS
The present application is a divisional application of Canadian Patent Application
No. 2,732,571 filed on February 24, 2011.
The present invention relates to the analysis of rotating blades, such as those

found in gas turbine engines.

In the development of gas turbine engines, it is important to determine the
amount of vibration of the rotating blades. From vibration measurements, stresses
induced in the blades may be determined. Action can then be taken to avoid stresses
which are high enough to cause damage to the blades.

A technique for characterising blade vibration is “blade tip timing” (BTT) in which
non-contact timing probes (e.g. capacitance or optical probes), typically mounted on the
engine casing, are used to measure the time at which a blade passes each probe. This
time is compared with the time at which the blade would have passed the probe if it had
been undergoing no vibration. This is termed the “expected arrival time” and can be
calculated from the rotational position of the particular blade on the rotor in conjunction
with a “once per revolution” (OPR) signal which provides information about the position
of the rotor. The OPR signal is derived from the time at which an indicator on the rotor
passes a reference sensor, and its use is well known in the art.

The difference between the expected arrival time and the actual arrival time can
be multiplied by the blade tip velocity to give the displacement of the blade from its
expected position. Thus BTT data from a particular probe effectively measures blade
tip displacement at the probe.

Advantageously, the tip timing method does not require a telemetry system since
the probes are mounted on the casing. However, because the sampling rate of the
probes is determined by the rotational frequency of the rotor, it is often below the
Nyquist frequency for the vibrations of interest. Thus each probe undersamples the
vibrations, leading to problems such as aliasing. A further problem with BTT data is
that it is often intrinsically noisy due to probe movement caused by mounting
restrictions and casing thickness. Nonetheless, with a plurality of timing probes, it is
possible, in principle, to perform useful vibration analysis that can be converted into
blade stresses.

The present invention is at least partly based on a realisation that BTT data can
be used to extract further useful information about rotating blades.
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The external shape of blades, such as fan blades, can be defined by a
series of aerofoil sections at different radial positions along the blade. These
sections can have respective stagger angles (i.e. the angie between the chord at
a particular section and the axial direction of the rotor) which increase with
increasing radial position. Due to operating loadings such as centrifugal and
aerodynamic forces, the blades can “unwind” in use, producing changes to the
stagger angles. At the tip of a blade, this variation in stagger angle can be
considered as a rotation of the chord at the tip about a blade stagger angle axis
which extends in a radial direction of the rotor. To understand blade behaviour
during operation, it would be desirable to be able to determine the instantaneous
position of the blade stagger angle axis for a given blade. Similarly, it would be
desirable to be able to determine the instantaneous blade stagger angie at the
tip of a given blade.

Thus a first aspect of the invention provides a method of measuring the
position of the blade stagger angle axis for one or more blades of a row of
blades attached to a rotor, the method comprising:
during operation of the rotor, obtaining forward and rearward blade tip timing
datasets for successive rotations of blades from two axially spaced blade tip
timing probes, a forward probe being forward of a rearward probe along an axial
direction of the rotor, the forward and rearward biade tip timing datasets allowing
times of arrival of the blades at the respective probes to be measured,

during operation of the rotor, obtaining a once per revolution dataset for
said successive rotations of the blades, the once per revolution dataset allowing
an angular velocity of the blades to be measured;

determining, from the forward and rearward blade tip timing datasets, a

measured blade tip time of arrival at each of the forward and rearward probes of
a blade for a reference revolution of the blades:

determining, from the once per revolution dataset, predicted blade tip
times of arrival at the forward and rearward probes of the blade for a further

revolution of the blades on an assumption that there is no change in shape or
relative position of the blade;

CA 2993232 2018-01-29



10

15

20

25

30

3

determining, from the forward and rearward blade tip timing datasets, the
measured blade tip times of arrival at the forward and rearward probes of the
blade for said further revolution of the blades;

calculating by the computer-based system a position of the blade stagger
angle axis at said further revolution from an expression:

Dra = Drr(Ar/(AF + AR))

or from an expression:

