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A single-stage compressor was assembled to be identical with the
first stage of a multi-stage compressor, The fluctuations in axial
velocity and the elternating stresses in the blades were measured and are
compared with those which existed in the multi-stage compressor at identi-
cal speeds and non-dimensional flows.

No similarity was observed in the number, size or speed of rotation
of the stall cells and it is concluded that measurements of alternating
stress in a single-stage compressor are not necessarily a guide to those
in the same stage when forming part of the multi-stage compressor,

Using a simplified and approximete method, the alternating blade
stresses have been calculated from the observed fluctuations in velocity

and & reasonable agreement between measured and calculated values obtained.
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1.0 Introduction

Aerodynamic excitation of blading in an axial compressor may be
produced by buffeting! or rotating stall cellsZ,3,4 and is usually con-
fined to off-design speeds.

An earlier investigation into the flow fluctuations and rotor blade
stresses in the first stage of a multi-stage compressor has been made.
This present investigation was undertaken to examine the stsll cell region
in the first stage of that compressor when operating in a single-stage
rig. The scope of the investigation was widened to include the determi-
nation of the variation of stall cell magnitude before and after the rotor
row and the measurement of the alternating stresses in the inlet guide
vanes and stator blades.

2.0 Apparatus
2.1 Plant

The single-stage compressor rig is illustrated in Figure 1. The
drive is taken through a step-up gear-box from a variable speed induction
motor having a rated horse power of 1450 at 1485 rev/min. A liquid
regulator is used for variation of speed; water cooling of this regulator
allows the speed of the compressor to be controlled to *20 rev/min., The
arrangement of the working section is shown in Figure 2, the blades used
being identical with those of the first stage of the compressor used in
the previous test. Mechanical details of the blading are given in
Table II.

Recordings were made of the mass flow, temperature rise and pres-
sure ratios, the characteristics as measured are plotted in Figure L4;
this figure also shows the renge of Vy/U covered in the multi-stage com-
pressor tests.

2.2 Instrumentation
Alternating stress

Jire strain gauges were attached to si: inlet guide vanes, four
rotor blades and six stator blades. The gauges vere attached to the
blades at the centre of the convex surface just above the root fillet.
The four gauged rotor blades were on adjacent blades in pairs at 160°
spacing around the wheel and were connected through slip rings to the
gauge supply and selection panels. The gauged inlet guide and stator
blades were also at equi-angular spacing ané those stationary blades on
which stress levels were recorded are indicated in Figure 2. The alter-
nating stress level in the blades was displayed continuously through-
out the tests for visual rcference.

Flow fluctuations

The perturbations of axial velocity were measured by six hot wire
anemometers in tne positions shovm in Figure 2, and the calculations per-
formed by the method described in Appendix IIZ. A section of the anemo-
meter head and the suonply and balancing network are shown in Figure 3.
These anemometers were identical with those previously employed except
for an improved radial treversing gear.



2.5 Recording and amplifying cguipment

The recording equipment consisted of a six-channel oscillograph
with a 70 mm camera, the film speed used was approximately 20 in/sec.
The recording time was controlled by a simple condenser-resistance net-
work to give an exposure of about 1 second excluding the time required
for the film to reach a constant speed. (The output from a crystal con-
trolled oscillator was frequency divided by a Decatron to provide 500 c/scc
time marks.) Engine speed was obtained from a standard tacho-generator
driven off an auxiliary shaft on the main gear-box; the output from the
generator was passed through a shaping circuit to give well defined pulses
and improve the accuracy of measurement. The time marking and revolution
counting signals were applied to the opposite plates of the same cathode
ray tube; signal senses were so arranged as to deflect the beam in oppo-
site directions.

The strain gauges were wired to switch panels, arranged that any
three gauges could be connected through amplifiers to the recorder.  The
gauges were energised f'rom batteries of mercury cells to ensure uniformity
of applied voltages over long periocds of running.

Four amplifying cheannels were available for use with the hot wire
anemometers. The frequency response of the amplificrs was adjusted to
compensate for the finite time constant of the anemometers up to approxi-
mately 2000 c/sec. The response to velocity changes of frequencies below
about 35 c¢/sec was affected by coupling impedances, and values of velocity
changes quoted at frequencies less than this have been corrected for this
effect.

3.0 Progremme

It was considered that any periodic flow fluctuations in a blade
row could be sufficiently defined with three anemometers, two at a known
angle end the same radius to determine the speed of rotation and the magni-
tude at that radius, and a third at a different radius to fix the change
in magnitude with radius. As the nwaber of channels was limited it was
necessary to make a minimum of four exposures at each condition of the
Compressor, These exposures being as follows: -

(1) I.G.V. anemometers + I.G.V. strain gauges

(2) I.G. V. anemometers + rotor blade strain gauges

(5) Stator anemometers + rotor blade strain gauges

(4) Stator anemometers + stator blade strain gauges

In this way it was possible to photograph the stress in two blades
of each row simultaneously with the output from the anemometers either in
the row or, in the case of the rotor blades, both before and after the
blade row. In addition, recordings were taken to determine the relation
between the flow fluctuations before and after the rotor row. The sixth
channel was used for recording engine speed and time marks.

Tt was planned to survey, over a wide range of V,/U, those speeds
at which stall cells had been found in the multi-gstage compressor.
Accordingly records were made on constant speed characteristics over the
full range of the throttle. These characteristics were taken at speed
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intervals of 500 rev/min from 4000 rev/min to 5500 rev/min. The investi-
gation was terminated by the failure of a rotor blade at 5500 rev/ﬁin
after recordings at this speed had been completed.

4.0 Results

Charscteristics were taken at 500 rev/ﬁin intervals fram 4000 to
5500 rev/ﬁin, recordings being made at six values of V5/U on each charac-
teristic; these points are shown in Figure L.

The measured values of alternating stresses in the fundamental
Tlexural mode are plotted for all rows on Figures 5 to 9. As stated in
Section 3.0 more than one recording was made of the alternating stress in
a particular row at each point. If different values of the stress in a
particular blade were obtained, these have been shown in the graphs. The
alternating stresses in modes other than the fundamental are shown in
Table III if greater than 0.5 tons/sq.in. Values of the perturbation
level, stall cell numbers and rotational speeds are given in Table IV.

The alternating stresses in the inlet guide vanes were low through-
out (Figure 5) and little attention is given to this row in the text.
Detailed descriptions of the alternating stress and flow disturbances for
each characteristic are given below.

