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SUMMARY

&ests were carried out to monitor and evaluate the performance of the
blades in the main drive fan of the 5m pressurised low speed wind tunnel.
A technique was developed for in situ maintenance checking to detect the onset
of internal cracking or delaminarisation in the glass reinforced plastic blades.
Three of the ten fan blades were instrumented with strain gauges to monitor the
dynamic performance of the fan under different loadings resulting from combina=-
tions of fan speed and tunnel pressurisation. The effect of a model was also
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1 INTRODUCTION

The RAE 5m pressurised low speed wind tunnel has been in operation at

Farnborough since December 19771. Fig 1 shows an aerial view of the facility

taken at the time of commissioning. It was built to improve accuracy and relia-
bility in wind tunnel tests of the low speed aerodynamics of aircraft, complete
with their high-lift systems. High unit Reynolds numbers are achieved by using a !
large test section, by working at total pressures up to 3 atmospheres and by hav-
ing large installed power for fan main drive. Independent control of tunnel
pressure allows a 3:1 range of Reynolds number at constant Mach number and allows :
the effects of scale and compressibility to be separated. This gives a firm base
from which to extrapolate to full-scale values. Models of small combat aircraft
can be tested at full-scale values of Reynolds number, while models of large

transport aircraft can achieve about one quarter of the flight value.

The tunnel fan is located in the return leg of the tunnel circuit, the
drive motors (11 mW ac and 1.64 mW dc) being housed in a nacelle of 6.1m diameter
in the air passage. The fan has 10 blades of fixed pitch and airspeed variation
and control is obtained by changing the rotational speed of the motors. Fig 2

shows a general view of the fan and nacelle assembly.

The purpose of this Report is to record some of the detail of the design,
manufacture and testing of the fan blades and then to describe the in-service
performance. Much more detail of the fan assembly, the motors and their control
system is contained in the manuals for the tunnel, but sufficient detail is inclu-
ded here for completeness. The in-service performance is dealt with in two parts.
The first part covers the development of a 'wheel-tapping' technique for the
maintenance checking of the fan blades and details the results so far. The second
summarises the dynamic performance of the fan assembly through a'range of tunnel
pressures and speeds and also demonstrates the effects on the fan due to a model

both at normal incidence and beyond the stall.

2 DESIGN OF THE FAN BLADES AND THE HUB ASSEMBLY

The main drive unit is made up of a nacelle, containing the two drive motors
and the support for the fan and main drive shaft, together with a nose cone

carried on 21 cambered and twisted pre-rotation vanes. The nacelle is supported

on nine straightener vanes in the return leg and three of the vanes admit or dis-
charge air to and from the tunnel through slots in their trailing edges. The fan
and motor assembly is supported by a single stiff bed-plate forming part of the

internal structure of the nacelle, downstream of the fan. The fan itself is




supported from a hollow pedestal by a spherical roller bearing and is driven from
the upstream side by a shaft which passes back through the pedestal. This
arrangement gives a stiff mounting for the fan and allows either the fan bearing

or the shaft to be removed, while the fan is left <n situ.

The fan has an outside diameter of 10.0 m and each blade is 1.885m long
with a constant chord of 0.900 m. The thickness to chord ratio varies from 10%
at the tip to 20% at the root. Each blade is a fibreglass structure with both
camber and twist and is basically a multi-spar hollow structure with a thick skin
which is bonded to an aluminium alloy root fitting carried on a welded steel
spoked hub. Each spoke is a welded steel box bolted between two side plates which
are fixed to a cast steel centre to form the hub. The blades were made from
glass reinforced plastic; wood and light alloy construction being discounted.
The main reasons for GRP were the relatively high specific strength, the accuracy
between blades, localised damage and subsequent ease of repair and the existence,
at RAE Bedford, of an experienced workshop department. Light alloy was rejected
because of cost, difficulty of repair and susceptibility to fatigue. Wood was
rejected through concern over stability, especially in the changing pressure
environment and dry conditions in the tunnel, weight consistency and worries over
labour shortage. Because of these concerns, design for timber blades was not

taken sufficiently far as to ensure structural acceptability.

The aerodynamic design of the blades was based on the results of Ref 2.
The calculations were made for one particular tunnel condition; a working section
speed of 107 m/s and a stagnation pressure of 2.2 atmospheres. This condition
corresponds to the maximum power and Reynolds number and additional checks were
made to confirm a satisfactory performance over the full cperating range of the

tunnel.

After the initial design calculations, tests were made to help in defining
the geometry of the passage approaching the fan and to check on the performance
of the pre-rotation vanes3. The fan is positioned a short distance downstream of
the second corner at a point where the tunnel diameter is moderate, limiting the
size and the cost of the fan unit and giving a relatively high air speed and good
fan efficiency for sensible rotation speeds. The speed is not so high that pro-
blems of noise or compressibility become important (the tip speed is limited to
M ~0.46). For mechanical simplicity the blades have a fixed pitch and the fan
and nacelle diameters were set by the requirement to provide a nearly constant
area of duct through this section of tunnel, with the size of the nacelle fixed

by the dimensions of the main drive motors. The blade lift coefficients were kept
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low so as to avoid any possibility of stalling with a high drag model in the

tunnel. More detail of the design and manufacture of the fan blades is contained

in an Appendix at the end of this Report.

3 MAINTENANCE CHECKING OF THE FAN BLADES

During manufacture and before the first tunnel run, the 15 individual blades
were evaluated in a series of static and dynamic tests as a check on manufacturing
consistency before assembling 10 of them into the fan. As a part of this testing,
one additional blade was subjected to a distributed load, representing the combi-
nation of aerodynamic and centrifugal forces, through loading points bonded in the
top and bottom surface. In that test, reported in the Appendix, blade deflections
were measured at 12 points and strain was measured on the flange which supports
the blade on its steel spoke. In a second test series, of dynamic measurements,
resonant frequencies and modal shapes were identified for fundamental and high
order bending and torsion modes for each of the manufactured blades. These tests

also demonstrated a consistency of manufacture over all of the blades.

For these resonance tests, carried out by Structures Departmentu; each blade
was bolted to a heavy bed-plate using the integral root fitting. The blade was
mounted vertically and the tests made using the MAMA equipment5. Two electro-
magnetic exciters were slung on wires from an overhead framework and attached to
the blade, at two points near to the blade tip, by push-rods connected to screw
fittings bonded to the blade surface. The excitation forces were applied normal

to the centre line at the tip.

Blade response was measured by three accelerometers, two of which were
mounted at the excitation points but on the opposite surface to the exciter push-
rods. The third accelerometer was mounted on a suction-cup device and could be
attached to the blade at any point, For each mode this accelerometer was applied
at 36 positions spaced over the blade, in order to determine the mode shape. The
damping value was found from a vector plot for which the excitation was that
appropriate to pure mode excitation. For subsequent blades, once the mode shapes
were established, only the frequency and damping for each mode were measured.