Dra = Drr(Ar/(AF + AR))

where Dra is a distance along an axial direction of the rotor between the
forward probe and the position of the blade stagger angle axis, Dra is the
distance along the axial direction of the rotor between the rearward probe and
the positicn of the blade stagger angle axis, Drr is the distance along the axial
direction of the rotor between the forward probe and the rearward probe, Ar is a
difference between a measured time of arrival at the forward probe and a
predicted time of arrival at the forward probe for said further revolution, and Ar is
a difference between the measured time of arrival at the rearward probe and the
predicted time of arrival at the rearward probe for said further revolution.

A second aspect of the invention provides a method of measuring the
blade tip stagger angle for one or more blades of a row of blades attached to a
rotor, the method comprising:

providing forward and rearward blade tip timing datasets for successive
rotations of the blades from two axially spaced blade tip timing probes, the
forward probe being forward of the rearward probe along the axial direction of
the rotor, the blade tip timing datasets allowing the times of arrival of the blades
at the respective probes to be measured;

providing a once per revolution dataset for said successive rotations of the
blades, the once per revolution dataset allowing the angular velocity of the
blades ta be measured,

determining, from the forward and rearward blade tip timing datasets, the
measured blade tip times of arrival at the forward and rearward probes of a
blade for a revoiution of the blades;

calculating the blade tip stagger angle of the blade at said revolution from
the expressions:
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0 = atan((R((ar ~ ar) — Aq))/Der)
and

Bo=w(T e=T"g)

where 8 minus the blade tip stagger angle of the blade at said revolution,
Der is the distance along the axial direction of the rotor between the forward
probe and the rearward probe, R is the radial distance from the tip of the blades
to the axis of the rotor, ar is the angular position of the forward probe, ar is the
angular position of the rearward probe, w is the measured angular velocity of the

blades at said revolution, Tmr-' is the measured time of arrival of the blade at the

forward probe at said revolution, and TmR is the measured time of arrival of the
blade at the rearward probe at said revolution.

Thus, by using blade tip timing data, it is possible to measure the
instantaneous position of the blade stagger angle axis and/or to measure the
instantaneous blade tip stagger angle for a particular blade. Advantageously,
these measurements can be used in subsequent analyses. In particular, they
can be used to determine the instantaneous blade tip axial displacement, i.e.
displacement of the tip of the blade in the axial direction of the rotor. This
displacement can be caused by operating loadings (e.g. centrifugal and
aerodynamic forces) and/or by axial movement of the entire blade relative to the
rotor, for example by sliding of a fan blade along its dovetail root fixing. Further,
measurement of the stagger angle enables modellers to confirm the
measurements of blade unwind against (e.g. finite element) model predictions.

Accordingly, a third aspect of the invention provides a method of
measuring the blade tip axial displacement for one or more blades of a row of
blades attached to a rotor, the method comprising:

performing the method of the first aspect to measure the position of the
stagger angle axis of a blade at said further revolution of the blades;

performing the method of the second aspect to measure the blade tip
stagger angle for the blade at said reference revolution of the blades;

performing the method of the second aspect to measure the blade tip
stagger angle for the blade at said further revolution;

determining updated predicted blade tip times of arrival at the forward and
rearward probes of the blade for said further revolution from the expressions:
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T e =T FrefWredfWrur - Dra fur{tan(Bru) ~ tan(Bre))/ (Rwiur)
and
TpR.fur = TmR.retwref/ Wiy *+ Dra furftan(Bur) ~ tan(Bre))/(Rwiyr)

where Tpp,fur and TPR,fur are the updated predicted times of arrival of the
biade at respectively the forward and rearward probes at said further revolution

and relative to the start of said further revolution, Tm,:,mf and TmR,,ef are the
measured times of arrival of the blade at respectively the forward and rearward
probes at said reference revolution and relative to the start of said reference
revolution, wrr and i, are the measured angular velocities of the blades at
respectively said reference revolution and said further revolution, Deasr and
Drans are the distances along the axial direction of the rotor between
respectively the forward probe and the position of the blade stagger angle axis
and the rearward probe and the position of the blade stagger angle axis at said
further revolution, and 8. and 6y, are the blade tip stagger angles of the blade at
respectively said reference revolution and said further revolution; and

determining the blade tip axial displacement at said further revolution
relative to the blade tip axial position at said reference revolution from the
expressions:

Aax = (2TTRAtes)/ (Wrudan(Bur))
and

Ates = (T rpur = Trtu) = (T Rt = T Rir)

where A, is the blade tip axial displacement at said further revolution
relative to the blade tip axial position at said reference revolution, and TmF|fur and
TmR_m, are the measured times of arrival of the blade at respectively the forward
and rearward probes at said further revolution and relative to the start of said
further revolution.

The blade axial tip displacement measured in this way can be used, for
example, in the validation of blade models (e.g. finite element models) and/or in
BTT calibration. The displacement can also be used to understand, e.g. engine
surge, stall and flutter events, and thus help in engine design.

Advantageously, the forward and rearward blade tip timing datasets and
the once per revolution dataset used in the methods of the above aspects can be

CA 2993232 2018-01-29



10

15

20

25

30

6

obtained without fixing probes to the blades. For example, the forward and
rearward probes can be mounted on a casing of the rotor.

The method of any one of the first, second and third aspects can be
repeated for other blades of the row. The method of any one of the first, second
and third aspects may include an initial step of generating the forward and
rearward blade tip timing datasets and the once per revolution dataset. For
example, the forward and rearward blade tip timing datasets can be generated
by detecting the times at which the blades pass the forward and rearward
probes. The once per revolution dataset can be generated by detecting the
times at which a marker on the rotor passes a once per revolution probe.

The method of any one of the first, second and third aspects may have
any one or any combination of the following optional features. The blade may be
a fan blade. The forward probe is typically at a position which is swept by the
leading edges of the blades. The rearward probe is typically at a position which
is swept by the trailing edges of the blades. The reference rotation may
conveniently be the first rotation of the rotor.

Further aspects of the present invention provide: (i} use of the method of
any one of the first, second and third aspects for validating a model (e.g. a finite
element model) of the blades, (i) use of the method of any one of the first,
second and third aspects for calibrating blade tip timing data, and (jii) use of the
method of any one of the first, second and third aspects for characterisation of
surge, stall and/or flutter events.

Typically, the methods of the first, second and third aspects are computer-
based methods. Further aspects of the present invention provide: (i) a
computer-based system for performing the method of any one of the first,
second and third aspects, (ii) a computer program for performing the method of
any one of the first, second and third aspects, and i) a computer program
product carrying a program for performing the method of any one of the first,
second and third aspects.

Embodiments of the invention will now be described by way of example
with reference to the accompanying drawings in which:

Figure 1 shows schematically a BTT arrangement;
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Figure 2 is a flow chart showing procedural steps in a method of
measuring the blade tip axial displacement of a biade of a row of blades
attached to a rotor;

Figure 3 shows schematically the measurement of the blade tip stagger
angle if the blade at either a reference or a further rotation;

Figure 4 shows schematically the measurement of the stagger angle axis
of the blade at the further rotation;

Figure 5 shows schematically rotation of the blade tip aerofoil section
about the blade stagger angle axis;

Figure 6 shows schematically a circumferential time shift of the blade tip
and the corresponding blade tip axial displacement; and

Figure 7 shows plots of measured blade tip axial displacement against
rotor speed.

Figure 1 shows schematically a BTT arrangement. An OPR probe 1
monitors the position of rotor 2, while 1 to n BTT probes 3 provide timings for
blades 4 mounted to the rotor.

Figure 2 is a flow chart showing procedural steps in a method of
measuring the blade tip axial displacement of a blade of a row of blades
attached to a rotor.