L4 4000 rev/min

The alternating blade stress and the perturbations in axial velo-
city were small and gporadic between Va/U = 0,55 and 0.51 i.e. at flows
greater than that of peak pressure rise. At Va/U = 0.51 there was an
increase in the perturbation level towards the inner diameter. Trace 4
of record A3/17 (shown in Figure 11) is the output from an anemometer
located at 0.25 rotor blade height, indicating a perturbation level of
%2 per cent of mean Vg, The fluctuation is fairly regular and has a
major camponent at shaft rotational speed.

At Vo /U = 0.465 there was a single stall cell rotating at approxi-
mately 29 per cent of rotational speed, the velocity change at 0.8 rotor
blade height was about 50 per cent (peak to peak) of mean Va. The cell
is shown in the extract from record A4/19 (Figure 11) to have been entirely
confined to the outer annulus as no trace of the disturbance is visible at
mean diameter. The rotor blade stress increased at this point as shown
in Pigure 6; the influence of the stall cell on the alternating stress
rattern can be seen in the extract.

After some ten minutes operation at this condition there was a
sudden change in the stall cell formation to that illustrated by recorad
Al/22 (Figure 11) without any noticeable change in the steady state con-
ditions. The second state is that of two unequal cells rotating at
about 35 per cent rotor speed with a magnitude of 26 per cent (peak to
peak) of mean Vg at 0.8 rotor blade height and of 9 per cent (peak to
peak) at mean diameter. The increase in excitation frequency caused
an increase in rotor blade alternating stress, marked by the heavy
modulation shown in the record 44/22. No significant increase in either
stator blade or inlet guide vane alternating stress was observed.

hs the value of V,;/U was decreased by further throttling to 0.295
the stall cell formation reverted to a single cell rotating at 28 per
cent rotor speed, the magnitude at 0.8 rotor blade being approximately
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Y0 per cent as for the single cell state at Vo /U = 0,465 but with con-
siderably greater circumferential width and greater radial penctration

(10 per cent at mean diameter). Ln extract from one of the records taken
at this speed is in Figure 17. The rotor blade stress levels were similer
to those for Vo/U = 0.465 but the stator blades showed an increase in al-
ternating stress due to the rise in the mean diameter perturbation level.

The throttle was gradually closed until V,/U fell to 0.18, and the
throttliag was accompanied by a gradual change fram regular stall cells
to random fluctuations. The Tluctuations were larger at meun diameter
than at 0.8 rotor blade height and there was a significant difference
between perturbation level in the stator and in the inlet guide rows.

The high perturbation level (17 per cent) at mean dieameter in the stator
row accounts for the further rise in the alternating stress in this row.

L2 L500 rev/min

The stress levels and flow fluctuations followed the pattern en-
countered on the L0000 rev/hin characteristic. For values of Va/U \mean)
of 0.4% and zbove, the perturbation levels were small <1.5 per cent at all
diemeters end the slternating stresses were also low. Record 13/52 on
Figure 12 is typical of records in this region.

At Va/U = 0.45 two stall cells rotating at between 34 and 3G per
cent rotor speea were present, the velocity change within the cell at
0.8 rotor blaue height amounting to & per cent and 21 per cent of mean
V. in the inlet guide and stator blade passages respectively. mxtracts
from records BL/60 and BL4/63 are shown in Figure 12 to illustrate the stall
cell form at this condition. hecord BL/60 is of the output from the three
enemometers in the inlet guide vene row and of the alternating stresses in
two of the inlet guides. Record BL/63 is of the output of the three sta-
tor row anemcmeters and of the alternating stresses in two of the stator
blades. A compurison of the two records shows thot the velocity changes
in the inletl guidc row were almost sinusoidal compared with the marked saw
tooth wave form in the stator row. It is also evident from the traces on
BL/63 that ihere was no radial similarity in the velocity change at this
point since the mean diameter trace shows a reversal of slope to the traces
taksn at 0.8 rotor blade height. The ecxtracts indicatc that the stator
blades and the inlet guide vanes were vibrating in resonance with the
second enda third hamonics respectively of the stail cells, but tie stresses
were small since the cells were locuted at the roots of these blades. In
record BL4/60 the inlet guide vanes show a constent level of fairly high
frequency stress. This frequency is that of rotor blade passage and coin-
cides at this speed wit: that of the fourth flexural mode of vibratioa.

The stress level at the blade root in this mode was about 0.5 tons/sg.in.
at Va/U = 0.5 and decressed slightly with decreasing values of Vy/U. &
record of the alternating stress pattern in the rotor blades is included
in Figure 13 to show the very short bursts of vibration occurring in these
bladeg at this point.

Ls the throttle was closed to Vo/U = 0.27 the two cell state gave
way to a single cell rotating at a speed of between 27 and 29 per cent of
rotor speed. The magnitude of the veloecity change 2t 0.8 rotor blade
height was approximately 48 per cent both before end after the rotor row,
but there was a greater radial penctration in the stator than in the inlet
guides, the mean aimmeter figures being & and 17 per cent respectively.

The wave ferm of the velocity change at this condition was ragged parti-
cularly in the stator row; this point is brought out by record B5/68
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(Figure 13) which shows the velocity change recorded by anemcmeters at the
same radius in both inlet guide and stator rows and in approximate axial
aligrment. Included in record B5/68 are the alternating stress pattems
of gingle blades in each of the three rows. The influence of the stall
cell is easily seen in the stress wave fomm of the inlet guide and to a
lesser extent in the wave fomms of the stator and rotor blades. The
level of alternating stress in stator and rotor rows was approximately

the same and was unchanged from that at Vg/U = 0,45 (Figures 6 and 8).

The fall in excitation frequency being compensated by the increase in
magnitude of the perturbations in axial velocity.

Rendom pulsations in axial velocity were again encountered at
Va/U = 0.18; again the fluctuation level was greater at mean diameter
then towards the outer dismeter and greater in the stator than in the in-
let guide row. The fall in rotor blade vibratory stress at this point
was due to the fall in perturbation level towards the rotor tip; the fall
in rotor blade stress was accompanied by a rise in that of <he stators
owing to the increasc in perturbation level at mean diamcter.  Figure 13
contains an extract from record B6/74.showing an ancmometer in cach sta-
tionary row and the alternating stress in each of the three rows.