Fig 3 shows the results for frequency, percentage critical damping and basic mode
shape for the 15 blades. Highlights of the results are as follows:

(i) Modes 5 and 7 correspond to chordwise bending modes and their compara-

tively low frequency is attributed to the absence of any rib structure.

(ii) The nodal line in mode 3 shows that the blade is far stiffer in

bend‘ng at the root than at the tip.




These results demonstrated a very good consistency in manufacture and
identified the nine basic modes of vibration. For the routine maintenance checks
on blades in service, this technique was extended to monitor the frequency of
selected modes in order to detect the onset of delaminarisation in the glass-
fibre, or an incipient failure in the internal structure or bonding to the root
fitting. Each blade was fitted with hard points near the leading and trailing
edges, corresponding to the position of the exciters in the dynamic tests and
seen in Fig 10. Accelerometers are fixed to these points and signals from them
are recorded for a series of hits with a rubber hammer at both leading and trail-
ing edges. The data, for each blade, is analysed using an FFT computer technique

suggested by Copley in Structures Department6.

Figs 4 and 5 show typical spectra from one particular blade. In Fig 4 the
blade was hit at the trailing edge and the response of the two accelerometers is
shown; Fig 5 shows the response to a leading edge strike. All of the modes seen
in the static testing, with individual blades mounted on a heavy bedplate, can be
seen in the accelerometer results for each blade when assembled into the complete
fan. The 100 Hz bending mode is not pronounced and the 250 and 3%0 Hz modes are
only seen on some of the traces. In comparison with Fig 3, differences may be
due to mounting the blades onto the steel hub and the behaviour of the complete
assembly. The modes at 75 Hz and at 330 Hz now show complicated double peaks on
some traces and this could be another effect due to the complete structure rather

than an isolated blade.

’ To monitor the integrity of each blade, the spectrum resulting from a
series of strikes is subjected to a detailed frequency analysis using RAE
Structures Department PAPA techniques7. From the nine basic modes, three are
chosen as being clearly defined; the modes at 23, 75 and 150 Hz. The frequency
and damping for each of these chosen modes are accurately measured and the inde-
pendent results from the two accelerometers used to confirm the result. In
general the agreement between the two sensors, at opposite ends of the chord, is
0.01 Hz or better. Generally, strikes at either leading or trailing edge have
provided sufficient data but the second set can be used to resolve differences
between the two accelerometers. While the agreement in frequency is very good,
the results for damping are more variable. The maintenance checking is therefore
based on the measured frequency in the chosen mode for each blade, the data pro-

viding four measurements of frequency for each blade at each of these different

mode frequencies.
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These 'wheel-tapping' checks have continued since the first tunnel runs in

December 1977. Initially, the blades were checked after each excursion to a new
and higher power level, up to the maximum continuous rating. While the fan was
still relatively new the checks were performed at regular intervals, but the
'wheel-tap' is now written into the maintenance schedules to be carried out after

every 100 hours of tunnel running.

Results are therefore available for a range of ambient temperatures and
Fig 6 shows the variation in the first flapping mode measured on Blade 8 over the
temperature range from O to 26°C. The temperature is that of the blade surfzce,
measured using a thermocouple in contact with the material of the blade, The
results show a decreasing frequency with blade temyperature and so demonstrate a
marked change from day-to-day. This same variation will lead to a gradual change
in blade response even during a tunnel run, as the blade temperature rises or

falls with demanded air temperature.

The method used for the long term monitoring must take account of this day-
to-day variation. The measured frequency, in a given mode, for each blade is
therefore normalised by the averaged frequency for the complete set of blades, all

measured during the same test:

where x 1is the blade in question. The results are shown, in this form, in

Figs 7 and 8 for the three modes used in the analysis. Fig 7 also shows selected
data for the measured percentage critical damping for the set of 10 blades. The
damping measurements from the leading and trailing edge transducers are seen to be
inconsistent but roughly in agreement with results from the static tests. The
changes due to temperature are reflected in the variations of average frequency
for each of the modes. As well as the average frequency and the normalised value
for each blade, shown in Fig 7 for the first flap mode, Fig 8 gives the summarised
results to date. The average of the normalised frequency over all of the checks
so far, together with the standard deviation of the result, is shown. Variations
in average temperature are large, indicating the change from day-to-day, but the
variation in normalised frequency is small. This parameter is seen to correlate

the results so far and should provide a clear indication of any breakdown in a

particular blade, which would cause a marked change in frequency.




From these results, one of the chosen modes (first order torsion at 75 Hz)
is seen to give relatively poor results. Examination of Figs 4 and 5 confirms a
complicated response in that particular mode and further tests did show two
closely spaced vibration modes; typically at 69 and 75 Hz. In the long term, it
may therefore be better to base the analysis on just the 23 and 150 Hz modes. On
one occasion the tip of Blade 14 was damaged when a plywood panel lifted and was
blown round the circuit. The blade was removed for repair and replaced by

Blade 10, which explains the one occurrence in Fig 7 for Blade 10.

Of course, to establish the technique fully, a test specimen, and preferably
a complete blade, should be tested in various states of failure so that the effect
of progressive internal breakdown can be known. So far this test has not been
planned and there is no clear idea of what the effect of a crack might be. How=-
ever, the blades have so far behaved in a normal way and, for the first 600 h of
tunnel running up to August 1979 at least, no significant variations have been
seen. The maintenance checking, based on this technique, will therefore continue
to be used as the method to monitor the life of the fan blades in service. Hope-
fully, the experience of the Arnold Engineering Development Centre with the

Propulsion Wind Tunnel Facility is an indication of the success of fibreglass

plastic blades. After the failure of steel compressor blades at the point of
attachment to the compressor disc, they were replaced by plastic blades. The
facility has subsequently run for many thousands of hours without need for any

more than local patching after foreign object damages.

4 DYNAMIC PERFORMANCE OF THE FAN

To monitor the performance of the fan in use, three of the ten fan blades
have been instrumented with strain gauges, arranged as complementary full bridges
with two gauges on the top surface and two on the bottom. Each of the three
blades has five gauge positions, arranged to be sensitive to the three basic
modes of vibration; flapping, torsion and chordwise bending. The actual positions
for the gauges were established through tests with one of the spare blades using
the same experimental technique as was used to evaluate the blades after manufac-
ture. The spare blade was bolted to the heavy bed plate and each of the nine
vibration modes excited in turn using the MAMA equipments. Blade response was
measured by three displacement sensors and two accelerometers. The gauge

positions were optimised so that the nine vibration modes were properly seen by

¢4H0

the set of five bridges, each bridge being more sensitive to either flapping,

torsion or chordwise bending. Fig 9 shows the positions chosen and also indicates

which gauges were found to be sensitive to particular vibration modes. The
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Figure is in two parts. The top part shows the position and orientation for each
gauge position; based on the orientation of the gauges the likely sensitive res-
ponse is indicated. The bottom part shows the results of the tests, as the recor-
ded voltage for each gauge position with the same gain setting and amplitude of
excitation. Also shown is the response for each gauge position, normalised by the
maximum response for that gauge in one of the nine modes. (This gives an indi-
cation of the most sensitive mode for each gauge position.) The results show that
although position 3 was designed to be sensitive to torsion, by the orientation of
the individual gauge elements, the response was in fact predominantly in the first
order flapping mode. For position 1, supposedly optimised for flapping modes,
there was a significant response in the torsion modes aad position 5 was the best

position for all of the higher-frequency modes, not only chordwise bending.