In a first step 5, BTT datasets are generated for (i) a forward BTT probe
positioned so that it is swept by the leading edges of a row of blades over
successive rotations of the blades and (i) a rearward BTT probe positioned so
that it is swept by the trailing edges of the blades over the rotations. An OPR
dataset is also generated for the successive rotations. The data in the datasets
do not have to be filtered. In a next step 6, the datasets are used to measure the
blade tip stagger angle for one of the blades and on a reference rotation
(conveniently the first rotation) of the blades. At step 7, the datasets are used to
measure the blade tip stagger angle for the blade on a further rotation of the
blades. At step 8, the datasets are used to measure the position of the stagger
angle axis of the blade at the further revolution. At step 9, the blade tip stagger
angles and the position of the stagger angle axis are used to determine
predicted blade tip times of arrival at the forward and rearward probes for the
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further revolution. Finally, at step 10, the predicted blade tip times of arrival are
used to determine the blade tip axial displacement at the further revolution.

Retumning to steps 6 and 7, Figure 3 shows schematically the
measurement of the blade tip stagger angle at either the reference or further
rotation. A blade tip 11 sweeps at an angular velocity w passed the forward
probe 12 at angular position ar and rearward probe 13 at angular position og, the
distance along the axial direction of the rotor between the forward and rearward
probes being Der. The angular shift A, of the leading or trailing edge of the
blade between the arrivals at the forward and rearward probes is then:

Da=w(T =T R)

where T ¢ is the measured time of arrival of the blade at the forward

probe from the forward probe BTT dataset, and T  is the measured time of
arrival of the blade at the rearward probe from the rearward probe BTT dataset.
The blade tip stagger angle 9, i.e. the angle between the chord C of the aerofoil
section at the blade tip 11 and the axial direction X of the rotor, is then calculated
for the particular revolution from the expression:

0 = atan((R((ar — ar) — Ag))/Der)

where R is the radial distance from the tip of the blades to the axis of the
rotor.

Turning then to step 8, Figure 4 shows schematically the measurement of
the blade stagger angle axis at the further rotation. On the assumption that there
is no change in shape or relative position of the blade (i.e. there are no
geometric or aerodynamic changes), predicted blade tip times of arrival at the
forward and rearward probes of the blade for the further revolution are calculated
from the angular velocity of the blades as measured by the OPR dataset. These
predicted blade tip times of arrival are represented in Figure 4 by a predicted
chord posifion for the blade. The BTT datasets, however, provide the actual
measured blade tip times of arrival at the forward and rearward probes of the
blade for the further revolution. These measured blade tip times of arrival are
represented in Figure 4 by a measured chord position for the blade. Also shown
in Figure 4 are lines F, R respectively which are the paths swept by the positions
on the blade tip corresponding to the forward 12 and rearward 13 probes, and
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the line S which is the path swept by the position on the blade tip through which
the blade stagger angle axis passes

The position of line S and hence the position of the blade stagger angle
axis is calculated from the expression:

Dra = Der(AF/(AF + AR))

or from the expression:;

Dgra = Drr(Ar/(AF + AR))

where Dg, is the distance along the axial direction X of the rotor between
the forward probe and the position of the blade stagger angle axis, Dra is the
distance along the axial direction of the rotor between the rearward probe and
the position of the blade stagger angle axis, Der is the distance along the axial
direction of the rotor between the forward probe and the rearward probe, Ar is
the difference between the measured time of arrival at the forward probe and the
predicted time of arrival at the forward probe for said further revolution, and Ar is
the difference between the measured time of arrival at the rearward probe and
the predicted time of arrival at the rearward probe for said further revolution.