L.3 5000 rev/min

Stall cells were encountered at the same throttle setting as on the
previous characteristics, i.c. a little boyond the point of peak pressure
rise, Recordings made at Vo/U = 0.4 showed the presence of two cells
rotating at 35 per cent of rotational spsed. The velocity change within
the ccll amounted to 11 per cent in the inlet guide row and to 26 per cent
in the stator row at 0.8 rotor blade hcight. At tihis condition the cells
were of variable width as can be seen in the extract from record CL/9Y
(Figure 14). This record contains the traces from the inlet guide anemo-
meters and the alternating stresses in two of the rotor blades; the alter-
nating stresses in the two rotor blades are shown to have risen and fallen
simultanecously. Two cells rolating at 35 pcr cent rotor speed give a
forcing frequency on the rotor blades of 10t.5 ¢/sec with a sccond harmonic
of 217 ¢/sec which is close to the natural frequency of the rolor blades
at this speed. The frequency of vibration of the rotor blades (record
CLy/99) was spproximately 222 c/sec and, considering the accuracy of the
calculstion of cell rotational speed, it is reasonable to assume that the
rotor blades were being forced by the second hammonic of the stall cell
formation, Figure 7 shows the increase of alternating stress in the
rotor blades at this point.

The rotational speed of the stall cells {¢ll to 31.2 per cent of
rotor speed when Va/U was reduced to 0. 31, and the velocity change within
the cell at 0.8 rotor blade height increased to 33 and 38 per cent in the
inlet guide and stator rows respectively. The fall in rotatiocnal speed
increased the excitation frequency on the rotor blades to 114.5 and
229 c/sec for the fundsmental and second harmonics respectively.  The
latter frequcncy coincides with the calculated natural frequency ot this
speed (230 c/sec) and with the rise in excitation level accounts for the
peak rotor blade stress shown in Figure 7; the resonance is illustrated
in Figure 14 by an extract from record C5H/105. The simultaneous record-
ing of the alternmating stresses in single blades of each row and the
velocity changes in the inlet guide row (recora C5/104 Figure 1L4) shows
that at this point the stator blades and the inlet guide vane were being
forced by the second and third hamonics respectively.
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The two cell formmations continued to exist as the throttle was
closed, finally breaking down into random fluctuations as Vs/U approached
0.18. At this value of Va/U the perturbations were large, averaging
about 11 per cent of mean axial velocity, in both stator and guide vane
rows.

I by 5500 rev/min

The general pattern of events on this characteristic was identical
with that found on the previous characteristic. Small periurbations in
exial velocity with small alternating stresses in the blading were found
at flows above that for Vpo/U = 0.45. The two cell formation was esta-
blished at Vo/U = O.43 and persisted below Vo/U = 0.29. The rotational
speeds were 32 and 31 per cent respectively. Random fluctuations were
again observed at Vo/U = 0.18. The perturbation magnitudes given in
Teable IV are slightly smaller than for comparable conditions at 5000 rev/min.

In the stall cell region the excitation frequencies at this speed
were above the natural rotor blade frequency and a reduced alternating
stress was observed. The frequency of vibration of the rotor blades was
that of the second harmonic of the stall cell frequency.

Three extracts from the records taken at 5500 rev/min form Figure 5.
The extract from record DL/145 taken at Vo/U = 0.43 shows the alternating
stress in a blade in each row and the velocity changes recorded by anemo-
meters numbers 1 and 4 (Figure 2).  Records D5/154 and D6/161 are of the
same blades and anemcmeters at Va/U = 0.29 and Vo/U = 0.18 respectively.
The anemometer traces show the increase in annular width of the cell at
Va/U = 0.29 and the random perturbations at Va/U = 0,18, The relatively
pure fundamental flexural vibration of the rotor blade (upper trace) at
Va/U = 0.43 is replaced by vibration in the second flexural mode at
Va/U = 0.18. The alternating stress in the inlet guide vane was very
small and is shown in the extracts to have been complex.

An enlargement of record D5/150 is on Figure 16; this extract has
the traces from the four anemometers at 0.8 rotor blade height i.e. numbers
1, 3, 4 end 6.  Anemometers numbers 1 and 4 subtend an angle of 5% at the
axis and numbers 3 and 6 an angle of 15°, The measured delay at anemo-
meter 1 relative to anemometer L and at anemometer 6 relative to anemometer
3 are in proportion to the sbove angles and the rotational speed of the
cells indicating that there was little displacement between velocity peaks
in the inlet guide and stator row.

5.0 Hamonic analyeis of stall cell wave forms

To calculate the blade stress due to changes in air velocity it is
necessary to know the frequency distribution of the velocity changes and
it was intended, after the first survey of the stall cell region, to make
harmonic analyses of the anemometer and strain gauge signals. This was
prevented by a rotor blade failure and recourse was made to a planimetric
method using enlargements of the oscillograph records.

The electrical hermonic analyser provides average values of the
components of a particular wave form over a large number of cycles; this
property is an advantage where the wave form is variable. The planimetric
methods are used for the analysis of single cycles and are impracticable
for obtaining average values. For this reason the vslues of the hammonic
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components given in Table V may be unreliable for conditions at which the
wave shape was erratic, for exsmple that of the velocity changes in the

single stall cell state at Vo/U = 0.28 on the 4000 and L500 rev/ﬁin charac-
teristics.

The method used was that of Laniels as developed by Crease and
“uckerd. Por a wave forr. in which the amplitude of a harmonic diminishes
rapidly with order, the method requires only two area measurements to
determine the amplitude of a particular harmonic.

In sotme cases fair agreement between recorded ana "built up" wave
forms was obtained afler estimation of the first three hammonics. In
other cases considerable discrepancy remained after the first five har-
monics had been measured; the accuracy of the reproduction of the recorded
wave shape did not Justify estimation of further harmonics. Typical ex-

amples of enlarged recoraed wave forms and "built up" wave forms are shown
in Figure 10.

When the stall cell formation consisted of unequal cells or cells
at unequal spacing such as at Vo/U = 0.45 at 4000 and 4500 rev/min, frac-
tional orders were present. A simplified summary of the harmonic content
of the stall cell formations is given below (non integral orders neglected).