Considerable thought was given to the problem of taking signals away from
the bridges on the rotating fan blades. A particular worry was the close proxi-
mity of the very large (11.00 mW) ac motor and the controlling dc motor (1.64 mW).
Radio transmitters, with amplifiers and transmitters mounted on the hub were con-
sidered as was a system based on some sort of magnetic pick-up between the rota-
ting shaft and the fixed tunnel structure. Eventually it was decided that a
system based on good quality instrumentation slip rings mounted on the upstream
side of the hub gave the best solution. The massive steel hub structure would
shield the slip ring from the magnetic influence of the motors but careful screen-
ing would be necessary for the wiring on the blades. Most of the chosen bridge
positions were close to the blade root but one position, particularly sensitive
to the chordwise bending modes, was close toc the blade tip and required a con-
siderable length of signal wire. All of the instrumentation cables were screened
in 'u-metal'. The positions close to the root were under the root-fixing fairings
sc the screened wires were run on, and bonded to, the surface of the blade. For
the top and bottom gauges of the tip position the wiring was recessed in a channel
cut parallel to the tip and then down the trailing edge of the blade. The wires
were wrapped in 'u-metal' and the surface made good to present no aerodynamic
disturbance. Fig 10 shows a typical instrumented blade, with the tip position
and the filled wiring trench clearly visible. The root gauges are contained below
the fairings seen at the top of the photograph. The hard-point fixings for the

wheel-tapping accelerometers can also be seen at leading and trailing edges.

The signal wires were terminated at a connector mounted on the root fixing

of each of the three instrumented blades. These three were adjacent blades. The

signals were taken across the hub/spoke assembly, through fully screered cables,

sl wastti icak




to the slip ring, as shown in Fig 11. Becawncr _!I the number of channels involved,
the large (24-way) and heavy sl1i- ..ing unit was mounted in reverce; the body of
the slip-ring being carried on the hub-mounted plate fixed to the front of the
m+ .. drive shaft and the small rotating shaft held stationary by a support fixed
to the tunnel structure. The plate also carried balance circuits for each of the
15 bridges and amplifiers so that the signals were amplified before passing across
the slip ring and away from the rotating fan. Both the balance circuits and the
amplifiers were housed in 'u-metal' cases carried on the top surface of the hub

plate and also shown in Fig 11.

The amplifier, the power supply and the bridge :zlance circuits were copies
of those used in model tests to measure the vibration mode shares of a rotating
helicopter bladeg. The signals were taken from the slir rary 1 *he fan tc a set
of line-drivers and from there to the Observation koom @l r. .ell-:creerea

analogue cables.

N

The signals were analysed using a Digital Signal An:lioer ver the
frequency range from O to 400 Hz. Based on the evaluaticn cummarised irn rig 9,
and vecause of the limited time available, the dynamic performance of the fan was
assessed by measurements at gauge positions 1 and 3 on Elade 11. These positions,
in combination, were reasonably sensitive to the various basic modes (and not all
of the 15 channels were operating). Alsc, the signal level from these two
positions was adequate and the signals themselves free from any interference.

Fig 12 shows typical spectra for both gauge positions for a representative tunnel
condition, with fan rotation speed of 226 rev/min and pressure level >f 300 kPa.
The plot is presented as a high-resolution auto-spectrum, the magnitude being
presented on a dB scale relative to 1.0 V. Both gauge positions demonstrate
basically the same response, but position 3 is more sensitive to the modes at

100 and 200 Hz as well as showing the other modes seen at position 1. Eoth
positions, 1 and 3, were sensitive to flapping by the orientation of their ele-
ments. The major response from position 3 is in the basic flapping mode, which
shows a response some 7 dB above the response in the torsion mode, for this par-
ticular tunnel condition. For position 1, however, the response in the torsion
mode is some 12 dB greater than the response to flapping, but the level of signal
is in general some 20 dB less than the other gaure position. This is confirmed by
Fig 9; the response to [lapping is five times greater at position ? than it is at
position 1. This is for identical gain on the two channels, whereas in the
measurements from the fan in use the gain settings on each channel are different

and, for the tunnel tests, the response is some 10 times greater at position 3.
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In Fig 12 the first nine modes, except for that at 303 Hz, are all seen .
clearly in the spectra for the two positions. In addition, very clear harmonics
of the basic rotation speed are present (and this proved a useful check with the
indicated fan speed from the motor control system). The response of the indi-
vidual blade, through a range of rotation speed and tunnel pressurisation, is
3 assessed by integrating the area beneath the frequency spectrum, for each gauge,
over a frequency range from 15 to 375 Hz. The lower limit is set to avoid the
rotation speed harmonics and the upper to limit the analysis to the first nine
modes. Fig 12 shows these boundaries; between the two limits the area under the
curve is taken as a measure of the power contained in the vibrating modes (and
the Figure would be repeated for each speed and pressure combination to give the

dynamic response in terms of vibrating power).

Fig 13 shows the output for the two gauge positions as the blade is moved
through one complete revolution. The blades are inclined forward and, as the fan
rotates, the weight of the blade is transferred into the root fixing through the
upper and lower skins of the open box structure. Since the amplifier gain set-
tings are the same as were used for the dynamic measurements, this can be thought

of as a calibration of the two gauge positions, as the physical dimensions and

weight distribution of the blade are accurately known. The results show that the
signal from gauge 3 is about 20 dB greater than that from the second position,

gauge 1.

Fig 14 shows the interference diagram in which the blade frequencies, for
the basic modes, are shown cross-plotted against rotation speed - there being a
centrifugal effect which increases the mode frequency with increased rotational
speed. The likely sources of fan-ordered egcitations are shown on the diagram,
Twenty-first order excitation results from each blade passing through the wakes
of 21 pre-rotation vanes and is the most likely source of aerodynamic excitation.