Turning next to step 9, the blade tip stagger angles at the reference and
further rotations and the position of the stagger angle axis at the further rotation
are used to establish updated predicted blade tip times of arrival at the forward
and rearward probes for the further revolution. More particularly, by knowing the
position of the stagger angle axis, the blade tip aerofoil section can be rotated
about that axis by an amount corresponding to the change in stagger angie
between the reference rotation and the further rotation, as shown schematically
in Figure 5. That is:

Teur = T rertOroWrar - Dra fur(taN(Brur) — taN(Brer))/(Roder)

and

T’raur = T ReefreWar + Dra,ur(tan(Brr) — tan(Brer))/(Reweur)

where T'rqr and T rer are the updated predicted times of arrival of the
blade at respectively the forward 12 and rearward 13 probes at the further

revolution and relative to the start of the further revolution, Tmp,,ef and TmR.ef are
the measured times of arrival of the blade at respectively the forward and
rearward probes at the reference revolution and relative to the start of the
reference revolution, wer and Wy, are the measured angular velocities of the
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blades at respectively the reference revolution and the further revolution, Dra ur
and Dragr are the distances along the axial direction of the rotor between
respectively the forward probe and the position of the blade stagger angle axis
and the rearward probe and the position of the blade stagger angle axis at said
further revolution, and 8. and 8y, are the blade tip stagger angles of the blade at
respectively said reference revolution and said further revolution.

At step 10, from Tra and Tras it iS then possible to calculate a
circumferential time shift of the blade tip, Atys, from the expression;

Do = (T ks = Trgun) = (T Reur = TR

where Tm.qur and TmR‘fur are the measured times of arrival of the blade at
respectively the forward and rearward probes at said further revolution and
relative to the start of said further revolution. The circumferential time shift is
based on an assumption that the aero gas loading on each blade is constant

from leading to trailing edge. In this case any difference between (TmF,fur- Tpp,fur)

and (T'".:z_fur - Tpa,ﬁ,r) corresponds to a circumferential time shift of the blade fip
that is caused by a displacement, A,x, of the blade tip in the axial direction X, as
shown schematically in Figure 6. This displacement is calculated from the
expression:

Aax = (2TTRAts ) (Wietan(Brr))

Thus from relatively nonintrusive and simple instrumentation, i.e. two BTT
probes and an OPR probe, blade tip axial displacements can be measured.

The method can be repeated for other revolutions so that the
development of blade tip axial displacement can be followed or plotted.
Likewise, the method can be repeated for other blades of the row of blades. The
method is also suitable for obtaining measurements in real time.

The method can be used for model validation (e.g. finite element model
validation), BTT calibration, and also for characterisation of surge, stali and
flutter events.

Figure 7 shows plots of blade tip axial displacement against rotor speed,
the displacement being measured according to the above method for all blades
of a row of blades. The upper plot shows the maximum displacement of the
blades, the middle plot shows the mean displacement of the blades, and the
bottom plot shows the minimum displacement of the blades.

CA 2993232 2018-01-29
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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

5 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 method of measuring a blade tip stagger angle for one or more blades of a row
of blades attached to a rotor by a computer-based system, the method comprising:

providing forward and rearward blade tip timing datasets for successive rotations
of the blades from two axially spaced blade tip timing probes, a forward probe being
forward of a rearward probe along an axial direction of the rotor, the forward and reward
blade tip timing datasets allowing times of arrival of the blades at respective probes to
be measured,;

providing a once per revolution dataset for said successive rotations of the
blades, the once per revolution dataset allowing an angular velocity of the blades to be
measured,

determining, from the forward and rearward blade tip timing datasets, measured
blade tip times of arrival at the forward and rearward probes of a blade for a revolution
of the blades;

calculating, by the computer-based system, the blade tip stagger angle of the
blade at said revolution from expressions:

0 = atan{(R((ar — ar) — Aa))/Der)

and

Ao=w(T"F=T"R)

where 8 is the blade tip stagger angle of the blade at said revolution, Der is @
distance along the axial direction of the rotor between the forward probe and the
rearward probe, R is a radial distance from the tip of the blades to an axis of the rotor,

ar is an angular position of the forward probe, o is an angular position of the rearward
probe, w is a measured angular velocity of the blades at said revolution, T'¢ is a

measured time of arrival of the blade at the forward probe at said revolution, and T is

a measured time of arrival of the blade at the rearward probe at said revolution.