Harmonic order 1 i 2 : 3 : b

!
| . . |
! implitude renge 50 - 90% 15 = 500 ~ 5 - 4Op | 5 ~ 30% }

6.0 Comparison of experimental and calculated alternating
stresses in the rotor and stetor bladss

6.1 Method of calculation

In Appendix ITI it is suggested that a simple rclation exists
between the alternating blade stress and the fluctuations in fluid vel-
ocity. An approximate cquation, given below, 4g derived and shown to
apply to the first-stage rotor blades of a multi-stage compressor.

v

A AV - U
Tf = = + Q'+ (W.F.) - (1 -'Kgﬁf)

in which g blade stress (mean gas bending)

Aq = fluctuation in blade stress

¥ = mean axial veclocity

Av = perturbation in axial velocity
Q' = dynamic amplification lactor

W.P. = perturbation distribution factor
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b - dmm@1-tm1%)
d(tan x1)
U = rotational speed (mesn diameter)
Kp = specific heat (constant pressure)
AT = gtage temperature rise

The perturbations in axial velocity cover a wide frequency range and
produce on the blades forces of a similar spectrum. The alternating
stress produced by a force of a particular frequency depends on the dif-
ference between that frequency and that of the mede of vibration being
considered, and on the logarithmic decrement in that mode. It is more
: . . . S .
convenient to use the dynamic amplifcation factor = Togs don 28 it allows
og dec
the use of the universal responsc curve6 asgociated with resonance in
electrical circuits. From such a curve, the dynamic amplifier Q' for a
camponient of frequency £ can be resd.

As stated in /Appendix III,a !} of 10 was found experimentally for a
blade of +the ssme size, material and characteristics as the rotor blades
used in this compressor, and a @ of 16 for the same blade in aluminium
bronze. These § factors have been used fcr the rotor and stator blades
in the calculations.

The velocity change in the stall cell moy vary along the blade
length; in this case the fluctuations were greatest at the rotor tips and
were small at mesn dlameter, The derivation of the blade stress assumes
a uniform axial velocity along the blade and the perturbation distribution
factor was introduced to convert the observed distribution into a unifomm
distribution with the same bending moment at the root.

For the rotor blades a parsbolic distribution was assumed. Such
a distribution having an observed magnitude h at 0.8 roter blade height
has approximetely the same bending moment &s a uniform load of 0.83 h.

The siator blades are not scnsitive to the velocity changes at the
ocuter dismeter but are sensitive to changes at mean diameter. A tri-
angular distribution was used, defined by taxing the average velocity
change at mean diameter to be one-third that at 0.8 rotor blade height.
With this assumption, the equivalent uniform load is one of approximately
0.22 h.

The remaining factor P was taken as 2 throughout, i.e. the vector
mean angle was unchenged.

The alternating stresses in the rotor and stator blades were cal-
culated as above using those harmoniecs of the stall cells with frequencies
close to the natursl frequency (f the blades. The higher assumed ., of
the stator blades reduced ihe number of harmonics to be considered in the
calculation of the stresses in these blades. The calculations have not
been extended to the region of rendom flow (V,/U < 0.25 and V,/U > 0.48)
because of the difficulty and inaccuracy of "manual" analysis of random

wave forms.
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The range of the maximum observed alternating stress in the blad-
ing and, for comparison, the calculated stress due to the components of
the stall cells are shown in Table VI. The total calculated stress de-
pends on the relative phases of the components but where the stall cell
outline is irregular it is reasonable to assume that at some time the
components will be additive. At the resonance point (5000 rev/min
v = 0.3) the stall cells were regular and an estimate of the phase
difference of the first and second harmonics has been madc; the figure
given in the total column for this point is phase corrected.

6.2 Comparison of observed and calculated
stress values

The measured alternating stress figures listed in Table VI are the
maximum values found during a one second exposure, whereas the calculated
values are those obtained using the harmonic content figures extracted
frem a particular stall cell cycle. For this reason the accuracy obtained
should vary with the stability of the cells. The agreement of the mea-
sured end calculated values of rotor blade alternating stress is however
good except at the point Vgo/U = 0.46 on the LOUC rev/min characteristic
where the stall cell formation consisted of two unequal cells. At this
point the calcuiated maximum stress is enly 70 per cent of the observed
meximum stress.

The agreement of calculated and observed stator blade stress'is
reasonable except at points of Vy/U = 0.46 and 0.29 on the L4000 rev/min
characteristic where the calculated values are much lower than those mea-
sured.

The loucations of the anemometers were at mean diameter and towards
rotor blade tip and no radial traverses were undertaken in these condi-
tions. Hence ihere may have been unobserved flucwuations at the irner
diemeter which would account for the increased stator blade stress.

7.0 Comparison of the results of the single and
multi~stage tests

One of' the main objects or this test was to coupare the stall cell
region in a single-stage compressor with that existing in the same stage
when forming the first stage of a multi-stage conpressor. The flow in
the stall cell region in the single stage has been describea in Section 4.0
and is sunmarized below:-

(i) At flows above that of peak pressure rise (V.,/U = 0..48)
the perturbations were small (c. 1 per cent of mean Vg)
and irregular.

<ii) Between Va/U = 0.46 and 0.25 stall cells were present
rotating at between 28 and 35 per cent of rotor speed.

(iii) Below V./U = 0.25 large random fluctuations.

At 5000 and 5500 rev/min two cells were present over the range
Va/U = 0.46 to 0.25 and at LOOO and 4500 rev/min two cells at Vy/U = 0.46
merging to a single cell at about Vo/U = 2.3, The cells were confined
to the outer annulus with litile radial penetration beyond mean diameter,
at 0.8 rotor blade height the average velocity change in the stator row
was *17 per cent of mean Vg,



In the multi-stage tests, characteristics were taken at 4000, 4500
and 5700 rev/min. At L4000 rev/min stall cells were encountered within
the range Vo, U = 0. 35 to Va/U = 0.26, rendom perturbations occurring at
values of Va/ﬁ < 0,25, At L5500 rev/min, stall cells were present at all
attainable values of Vu/U greater than the surge value, and at 5700 rev/min
stall c=lls when V./U was decreased below Vgo/U = 0.2%.  1In the above
region the only formation observed was that of three cells rotating at
between 45 per cent and 50 per cent of rotor speed. Measured at the
same radius as on the single-stage rig, the velocity changes averaged
+30 per cent of mean Vg. In Figure 17 and 18 are shown records taken on
the single-stage and on the multi-stage compressor at approximately the
seme rotational speeds and values of Vgp/U. These records have been ad-
Justed to have the sesme time scales.