The predicted resonant conditions are fan rotation speeds of about 65, 200, 220

and 300 rev/min (depending on blade temperatures and the exact centrifugal
effects). Also shown is a motor frequency at 34.8 Hz. This is a shaft vibration
where the dc motor oscillates on its shaft, which connects to the ac motor shaft.
However, a Holset coupling effectively isolates the fan shaft from the motors,
except at about 7 Hz, and so the aerodynamic excitation which would coincide at
about 100 rev/min should not lead to any motor instabilities, which could be felt
at the blades. Excitations of 10 fan orders and 210 fan orders might also be

} felt by the shaft, but again should be isolated from the blades.

ohk3
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Fig 15 shows the detailed dynamic performance at atmospheric pressure as
measured at the two gauge positions, 1 and 3. Each point on the graphs represents
the result of the integration between frequency limits to obtain a measure of the
power contained in the vibrating modes at a particular fan speed. The peaks
therefore correspond to different modes being excited at particular fan speeds
through the operating range, rather than a single mode in resonance at different
rotation speeds. As was found in the test to optimise gauge positions, although
position 3 was orientated to be sensitive to torsion, its major response was to
the first order flapping mode and position 1 was sensitive fo both flapping and
torsion modes and therefore demonstrates more resonance peaks through the speed
range, The results show that at some fan speeds either torsion or flapping modes
are excited; for example at 64, 80, 176, 211 and 300 rev/min the flapping modes
are excited (since gauge 3 responds), at 201 rev/min the torsion modes and at

112 rev/min both modes respond.

Based on these selected fan speeds, each of which corresponds te a resonart
condition in one or more of the basic modes of vibration, Fig 16 is an attempt to
identify the particular mode which is excited at each of the resonant conditions,
marked on Fig 15. At these selected fan speeds, in addition to integrating the
signal over the frequency range to have a measure of vibrating power, the ampli-
tude of each peak (each corresponding to one of the basic modes) was recorded
from a detailed spectrum for the first four basic modes. The amplitudes of the
peaks in the first four modes were plotted against fan rotation speed for each
gauge position. Of course, not all four modes were seen by both gauges so, of
the eight possible curves in Fig 16, only six are present. Where the same mode is
seen by both gauges, first flap and first torsion (and at torsion resonance, des-
pite earlier comments about gauge 3, the response was clearly seen by both
gauges -~ see Fig 17) - the response of the two gauges was very much the same.

The two second order modes are each seen by only one of the two gauges, again
shown in Fig 17. Because the detailed spectra were only recorded at selected fan
speeds, the data has been normalised to the lowest speed, 64 rev/min which corre-
sponds to first order flap excitation. The data has alsc been adjusted for
different sensitivity and gain settings for the different gauges. Also shown on
Fig 16 is a theoretical curve corresponding to a doubling of power for a doubling
of air speed or fan rotation speed. (This theoretical curve is also shown in

Fig 15.)

Several conclusions can be drawn; the torsion modes and the second flapping

mode respond as expected to increased dynamic pressure. The basic flapping mode
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is complicated at the low speed conditions, and is in fact increasing, because
this is where the blade passing frequency is able to excite that mode. The
increases at higher fan speeds are much as expected for increased dynamic pressure
and the increase at about 64 rev/min is the expected resonance for a blade passing
behind 21 pre-rotation vanes with a mode frequency of about 23 Hz (depending on
temperature). For the next two modes, basic torsion and second order flap,
excitation would be expected at fan speeds of 200 and 300 rev/min (with a possible
event at 220 rev/min corresponding to the double peak seen in the static tests

for the torsion mode).

These fan speeds have been marked on Fig 16. Since all of the selected
spectra have been normalised to the 64 rev/min, first-flap condition, this reso=-
nance can only really be seen by reference to Fig 15, and in particular gauge
position 3 which is more sensitive to flapping modes. However, at about
205 rev/min a clear increase is seen for the first torsion mode (with allowance
on the actual speed for temperature and centrifugal effects). At 300 rev/min
there is an increase in the second flap mode but for the second torsion mode,
with a frequency of about 160 Hz, the excitation speed is outside the maximum fan
speed and no definite resonance is seen for this mode. In all of the tests, to
measure fan dynamic performance, the tunnel was running so that the fan rev/min
was set manually and the air temperature was automatically controlled to a set
temperature of 20°C, so that the temperature environment for the blades was nearly

constant.

Fig 17 is a collection of the individual spectra for the two gauge positions
for each of the selected fan rotation speeds. The effects of resonance in a par-
ticular mode, summarised in Fig 16, can be clearly seen by an increase at the mode
frequency at resonance. (However, the vertical scale is not constant and should

be considered when reviewing the basic data shown in Fig 17.)

Many of the resonant or driven conditions seen in Figs 15 and 16 are also
seen in the interference diagram of Fig 14. In particular, the intersection of
the twenty-first fan order with the first three basic modes, at approximately
65, 200, 220 and 300 rev/min, corresponds with peaks in the dynamic performance.
All of these fan speeds are conditions where dynamic activity is increased; the
region around 215 rev/min is an area of confusion, with several closely-spaced
excitations shown especially by the torsion-sensitive gauge. In general the

peaks seen in the dynamic performance can be explained by pre-rotation vanes pro-

viding a driving input at the appropriate frequency to excite the basic fan modes i
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and the motor shaft oscillation. However, there are still some modes for which

the excitation cannot be identified in terms of the pre-rotation vanes.

Figs 18 and 19 show the effect of tunnel pressurisation on the fan blades,
as measured at the two different gauge positions. Results are shown for 100,
200 and 300 kPa total pressure, which, based on the increase of aerodynamic load,
should cause an increase of 6.0 and 9.5 dB respectively. Although the general
level of response is increased, that increase is more like 5 and 8 dB, not quite
up to the theoretical value. The modes at low frequency (low rotation speed) are
increased in their response, but at higher rotation speeds the modes are much
reduced, presumably due to increased aerodynamic damping. In particular, the
mode seen at 100 rev/min on gauge position 1 is pronounced at higher pressures.
The results for gauge position 3 (dominated by the flapping response) shows a
large increase in the first order flapping response with increased tunnel pres-
sure. This increase approaches the predicted 9 dB for tunnel pressures of
300 kPa. The results for higher fan speeds show that the flapping modes are more
damped at increased pressure than were the results for the other gauge position.

Since gauge 1 is more sensitive to torsion this indicates that the increased

aerodynamic damping is more effective in flapping than in torsion.

Figs 20 and 21 show the effects due to the presence of a model in the test
section, again for the two different gauge positions. All previous results were
for an empty tunnel. For position 1 (torsion and flapping), the only effects of
a model, both stalled and unstalled, were in the fan speed range between 175 and
225 rev/min. This has been seen to be a complicated region in terms of fan dyna-
mic response and so the presence of a model is beneficial, but there is very
little difference between a stalled and unstalled model. For the 'flapping'
gauge, position 3 Fig 21, the unstalled model causes a decrease of activity

between about 175 and 200 rev/min but increases the resonance at 215 rev/min,

believed to be associated with first mode torsion. However, the stalled model
damps the response above 200 rev/min as well as between 175 and 200 rev/min. In
all cases the wake of the model, in this case a 1/13 scale A300B, appears to
break up a regular flow at fan speeds around 200 rev/min and does not introduce

any other excitations in doing so.
S CONCLUSIONS

The Report has dealt with the results of tests performed on the blades of

¢H0

the main drive fan of the 5m pressurised low speed wind tunnel during commission-

ing of the new facility.
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A technique is described for the routine maintenance checking of each fan
blade to test for the onset of internal cracking or delaminarisation. The results
are so consistent that incipient damage will show up as a marked change in the
frequency of one or more of the basic modes of vibration. Ideally a test should
be made on a test piece, through a range of simulated damage, to establish
exactly what these changes might be.