2. The method of claim 1 further comprising: .

determining, from the once per revolution dataset, predicted blade tip times of
arrival at the forward and rearward probes of the blade for a further revolution of the
blades on an assumption that there is no change in shape or relative position of the
blade;
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determining, from the forward and rearward blade tip timing datasets, the
measured blade tip times of arrival at the forward and rearward probes of the blade for
said further revolution of the blades;

calculating a position of a blade stagger angle axis at said further revolution from
expression:

Dra = Drr(AF/(AF + AR))

or from expression:

Dgra = Drr{Ar/(AF + AR))
where Ds, is a distance along the axial direction of the rotor between the forward probe
and the position of the blade stagger angle axis, Dra is a distance along the axial
direction of the rotor between the rearward probe and the position of the blade stagger
angle axis, Ar is a difference between the measured time of arrival at the forward probe
and a predicted time of arrival at the forward probe for said further revolution, and Ar is
a difference between the measured time of arrival at the rearward probe and a predicted

time of arrival at the rearward probe for said further revolution.

3. The method of claim 2 further comprising:
measuring the blade tip stagger angle for the blade at a reference revolution of
the blades;
measuring the blade tip stagger angle for the blade at said further revolution;
determining updated predicted blade tip times of arrival at the forward and

rearward probes of the blade for said further revolution from expressions:
T tur = T retWrerl Wrur - Dra ur(taN(Brur) — tan(Brer) /(Ruvnr)
and
TPRiur = TR rettrer/Wrur + Draur(tan(Bnr) — tan(Bren)//(Rwrur)

where T’k and TPr1r are the updated predicted blade tip times of arrival of the

blade at respectively the forward and rearward probes at said further revolution and

relative to a start of said further revolution, T rr and T reer @re the measured times of
arrival of the blade at respectively the forward and rearward probes at said reference
revolution and relative to a start of said reference revolution, wer and wrr are the
measured angular velocities of the blades at respectively said reference revolution and
said further revolution, Drawr and Drasr are the distances along the axial direction of the
rotor between respectively the forward probe and the position of the blade stagger angle
axis and the rearward probe and the position of the blade stagger angle axis at said

further revolution, and 6. and B, are the blade tip stagger angles of the blade at
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respectively said reference revolution and said further revolution; and

determining a blade tip axial displacement at said further revolution relative to
the blade tip axial position at said reference revolution from expressions:

Doy = (2TRAt s )/ (wrutan(Brr))

and

Atets = (TMe fur = TP sur) = (T Rour = TRowr)

where A is the blade tip axial displacement at said further revolution relative to
the blade tip axial position at said reference revolution, and T r and T rar are the
measured times of arrival of the blade at respectively the forward and rearward probes

at said further revolution and relative to the start of said further revolution.

4. The method of any one of claims 1 or 3, further including an initial step of
generating the forward and rearward blade tip timing datasets and the once per
revolution dataset.

5. The method of any one of claims 1 to 4, wherein the blades are fan blades.

6. The method of any one of claims 1 to 5, wherein the forward probe is at a

position which is swept by leading edges of the blades.

7. The method of any one of claims 1 to 6 wherein the rearward probe is at a

position which is swept by the trailing edges of the blades.

8. Use of the method of any one of claims 1 to 7 for validating a model of the
blades.

9. Use of the method of any one of claims 1 to 7 for calibrating blade tip timing
data.

10.  The computer-based system for performing the method of any one of claims 1 to
7.

11. A computer readable medium containing executable computer program code for

performing the method of any one of claims 1to 7.
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Generate BTT and OPR datasets s

Measure the blade tip stagger angle on a
reference rotation of the rotor

Measure the blade tip stagger angle on a
further rotation of the rotor

Measure the position of the stagger angle
axis on the further rotation of the rotor

Determine updated predicted blade tip items of arrival at
forward and rearward probes for the further revolution

/

Determine the blade tip axial displacement
at the further revolution

10

FIG. 2
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