A comparison of the above shows that little similarity exists in
the flow patterns in the two cases, and that even where stall cells are
cammon to both, the number, size and rotational speed are different. This
implies that stress levels measured on a single-stage rig are not necessari-
ily a guide to those which would occur in the same stage when forming part
of a multi-stage compressor, This is confirmed by the strain gauge re-
cordings which show a resonance of the rotor blades with the second stall
cell harmonic at 5000 rev/min and Vg/U = 0.3 yiclding an alternating stress
of *5 tons; such a resonance could not occur in the multi-stage tests
owing to the highor stell cell frequency.

8.0 Discussion

The type of stall which occurred on the single-stage compressor is
known as progressive stall and is common to most axial compressors with a
low ratio of intcrnal to external diemeters®. As the flow through such
a stage is reduced, the blading stalls in patches depending on the local
incidence. Witlh further flow reduction the stalled patches increase in
circumferential width and radial extent. Many incidences of progressive
changes in the number of cells have been reported during this process.
The changesin area of individual cells and changes in number result in a
fairly uniforn increase in stalled flow area and a gradual fall in the
pressure ratio.

The behaviour of the single-stage compressor {ollowed the general
pattern above. The change in cell area with flow reduction can be clearly
seen on Figure 15. The increase in area of the stailed flow and lhe in-
creage in associated velocity change which took place in the stator row
were accompanied by increased penctration upstream into the inlet guide
vanes.

The single and multi-stage tesls do nol provide any positive infor-
mation on the factors controlling the number of stall cells present at
any particular condition. The single-stage tests show that over a wide
range of Vo/U the number of cells can remain constant and that at a parti-
cular value of Vg/U the number of cells may be different for differing
values of' U. Similarly, a comparison of the single and multi-stage tests
shows that, at identical speeds and flows, the number and speed of rota-
tion of the cells are not ithe same. These results demonstrate that the
mean flow coefficient of a stage does not control the number of cells.
Ag 1t is the number and rotational speed of the stall cells which control
the frequency of exciting forces on the blades, the alternatling stresses
measured in the singlce and nulti-stage tests are not comparable.
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The forces on the blades due to the presence of stall cells of ir-
regular and variable outline is equivalent to a single frequency force at
the mean stall cell frequency plus a general buffeting type of excitation
at the blade natural frequency. TVhere the stall cells are uniform the
transient vibration will be damped out and will not be observed. It is
theref'ore possible to have beats between the natural and forced vibrations
of the blades, the difference of the frequencies being the beat frequency9.
This phenomenon is visible on record AL/22 (Figure 11), the natural fre-
quency of the rotor blades at this speed was 217 q/éec and that of the
two-and-a~half harmonic of the stall cells 233 c/sec. The difference
frequency of 14 c/sec is equivalent to a beat length of approximately
15 cycles of the rotor blade vibration.

The successful application of the simple flow-stress relation over
a wider flow range and for a different forcing spectrum to that found in
the multi-stage tests is of considerable interest. If this relation is
valid, then the effect of amall changes in blade stiffness on the alter-
nating stress on the blades can be determined. If recordings of the
velocity fluctuations and alternating blade stresses in a particular com-
Pressor were made, then the alternating stresses in blades of stiffnesses
differing from those of the blades employed may be calculated or deduced
from electrically simulated blades. The range over which such a method
can be used is limited. The change in blade shape required to effect
the stiffness change must not materially affect the stall cell character-
istics and the stiffness changes must not give rise to other forms of
vibration.

9.0 Conclusions
The main conclusions to be drawn from these tests are:-

(1) The numbers of stall cells present in a stage are not
governed by the mean flow coefficient.

(2) The alternating stresses in blades of a single-stage
compressor are not necessarily a guide to those
existing in the same stage when forming part of a
milti~stage compressor.

(3) The relation between alternating stresses and
changes in axial velocity in the stall cell region
preposed in Appendix IIT has been shown to apply to
the rotor and stator blades of this compressor.
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TABLL T

ov—a— st bt

Test results

N

Tost Speed V. mean Pressure . Pressure Temp.
rev/min /v Mo ratio pitot © ratio static | rise °C |
A LOCO P 0.55h 1.053 ; 1.053 5.6 |
A "t 0,528 1.056 . 1.056 5.8
A " L0504 1.057 : 1.058 6.2
A " 0.463 i 1. 056 : 1.051 7.5
A ! 0092 1,041 : 1.0% 12,6
A " S 0180 1.042 : 1. 046 10.5
B 4500 0.549 , 1,064 : 1.067 7.0
B " : 0.518 1.065 : 1.071 7.0
B " S 0,493 . 1.066 : 1.075 6.9
B " c 0447 1,067 : 1.073 8.5
B " . 0,283 1.049 : 1,045 16. 3
B " 0.179 - 1.056 ; 1.059 11.8
C 5000 :  0.528 | 1.085 : 1.081 7.8
C " C0.509 - 1.087 ; 1.085 7.6
c " . 0.488 1.090 ; 1.091 8.5
C " © 040 1. 084 ; 1.076 8.8
¢ " S 0.302 1.074 ; 1. 060 17.2
C "h 0,181 1.089 P1.069 16.1
L 5500 ;  0.5% 1.107 : 1.102 8.7
D L . 0,502 . 1.112 : 1.108 9. L
D " T 0.480 1,114 Z 1.108 9.7
D " 0.l 1.109 _ 1.091 1M.L
D Wi 0,295 1.08%3 P07 21,0 |
D " 0.8 1.081 " 1.080 L0, 1

if
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T4PLE IT

Blad: details and frequencizs

Material
Aspsct ratio
turmber

Frecquencices

Fund. flexursal
Sccond flexursl
Third flexural
T'ourth flexural
Fifth flexural
Sixth flexural

Fund. torsional

Seceond torsionsl

Third torsional

Pourth torsional

e e+ e

Inlet guide
vanes

Steel
5.5
96

160 c/acc

576"
1530 T
280M "
46 40 "
6654

1613
3341
5153
725

Rotor

blades

Aluminium

3.25
36

190 ¢/scc

770
1690
5750
5470
7683

-\
-

EX

od =W
O o~

[0
-

"

Stator
blades

Lé-Bronzc
Lo
56

102 ¢/sce
550 "
1400 "
2777 "
L4EQ "
bl "

179
2901
4701
6645

The ¢ffict of contrifugal stiffening on the frequoency of the
fundamental flexural mode is given by:-

2

E(N)Z = PZ +

1y

rev/sce

2.4 N?



TADLE TII

Py e

Blade stregsses in the higher frequency modes of vibration

Speed
Test .
* revimin :
ag 400D
A6 "
By - 4500
B'_ H n
B; oo
Csq 1 5000
Cs "
CG it
Da © 5500
DS n
Dg "

Va/U mean

0.292
0.180

0.L47
0.283

0.179

0,440
0.302
0.181

0.432
0.293
0.184

Rotor blades

¢ 0.5 tons/sq.
©i0,9

i

in. 730 c¢/sec

1 fn

750 °
it %
1 L

7601 1

L] L)
n n

785

Stator blades

+1.9 tons/sq.in. 530

4+ 14
R Y

.