Three of the 10 fan blades have been instrumented with strain gauges in
order to monitor the dynamic performance of the fan under different loading con-
ditions both with and without a model in the working section. Resonant conditions
were seen but their level is less than the levels of non-resonant conditions at
maximum fan speed. Generally these excitations can be explained in terms of
blades passing behind the 21 pre-rotation vanes. The presence of a model is
beneficial but the effect of increased pressure is to increase the level of res-
vonse. However, the increased aerodynamic loading appears to introduce extra

damping and the resonant conditions are suppressed at higher tunnel pressures.
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Appendix
MAIN DRIVE FAN DATA MANUAL

A1 Fan blade

A.1.1 Design philosophy

Materials considered for manufacture of the blades were light alloy, wood
and glass reinforced plastic. GRP was finally selected because of its relatively
high specific strength, inherent self damping qualities and apparent economy in
manufacture for the number required. Influencing this decision were also the

following points:

(1) Light alloy was rejected on account of its probable cost and it was
considered less easy to repair in the event of damage and more prone to

fatigue.

(ii) There was doubt concerning the stability of wood under the changing
working pressure and dryness to be experienced in the tunnel. Difficulty
would probably be experienced in obtaining timber of suitable quality,

either in mahogany, Sitka spruce or Douglas fir.

There were recollections in the Woodwork Shop of manufacture of spare blades
for the 24ft tunnel and labour shortages foreseen, whereas, there was in existence
in the RAE Bedford Workshop, an experienced section thought well able to undertake
manufacture in GRP. Other advantages thought to be gained from using GRP were
that each blade would be dimensionally identical externally, being manufactured
in the same moulds, which would exist for subsequent manufacture of spare blades.
In the event of striking a foreign body during running, damage would tend to be

localised or lend itself to repair 7n situ.

Having selected GRP there must inevitably be compromise in the design to

suit conflicting requirements in loadings and to suit the methods of manufacture
thought most likely to be satisfactory in practice, bearing in mind the Workshop
technique already known and proven by the staff concerned. Investigations showed
that other blades known to have been made in GRP (eg Messerschmitt-Bolkow-Blohm
Helicopter, Rotol Hovercraft, Dama Plastics (USA) Helicopter) had used a fairly
thin GRP skin with a unidirectional glass fibre spar and with the blade interior

filled with foamed plastic to stiffen the skins. As no satisfactory evidence

concerning the long term stability of foamed plastic under the anticipated opera-

0k3

ting condition could be established, this method of construction was rejected.

The design selected was a multi-cellular construction with comparatively thick
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skins. The skins were to be hand-layered in two parts (upper and lower), in
moulds, using techniques already known in the Workshops. The two skins were then
to be joined by bonding at the LE and TE and at each of the web/skin junctions.

The main disadvantage with hand-layered GRP composites is in maintaining a
satisfactory glass/resin proportion and in maintaining consistency. The alterna-
tive would be to use pre-impregnated material with a thermo-setting resin or
similar process, possibly bag moulding or using matched dies. These methods had
not been used to any appreciable extent in the RAE Workshops, particularly for
such large components, whereas over a number of years tests and checks had been
made on hand-layered epoxy/glass composites for use on experimental equipment on
aircraft, and acceptably consistent results had been obtained for strength and
glass/resin ratio. Thus it seemed reasonable that if substantially the same team
of skilled men could be used throughout, no great difficulties would be met as
regards composite consistency, and the lower strengths and rigidity to be

obtained could be allowed for in design.

A.1.2 Functional description

The resin selected (after consultation with CIBA) is Araldite CY219 (MY750)
100 pbw; Hardener CY219 50 pbw; Accelerator DY219 1 pbw. This is a general pur-
pose laminating resin of good mechanical strength. After room temperature cure
for 3 days, post curing for 4 h at 100°¢C gives maximum operating temperature
75 to 80°C which gives ample factor over the anticipated tunnel ambient

temperature of h5°C.

The main loads to be withstood by the skins are tensile loads caused by
centrifugal forces and air loading, chordwise bending loads caused by air loading
and torsional loading due to aerodynamic and centrifugal forces. Torsional
stiffness is of importance, it being required that twist under load should be
within a maximum of 0.250. To meet these requirements a substantially isotropic
reinforcement system is required and a balanced lay-up 2 x OO, 1 x h5°, 2 x Oo,

1 x -450, 2 x 0° etc was selected, using & shaft satin glass cloth to
BS 3296/3/832/225E. Tests for fatigue on laminates using this material are well
documented, particularly from American sources for 181 cloth to Mil C9084, which

is the American equivalent material.

Mechanical tests on the composite, as produced in the Workshop under pro-
duction conditions, gave ultimate tensile strengths in the range
32000 to 34000 1b/sq in, values for the elastic modulus in tension as 1.50 x 106

and modulus in shear 0.90 x 106.

o
5
N
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Based on these strength tests a working stress of 3000 lb/sq in was selec-
ted for design, any dynamic stress being superimposed. This working stress is
sufficiently low to take into account the fatigue strength of the composite, any
off design condition of fan running, together with a defect factor for improper
workmanship, faulty material or processing. It is in line with the requirements
for pressure vessels manufactured in similar materials for which a factor of 10

is required in the short term test strength of the material.

As a basis for comparison, the weight of active blade section is estimated
at 192 1lb, as compared with 175 Jb Sitka spruce and 275 1lb mahogany. It is pro-
bable, however, that the root attachment would be heavier for the wooden blade
than for GRP.

For a given air pressure, fan blades could be 'coned' so as to give zero
root bending moment by balancing the effects of centrifugal and thrust forces.
Because the 5m tunnel works over the pressure range from 1 to 3 bar, the coning
angle has been set to minimise the stresses; this gives the same maximum tensile
stress on the upper surface at 1 bar and on the lower surface at 3 bar. Blade
deflection markedly affects the moment of the centrifugal force, whilst scarcely
changing the thrust moment and therefore causes a reduction in the resultant

stresses.

For attachment of the blade to the hub structure, consideration was given
either to utilise bolts or pins in shear via a suitable metal fitting attached to
the fibreglass, or to use bolts in tension via a suitable metal flange connected

to the fibreglass. The latter method was selected to facilitate assembly between

the tunnel outer shell and the nacelle. With this method, by suitably pre-

tensioning the bolts, the effect of any fluctuating loads would be greatly dimi-
nished and, with suitable load levels, the bolt fatigue life virtually infinite.