.
Ulpo O v N
=

P+ i+ 1k
A
.

1

535
i
"

540
ft

At 4500 rev/min the inlst guide vanes showed an alternating stress of approximately

0.5 tons at all points on the charscteristic,

approximately 2800 c¢/sec.

The f{recuency of vibration was

i
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TABLE IV

Magnitude and rotational speed of the
fluctuations in axial velocity

; - Lverage perturbation level (y V, mean)
Speed : V -No. of i :
res /min! mgﬁ cel_szs QROZ;:;gnal : Inlet guide row Stator row
0.8 . . 0.6 . .
- : ' " rotor h,Mean dia. _rotor h Mean dia.
4000 - 0,554 - . - b1.0p - L - 1.5
" ©C.h28 i - - Tulyo @ = e . 1.8p
" P0.504 0 - - 1.2 - . 0.8 -
" 0,463 1 2% . L7 - - -
" 0463 @ 2 35, - - 26, 9
" P 0.292 ¢ 2850 WBu | G 500 120
" . 0.181 - - ©;. ‘ 140 , 1150 ° 17
4500 . 0.545 ¢ - - 1.06 | - o 1.20 7 10
" © 0.518 ¢ - - 115 1 1.2 Ou7r i 115
! P 00493 . - - 14250 0.86 + 1.00 ¢ .1
" . On L;.Lp? 2 3573 8. O/O L}-. Ofo : 21,0 L}}u
" ) 0.28 5 . 1 28}-.; . l;.6}a 8. G/u . 50/0 ! 1 5‘/0
" 0.179 - - . 6. Ok 130 11,0 18,‘.4
5000 C. 528 : - - 2e 6)0 . Lo 0. 5/u 1. O/a
" S 0.509 . - - 2.% 1 Hb 1.2 1.2
" P 0.488 0 - - 1e500 ° 2 0.56 °  1.0p0
" 0440 . 2 355 e 3 28 . -

" 0.302 ; 2 .2 © Blge 1 Lp 387 670
" . 0.181 - - Mo 110 1250 o
5500 : 0.53% : - . - 0.6p . 0.6 = 0.5 0. 65
i : 0,502 § - - 0.6/6 © 0.6 0.5 0.5,
o P 0450 0 - - 0.6 1 0.7. . 070 O.7n
! ;032 . 2 32. . 10.  2.0. . 2h. Uy
" ©0.293 2 31, P % 73 %6;. 5.
" 0.184 : - - - 6 - 115,

The perturbation level quoted is the average value of the peak to peak
velocity change expressed as a percentagc of the mean axial velocity.




TABLE V

Harmonic content of stall cell wave forms

Harmonic component of order

ri:ff)j;in V@J/U m3an v . IR s e e .
; e 1552 257 3 -k 1 5
4000 0.463 (1) 65 47, P23, b 154 150
oD () 2y, 62, 29 VAL 22 ; :

n 0.292 (4) ; B2 B2 LAy a8 184
1500 . 0.447 (13 “215, 1 50 - 256 1 30 - 2% . : .

” 0.2587% (1 £ SCo L8 27 P20p P 1Tn
5000 0.302 (1) © 1925 ik2e.  Tm 8.5
5500 0.k32 (1) - :S0p i 370 Alw 18

o oo () t 70k S 1%

i, 0.293 (1) ° P9 %0 D 3% A

L T i \l{.) ‘ 7)_;_7J ' 31;0 . 21/3 ‘ 970

The wave [omm analysed was that from anemometers at .6 rotor

blade height; the value piven has been corrected for non-linearity
of anemaneter responsc. Tne number in brackets following the value
of Vg/U is that of t.e anemometer used. Anemometers numbers 1 4
and % were in the inlet gaide ana nuwnbers ., 5 and b in the stator
row (Figurc 2).
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TABLE VI

Calculated and experimental values of alternating stress

1.

otor blades

g

H . R i
! Speed f :  No, of Calc, snress(1) Total calc.(2) : Raige or(3) *4
rev/min § %1/U : cells components * stress™ © observed stress
4000 0.465 1 ©0.8(h) 0.5(5) 1.3 i #(1.15 - 1,25)
" 0.465 2 0.45(2) 1.25(22 1.7 i Z(2.25 = 2,5)
" 0.295 1 0.66(4) 0.43(5) Z1.34 oIt =17
4500 0.45 2 0.4(1) 0.75(2) 0.4(2}) 11,55 LR - 1.9)
" 0.285 1 1.404) 0.36(5) 1,76 P I(1.5 - 2.5)
5000 ST 2 0.85(1) 2,33(2) *3,18 PoE(2.6 = 3.6)
n 0.305 2 0.33(1) 3,72(2) 4.3 (L4 = 5.0)
5500 0.43 2 0.72(1) 2,01(2) 2,73 (1.8 = 2,4)
! 0.29 2 0.85(1) 2, 15(2) %3,0 1.4 =250 |
i
2, Stator Llades
! . e 'l
| Speed . /U . No. of calc. stresst?) Total catc. (< . Range of(j)
irev/min ., & : celis componants ¥ stress * i observad stress® |
| hood L 0.bgs . 1 0.5(5) 0.5 LOE(D9 - 1.3
. 0.465 2 0.24(2) 0.22(24 *o0.L6 .o E(N9 - 1.3)
o 0.295 © 1 0.3(1) 0.38(5) 20.65 LR - 2.9
I 4500 0.l5 . 2 1.12(2) 11,12 : 1.k - 1.9)
Lo 0.285 - 1 1.1(5) 1.1 (1.0 - 2,2) i
t . t
;5000 0.44 2 0,32(1) 0.57(2) *0.8 (0.6 - C.9) ;
P 0,305 2 2.75(2) 2,75 £{1.8 - 2,5)
|
. 5500 0.43 2 . 0.37(1) 0.73(2) £1.1 0.9 - 1Ly |
P 0.29 2 . 0.50(1) 1.12(2) *1.62 (1.5 - 2.1) i
1 : 43
Note:

*A11 stresses are given in tons/sq.in.

(1) Number in brackets following stress flgure is that of the harmonic concerned.

(2) The figure given in this column is the arithmetic sum of the separate components
shown in previous column except for 5000 rev/min Vo/U = 0.305, the figure given
for this condition is phase corrected,

(3) The observed stress range Is that of the alternhating stress maxima encountered

in 2 tine interval of 1 sccond.
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APPENDIX T

Information on the extracts from the records (Figures 11 to 18)

To illustrate this Report, extracts from the records obtained during
this series of tests and from the multi-stage tests have been used. The
information required to identify and understand these records is given
below.

General

Identification of the trace on a particular record is by letter
starting fran the uppermost trace which is trace a.

Revolution and time marking

Channel £ was used throughout for this purpose. In the single-
stage recordings the downward deflections of this trace were caused by
impulses derived fram a crystal controlled oscillator at 500 o/sec, the
upward deflections were from a revolution marking device giving a pulse
every 1.186 revolutions. The revolution marking in the multi-stage re-
cordings was taken from a standard tachometer campleting 1 cycle every
four revolutions of the main shaft.

Velocity perturbations

The number of the hot wire anemameter corregponding to a particular
trace is given, from which its angular and axial position can be found by
reference to Figure 2. The radial position is indicated as a fraction of
rotor blade height. The averags value of the maximum deviation from the
mean velocity can be read in Table IV. The positions of the anemometers
in the multi-stage compressor are .iven in Reference 5.

Alternating stress

The strain gauges on the stationary blades are numbered in accord-
ance with Figure 2. Strain gauges on the rotor blades are lettered A, B,
C and D.

FIGURE 11

Chennel Source
1. Record A%/17
4000 rev/min a S.G. 3
V,/U = 0,50k b S.G, 2
c Anemometer 4 (0.8)
a " 5 (0.25)
e " 6 (0.8



N
.

2.

Record AL/1Y

4000 rev/min
Ve/U = 0,463

Record AL/22

4LOLO rev/min
Va/U = 0.463

Record B3/52

4500 rev/min
Va/U = 0.493

kecord BL/6O

4500 rev/min
Vo/U = 00047

Record Bl/53

4500 rev/min
Va/U = O‘ u"_/

Record BL4/62

4500 rev/min
V./U = 0.447
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FIGURE 11 (cont'd)

Channcl

QO o

[¢]

O o o

FIGURE 12

o L0 o o L0 oOp

Q0 0cwE

FIGURE 13

O L0 TP

source

S.G.C.

S.G.B.

Anemometer
1

1

5.G.C.
S. G.B.

Anemometer
1

n

S.G. A.
S.G.B.

Anemometer
1"

A

S.G.8,
S.G. 7

Anemometer
1t

1

S.G. 3
S.G.2

Anemoneter
"

n

S.G A,
S.G. B,

Anemcmeter
"

"

1 (0.8)
2 (0.5)
3 (0.6)
1 (0.8)
2 (0.5)
2 (0.8)
L (0.8)
5 (0.5)
6 (0.8)

[ RN g
NN
oo
o\ o
g N g
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kecord B5/68

L4500 rev/min
V,/U = 0.283

Record P6/7h

4500 rev/min
Va/U = 0. 179

Record Ci/99

5000 rev/min
Ve./U = O.hi

Record C5/105

5000 rev/min
V./U = 0,302

Record C3/104

5000 rev/min
Veo/U = 0,302

Record Di/145

5500 rev/min
Van = 0,432
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FIGURE 13 (cont'd)

Channel

(ORI O T o S\

o0 oe

FIGURE 14

o0 op

coTE

[

e 0 op

FIGURE 15

O Lo o

Source

w

o
°

N
.

2

. 2

wn

5.G. 8 ,
Anemometer 1 (0.8)
" 4 (0.8)

twitn

S.G.C.

S.G.D.

fnemometer 1 (0.8)
" 2 (0.5)
" 5 (0.8)

S.G.C.

2.G6.D.

Anemcmeter 1 (0.8)
" 2 (0.5)
" 3 (0.8)

5. G A,

5.G6.2

Se G B

Anemometer 1 (0.8)
" 3 (0.8)

5.G.C

S.G 4

3.6, 8

Anemometer 1 (0. 8)
n L (0.8}



Record D5/154

5500 rev/min
V,/U = 0,293

Record D6/161

5500 rev/min

Record D5/150

5500 rev/min
Vo/U = 0,293

Record 9 from multi-
=3

Stage tests

4000 rev/min
v, /U = 0,285

Record 45/28

4000 rev/min
VU = 0,292

FIGURE 15 (cont'd)

Channel

[ORN TR o B o i}

o 0 o e

@ 0 oo

FICURE 17

g rotors

c 1st stage
4 stators

e

a

b

c

a

e

Source

o O

rememeter 1 (0.

8)
" 4 {0.8)

3. G. C.
S.G. L
S.G.8

h
.

Ar.ler;nometer 1 (0.8)
(0.8)

5.G.C.

Anemometer
i

S.G 1
85.G.2

Anemometer 1
"



5700 rev/min
Vy/11 = 0. 3

Record L5/158

v
[
[l
(@]

.
N
O

FIGURE 18
Channel
a.
b rotors
c 1st stage
d stators
e
b
C
d
e

Source

S.G.1

S.G.2

Anenmometer 1
i j

PIEp]

{

e
o

3.G.C
85.G. D,
Az

G

remometer 4
11 %

i o

(0.8
(0.8

e S

(0.8
(0.5
0.¢

R N
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Tacory ci the hot yice anemowcter

1.0 Steady Tflow

It was showm by King9 that tae rate of heat loss/wire length for a
heated wire of diameter D could be exoresscd as follovs:-

/ e
i = Ak+B‘/-I~{'%-& (l{%—E)V’V.D N ¢

+3
1
z

=4

= F(pv) I.'Q.C..'.-......QIIOOIOOIQOOO(Z)
where A = constant
B = constan

Ky = spccific heat at coastant

pressure

D

[}

vire dismeter

H = ratc of heat loss/fvirc length

F(pv) = function of prossurc and velocity
k = cocfficicnt of heat conductivity
p = fluid density
V = wvclocity
P = Pressure
i = coefiicient of viscosity