The general aerofoil shape of the blade has been extended inwards from the
active portion to form the shape of the root flange. By suitable shaping of the
root flanges the direction of the fibres is kept in line with that of the main
axial forces. The root flange is an aluminium alloy angle around which the fibre-
glass is wrapped and bonded and is tapered in thickness to match as far as can be

anticipated, the strains of the two materials.

At each bolt position a metal insert is set through the fibreglass to

locate in the flange and in a base plate which is bonded to the fibreglass. The

okh3

total bonded length, including the baseplate, is approximately 12 in. The shear

stress of the bond has been tested to give minimum value of 1950 1lb/sq ft giving
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approximately 23000 lb/in of root flange length. The maximum load per in of root

flange, resulting from centrifugal force and air bending moment is calculated to

be 20,8 1b (at approximately 10% chord on lower surface) to slightly better the

| required factor of 10 on stress.

In addition, the design of the inserts, which serve to provide metal
spacers for the attachment bolts, is such that on failure of the bond with the
! root flange, the fibreglass must be pulled through the tapering gap between the
inserts. With equal forces being applied to each side of the insert, there would
be virtually no shearing force applied to the bolt, and, as the area of fibreglass
between the inserts is equal to that of the skin at the root, there is an
additional reserve factor of the same magnitude which would apply in the unfore-

seen event of failure of the root flange bond.

The bolts between the root angles are to prevent peeling action on the bon-

ded joint and to resist bending action round the heel of the angle.

Tests on a section approximating to one cell portion of the blade showed
adequate strength, although the full factor of 10 is not possible in a test
section unless the metal portions such as tie bolts etc are strengthened to an

equivalent factor. The test, however, did illustrate the effect of the inserts,

[

as the final break of the fibreglass did occur between inserts after failure of
the tie bolts and of the bonding of the root flanges. With several adverse con-

ditions the test specimen failed at a load of 11500 lb/in of flange length

(factor of 5 on the worst loaded position) but after consideration of the test

condition it was decided that further testing was not necessary since failure of

c e T

the metal components occurs at this factor.

The interior of the blade is vented to tunnel pressure via a hole in the
hub spoke attachment flange. The blade tip is sealed by a balsa portion of
effective spanwise length 3 in which can also act as a frangible tip to minimise

damage in the event of a blade striking any object accidentally becoming loose in

R e

the tunnel.

Selection of the skin thickness has been made as a compromise between the
requirements for bending forces, centrifugsl forces, flexural torsional and span-

wise rigidity together with requirements for manufacture in order to maintain

accurately the aerodynamic form.
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{ A.1.3 Calculations

For the purpose of design calculations the blade was considered divided into
sections at the same radii as specified in the air loading data. For convenience
in calculation all changes in skin thickness have also been made at these radii.
Since the resultant force of the axial and circumferential aerodynamic loads is
normal to the effective neutral axis of the blade throughout the span, the cal-
culations for bending stress and positioning of the blade segment CG's have been
made assuming the blade to be an untwisted cantilever. Subsequent to these cal-
culated section positions, the blade was then faired to give acceptable lines of

leading and trailing edges.

In order to facilitate blade mould and jig manufacture, all manufacturing
dimensions are related to XYZ axes with X axis being at 19.180 to plane of

rotation ie with blade rotated so that Station 4 is horizontal.

On completion of the blade design, a further set of calculations was made
as a check and to provide loading data for a strength test to be made on the
blade. This method comprised dividing the blade into small elements of area at

each of the spanwise sections, the data being taken from the manufacturing infor-

mation. These areas, together with their respective distances from the rotatio-
\ nal plane were computed. The forces acting on these elements were then computed
independently by the 5m tunnel development section at RAE Bedford and the total
b loads, together with points and directions of action, were obtained for the three
' design running conditions. The results of these calculations were in very close

agreement with the original design figures.

Based on the 'area-element' derived load figures, one blade and spoke were
tested to simulate the 2.2 atmosphere 310 rev/min, ie worst load condition.
Tests were carried out to a maximum factor of 2.40, (this being the maximum pos-
sible due to machine limitations) without damage to blade or spoke. The blade
used for this test was not one of the production batch, but rather a prototype
blade with loading points bonded into the top and bottom surface. The blade was
loaded through a loading head and whipple tree connected to an overhead jack in
a way that simulated the combination of aerodynamic and centrifigual loads.
Measurements of deflection were made using twelve dial gauges on the spoke plus
blade assembly and strain readings made using two gauges fixed at either end of

the flange which supported the leading edge of the blade on the fabricated steel

spoke. The sides of the steel spoke containing the large cut-outs were coated

okh3
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with brittle lacquer. The measured stresses and deflections were as anticipated

and are shown in Ref A1.

A.1.4 Design specification

A.1.4.1 Dimensions and loadings

Number of blades - 10
Chord (c) 3.031 ft

; Thickness (t) = —22S £t
r=-3.5

Section - Clark Y

Aerodynamic Aerodynamic
r t g . circumferential
axial force
force
i (ft) (ft) (deg) 1lo/ft 1b/ft
10.16125 0.5915 23%.37 853,7 285.1
11.00 0.5253 21.90 925.7 382,.6
12.00 0.4635 20.51 1012.0 381.5
13.00 0.4147 19.18 1115.5 281.2
14.00 0.3752 17.20 1265.7 376.9
15.00 0.3426 15.29 143264 Z64.6
16.00 0.3152 13.48 1607 .6 247.8
16.50 0.3031 12.61 1693.1 337.7
B = inclination of fan blade to plane of rotation

The above loadings are maximum loadings at 2.2 atmospheres, 310 rev/min.

Other extreme tunnel conditions considered in the design are:

1.0 atmospheres, 310 rev/min, aerodynamic loads 0.467 maximum

3.0 atmospheres, 263 rev/min, aerodynamic loads 0.848 maximum

A.1.5 Data summary (blades as made)

No. of fan blaies - 10
No. of prerotation vanes - 21 ;
No. of straightener vanes - 9 !
Blade aerofoil section - Clark Y series
Section thickness - 20% (approx) at root; 10% at tip with

linear variation
Chord length of blades - 0.90m
Nominal fan diameter - 10.06 m 2
Nominal nacelle diameter at fan - 6.19 m e

Blade setting angle
(chord to plane of rotation)

- 22.37° root; 12.61° tip ]
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Nominal maximum rotational speed - 310 rev/min (clockwise when viewed
from upstream)

Prerotation vane aerofoil section - NACA 6712

Straightener vane aerofoil section - RAF 30

REFERENCE
No. Author Title, etc
A.1 Tensile tests on a fan blade.

Report for Department of Environment, National Engineering

Laboratory.
Report 22/DOT/1/DMW January 1974

ou3
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_g5 294

-3

275{ I\ i i 1577
A By
2652 2548 244b 2338 237 2133 2629

1880

a) 2.2 atmos 310 rpm

1904 1969

-529 <742 _750

1616

2618 930 7282

e T e T
2176 2069 1960 1857 1750 1643 1490

c¢) 3 atmos 263 rpm

4618 5057 ¢o71

1736

4 I N
T35 1130 917 T893 og 258 40 Lo

-40 178

d) No aw load 310 rpm (oft design case)

Fig A2 Stresses in skin at station 0 (junction with fiange)

PEMEY RRREO~ -~




26

Bolt 2.2 atmos 1 atmos 3 atmos ot c?esign
Ret 310 rpm 310 rpm 263 rpm | "° i BM
310 rpm
A 7343 7758 5173 + 801
B 6292 8479 3932 + 9826
C 5770 8838 3313 + 10999
D 5549 8990 3052 + N0
E 5538 8997 3041 « 11127
F 5741 8858 3280 + 10778
G 6107 8606 3954 + 9794
H 6677 8214 4388 + 9160
J 9482 8290 7700 o 4324
K 9497 8279 7718 « 4297
L 9392 8351 7595 + W41
M 9279 8428 7462 + 46672
N 9167 8506 7329 + 4B66
0] 9066 8575 7210 + 5310
P 8943 6660 7064 + 5253

(Bolts iso metric grade 109
Proof load =77 823 1b

Torqued load = 52 000Ib
Max bolt load (design condition) =9 500ib
..FOS = 5.5 on torqued load

8 1 on proof load)

Fig A3 Loads on attachment bolts (b}

Appendix
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Stati Resultant of BM due
tation Radius (in) CF (Ib) air loads to air
No 2.2 atmos load
0 17.5 372693
5331% Non effif
1 121 .95 337084
11385 776.3
2 132 260269
13624 10399
3 144 179888
13594 131.9
4 156 112523 |
13379 12491 '1
5 168 59417 |
13005 1393.7
6 180 22140
12514 1555.5
7 192 2545
3585 840.7
8 198
Total 86417 7987

Btade inclined so that
CF bending moment =

0.684 air bending moment
at each station

Fig A4 Aerodynamic and centrifugal loads on blade at 310 rev/min
(case 1, 2.2 atmos)

043
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30atmos
07— X071
X
06
0Sf- :
£ X 2.2 atmos ‘;
g /X 0.45 i
2 04 x
2 / ,
_ X
03 x
n 2k /
< x )
] /
<01}~ /x
L X
S /x
X\
x\
-0l
x
3 \
g -0.2} \
I
:
.03k 1.0 atmos
c -03 X0.31
ol i L ] 1 1 L ] |
121.9 130 140 150 160 170 180 190 198
Radius in

Can
[

Fig A5 Estimated deflection of blade (normal to local chord) ¢
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Appendix
9500 ps!
{measured strain
in test = 350u in/in) !
110.0
103.0 [ \ 8500
Casting ! a 224 000
weld b 224 000
¢ 108 350
91.0 - - 11165
a 259130
b 336 450
¢ 14050
- . 11 760
69.25 a 284 370
b 503 880 \
c 198 700
55.7 - - 10 520
a 324000
' b 608 200
¢ 235 000
E ¥
£
Dol 3 -
v a0
]
x £

Stress for worst corner lb/sq in
Loading a CF due to mass outside section (Ib)
b Resultant of axial air BM &8 CFBM b in
¢ Circumferential air BM & CF BM b in
Stressess stated are those on worst corner,310rpm, 2.2 atmos

1%{0

Fig A7 Estimated loads and stresses on spoke
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Heaviest spoke 1255 5ib
CG 7853 from hub centre

' Highest loaded bolts
\4\' + +I’
‘v o+ 4
l
‘v o+ 4
L - emm ewm J
+

CF 310 rpm

Spoke =159 8101b in

Blade fairings, bolts etc =132 220

CF force /bolt = 12168

Resultant BM (air load and CF bending) 889120

B8M force/bolt 2861

Shear coupling break point set at 72 500 kgm =524 1751t Ib
ie each spoke absorbs 52 420 ft b

Assuming whole torque absorbed by inertia of spokes
resulting shear on highest loaded bolt =7141b

Resultant shear load, highest loaded boit =15 0501b

Shear stress = 4.26 tons /sq in

Bearing stress =7.5tons /sq in

(boits are torque tightened as friction grip boits to BS 3294)

043

Fig A8 Loads and stresses in spoke attachment bolts ‘ |
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Fig A10 Fan blade test

1631b

:
o
v
»
S
L
.




6

Author

S.T.

GeA.
D.R.
C.W.

Woodward
Caiger
Sadler
Jeffery

Mair

Sadler

Parkinson

Taylor
Gaukroger

Skingle

Copley

Skingle
Heron
Gaukroger
Rotbinson
Childers

Yando

C.J.W. Hassal

REFERENCES

The Sm pressurised low speed wind tunnel.

ICAS Conference, Lisbon, Paper B3-05 (1978)

The design of fans and guide vanes for high speed wind
tunnels.

Br AKC k&M 2435 (1944)

Model tests of the fan for the Sm tunnel.
RAE unpublished

Kesonance tests on a fan blade for the RAE 5m wind tunnel.
RAE unpublished

MAMA - a semi-automatic technique for exciting the
principle modes of vibration of complex structures.

KAE Technical keport 67211 (19€7)

KAE Str.ctures Department.

Private communication

Numerical analysis of vector response loci.

kAL Technical Keport 73001 (1973)

Analysis of the rotor blade vibratory stresses of the
propulsion wind tunnel compressors.

Naval kesearch lLaboratory, Shock and Vibration Bulletin
2c.

N(’v «

caruary 1966

Levelopment and initial application of a technique to
measure vibration mode shapes of a rotating blade.

kAL Technical Keport 77064 (1977)




Ci6181

TR 80043

| P N T

Aerial view of 5 1netre tunnel
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Fig 4a&8b Response of blade to trailing edge hit




Fig 5a&b

0.5} K
o i 1 ] 1 e pu v, 1

0 100 200 300 400

a) Leading edge transducer

Hz

2.5

O_RJLUA JLA._LAA —

1

0 100 200 300 400
b) Trailing edge transducer

Fig 5a&b Response of blade to leading edge hit

Hz

500

TR 80043

@ s Y —————

- e s e




Bt MO Sl i A B

.-,V__—_._...ﬁ_-,—.m-w.—..

24.2 L \\\

24.0 AL

{Hz2)
7

238 N

23.6 N

First flap frequency
/

23.4 |-

; 1 1 1 . 1
0 5 10 15 20 25

‘ Blade temperature (°C)

TR 80042

Fig6 Variation of first flap frequency with blade temperature (Blade 8)




0008 W1
(apow deyy 1s113) atep 03 $309y2 asueualutew ybnony buidwep pue Asusnbaiy Jo uoneep 7 by
]
eso70 | €20 | ogeto | georo | 19970 legs-0 | 85970 | S0 909°0 | £99°0 A
nhl"0 | £69°0 | gHl0 | S0970 | L0400 | 029°0 | %6970 | 2£9°0 665°0| £569°0 o-¢L a1 6g°¢e TAYARS
Li57C | 63570 | G6570 | 90570 | 069°0 [005°0 | €650 [ 09570 S6n°0| 90570 e i 4
€50 | 52670 | L4570 | 88470 | L1970 | g9nt0 | 64570 | LLST0 Lm0 | 26%°0 G G2 Tl 6.6°¢e 8L°¢ °8 C
apeTq yoes J03 Jutdwep TedT3TID 8felusdasg ,V 4
200" 460 | 96670 [ LOO*L | 966°0 | L00°L | g66°0 | 86670 LOO*L | 400°L o2 LL6°ge 6°¢95 | 64°G *2L _ M
200°1L | 53470 | %540 | 100"t | 96570 [ 200°L | Z66°0 | L66°0 L00O"L | G00°L 0°9 L{O* /2 862 | 64°¢ °8
200°L | @560 | 000"t | 000"t | 86670 | c00°y | 46670 { L6670 LOO"L | o0t [0 9zge*4e eoing | gitiitle
€o0*L | 2660 | 000°L | $00°L | 96670 |200°L | 866°0 | L66°0 LO0*L | #00°L 0¢L £6g¢e (S VTN I TASARY |
£00"L | 466°0 | 666°0 | c00°L | 966°0 | 20071 | 8660 | 96670 LOO"L | 900"t 0°Gl 4gLg2 9°LLL | 846 "6 !
2001 | §66°0 | 666°0 | LOO"L | 66°0 | €00"L | 46670 | L66°0 LOO"L | G00°L o°LL 066°¢2 g°90L | g4 L
200°L | 46670 | g66°0 | L00"L | 466°C [ LOO"t | B66°0 | g66°0 €00°L | G0O'L G2 606°¢2 ®°48 QL€ *02
666°0 | ¢66°0 | "486°C | nocmL | 000*L [ <00l | 6660 | L66°0 LOO*L | 200°L G-qe 6.5°¢2 049 QL€ °8
00C L | 96601 g66°0 | LOO"L | L66°0 | 200°L | 000°L | §66°0 |#0O"L £00°L m.m. G66°¢? l72% QL2 22
LOC"L | 86£°0 | 000°L | €001 | g66°0 [ 200"t | 86670 | L6670 000°L | €00°L L g66°¢2 IAK4S TAF-IRSAY
200"t | 46670 | §66°0 | 000°L | G66°0 | L0O"L | 000°L | 66670 €00"L | S00°L 0°¢ LEL He hogY QL2 "GL
LOO*L | 866°0 | 000°L | €00°L | 466°C | 200°L | 66670 | L6670 000"t | 2007t %0 HLZHZ 6°Ly 17T C0L
000°L | 966°0 | 000°L | 200°L | §66°0 | £00°L | €00°L | 966°0 LoO*L | 200t €60 H2 oL gLt Ll
000° L L66°0 | 666°0 | LOO"L L66°0 | LoO*L | 666°0 | 666°0 200°L | ¢00°t g29°¢2e 0" 0L [ZArAY"
LOO*L | 466°0 | 000°L | LOO"L | 466°0 | 200°L | 000°L | g66°0 200°L | €00t SHO*H2 S*H FAATAR]
LoO*L | 866°0 | 000°L | L0O"tL | g66°0 | L00°L | 66670 | L6670 L00*L | #0O°L £90°%2 [ LLeLte
LO0°t | 966°0 | 000°L | LOO"L | 866°0 | 200°L | 000°L | 46670 LOO*L { #00°L lnetne wnyeq | LLTLLT62
6 L 4" g Li [« . ¢ oL Hi 8 (o) (zH)
L=2
4 . _ X aanjesadway sapelq OL JI3A0 und R
8PEIq wowe oy J “ W v \.« = 4 apelq K>usnbaxjy afeiaay | SInoy e3®d
ol

~
2
W




Fig8

SPOW USSOYD IO} ‘alep 0} $HIAYD 4O siynsal pesuewwng g by

-

LO0"0 | LOO*0 | 200°0 | LOO®C | 200°0 | LOO*C | LOO®O | LOOO | 200*0 | 200°0 6LL*2 ‘
Q00°L | 900°L | 966°0 | 866°0] G66°0 | L66°0 | 200°L | 020°L | g66°0 | LR6°0 80°gGL FAOW NOISYOI ANODIS u
200°0 | £00°0 | 200°0 | #00°0 | 400°0 | G00°0 | §00°0 | #00°0 | £00°0 | £00°0 290°L
CO0°L | GOO*L | L6670 | 660 L66°0 | LOO®L | £66°0 | g00°L | LOO"L | 666°0 GG9° LY FIOW NOTISHOL ISdId
L00*0 | LOO"0 | LOO*O | LOO"O| LOO®0 | LOO"0O | 200°0 | LOO®0 | LOO®O | LOO®O 6220
LOO"L | 46670 | 666°0 | 200°L | 4L66°0 | 200°L | 666°0 | L66°0 | LOO"L | #00°L L66°¢2 qAOW dYV1J ISHI1d
6 Y 2L 9 Ll g L ¢ #l 8
L=2
z . X _ X sapeTa OL 8yax JIaA0
°pelq 4owe 103§ “ w L Kw = 4 Lousnbarj sSegaay PR
oL
;
-, " Wy, v

€v008 W 1




Gauge position

5

_—

LLLLLLlll

N |

e

Balsa tip

Chordwise
bending

Torsion

Flapping

Gauge position

4 2 1

y//ﬁ////a/////'/////i

00

0o

Root fixing

Gauge response to basic mode excitations

Excitation Measured output (Volts)
Mode |Frequency Gauge position
(Hz) 1 2 3 5
1 1.35 15 6.7 7.2 .32
3.7 1.00 18 1.00 1.00 .36
60 84 17 .66 .90
2 76.0 0.44 1.00 .03 .09 1.00
24 .07 34 38 .20
3 101.3 0.10 .08 05 .05 22
.36 57 .26 1.00 8¢
4 159.5 0.27 .68 04 m .93
.36 .25 15 19 .33
5 206.6 0.27 .20 .02 03 .37
12 04 22 43 62
6 245.3 .09 .05 .03 .06 .69
10 10 10 30 m
7 284.7 .07 12 .01 .04 69
25 NT 06 15 24
8 303.1 19 13 .0l .02 27
14 04 06 10 60
9 363.4 10 .05 01 .01 67

Fig9 Results of test to optimise gauge positions
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Fig 10
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Fig 10 Instrumented fan blade
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Fig 11a&b

Fig 11a&b Hub, spoke and slip ring assembly
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Fig 13 Strain gauge output for single revolution (Blade 11)
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Fig 17b
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Fig 17d
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Fig 18 Effects of pressurisation. Gauge 1
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Fig 19 Effects of pressurisation. Gauge 3
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Fig 20
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