T = equilibrium temperature attained by heated
wire in fluid stream

Tp = equilibrium temperaturc attained by unheated
vire in fluid strcam

Zevating heat loss in a wire of length I with the heat Produced
by electrically heating the wirc of resistance R vith a current of '
amps we may write;-

IR = (T-—_TE>L ?(pv) B )

If Ry is the resistance of %the wire at a temperature Ty, and if
do 1is the temperature coefficient of rcsistance we way replace che temper-
aturcs T and Tg in Scuation (3) with equilibrium resistance valucs for:=-
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. . o
l{"‘RE = P\o 30 (-E"U:E}) oo‘.'t'--o.-nl.ol.oo‘.'o".(l"')
Thus

27 = Ro2 o, riov)

.-ao-v-o‘oo-o-o.oo..o“!'())

+L %I{:" -
° R Y
j(pV) = ""‘““J-:?""""d}'?" \J /E"-"“\ .-uo-.a-.oooooov-'.l'(G)
L ECEEN

Thus if for o siven wire ths resistaace ratio is kept constant I'(pv) is pro-
portional to the current squarc,

A

2.0 Rapid small flov fluctuations,

If the hot wire is vlaced #a an air strcam in which s12ll rapnid {low fluctua-
tions occur, then rf is the perturibed nature of rosistance corresponding 1o
a veclocity fluctuation,

Then
2 L - § L D.rp
I"rg = ———— Q= Rm ) I . rp k- 3
to Ho Ro ao
el drp (7)
s e s st s s e e esesscessneBses

GO :w0 at
vhere rp = fluctuation in wire resistance

ar

dv jp = constant

T = mean value of (pv)

v = fluctuation of velocity
S = cross scction area

¢ = specific heat/wait volume

Tuctuation in voltage across hot wirc is given by Ohis Law,



Trus

R €-).

I being assumed constant

Thus for small fluctuations the wvelocit; change is proportional to
a certain linear combination of the hot wire voltaze and the tinc derivative
of the hot wire voltage. By incorporating a suitable compensation circuit
the output of the amplifier e; may be such that:-

&g = G e + Gy de/dt .........-.....................(9)

where e is the hot wirc voltaze and G and & arc prodortional to the
cquivalent terms in (8). In this case the amwlificr outwnut is dircetly
proportional to the velocity change,

3.0 Large flov fluctuations

In the presence of large {low fluctuations, so large as to markelly
change the efTective instantancous resistance ratio, the treatment given in
Section 2,0 is no loager wvalid, Unde. these conditions it is difficult to
calculate a pressure velocity change but if linits of accuracy arc maintained
as within 10 per cent of the nean vcelocity chanse then an aparoximate method
becomes available.,

¢ have from Kiag's formula and Zcuation (o)

t S )
Py --L/ik'ﬂ
A+3,/pVt = il (1Y)
R - §
{
\ o--a.-co-.-ocouco-.ouoao(?O)
H
R”/RE ‘
A+ 3B Vit) = - c— o PYI?
(pv'") Oy ( )J
where V' and V'', ' and R'', I' and I'' are the perturbed values

of' velocity, resistonce and currcnt,

£(I) is a function of current and can include aiy cnd conduction
factors vitich mary have to be consideredil,

Since the maintenance off a constant currenc is a {featurc of the hot
wire anemometer systow used we may mut £(I') = o(I'').

Taus neglecting A for the recuired accuracy,
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In (10) we have:-

(£, ]2
‘R'/K‘T Y /*‘\ Y 1\
S Ve TR | S
yre l K *‘u/( R—\ - 1))
or if V' = Va + AV and V!'!' = Va

(11) war be rowritten as:-

': '\}2
“'/ﬁnf ot
AV = I« }—l:. J‘.l_. /I_{ ""'?"\ o...o-~-'o-(12)
Va \ R/ 2p (R/RE - 1) |

The cnd conduction turms vihica have to be considered in £(I) could
be readily calculated bus arc or minor significancc in the prescnt casc
and arc therefore omitted

In a flov where la
ance ratio is calculated
L3

urothOH ocour tue instantancous resist-
c icn
perturbations arc readl

uutco ia Lcuatica (12), Then large



- 37 -

AFPRDIA III

Alternating blade stress and fluctuating airflow

1.0 Introduction

The responsc of the rotating bladc to flow fluctuations along its
length cannot strictly be calculated wiless the puase, nasaitudc and har-
monic content of the flow fluctuations are o along the Llade lengt
and the dynamic response of the blade is also knowa.  These orc in general
not known so that some ap -rocdimate method of computalion rust be adowted,
Of necessity one has to divide the tcst results iato threc rain tyoes.

In the first type the flow is such that the rotor stage is badly stalled
and large flow fluctuations are present, in the sccond type the flow fluct-
uations are comporatively regular and arise through rotating stall cells,

in the third typc the rotor stage is overating at or near its design point
and the flow fluctuations are ordered hut srall and spasnodic, The regions
of rlow are not clearly marked and there are bands of unstable low con-
ditions in between the three regions.

2,0 Alternating stress

The gzas bending, stress ariscs throuzh the work doae Ly the blades
upon the air passing fthroush the row. If the nmean mcasured temperature
rise whrough tie rotor stage is AT then for a iven blade the gas bending
stress (q¢) is given by~

q = MAT where I is a constant

If we consider the conditions on mean diameter we have11:-

Xp AT Va (4 tan )
= o— Ci -~
v U 1 %
and
U
-~ = tan gy + tan o
Va
where Kp = specific hecat at constant pressure
AT = stage temmerature rise
U = peripheral speed at mean diameter
Va = nean axial velocity
ao = air angle from inlet guide vanes
ay = inlet air angle to rotor

ap = outlet air angle from rotor
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If we assure that the fiowv ©

luctuations may be regarded as fluctuations
in the mean axial velocity thea by diffe

erentiation we may write:;-

AV ( > R }

Aq
a  Va KpAT !
d (t w = Lan «
where P = ( &n G _,.._"...-.-‘?.)ﬂ.

d (tana )

Both Ag and AV hovever arc harmonic coOmpOncnts.

Thus

Ag = Aq cos 27t

= 0o
?_. i 1,
L AVp cos b

n=2o0

and AV

J

culate thac rexgdinm alte:
the harmonic content of the cxeiting disturbances must also be Imowi, The way
of aprioach vidcn woviaes € iest method iz taet of altu;-zating current
theor wiere ,tac respoase of o tumed davjped circuit to an exciving frequency

is well lxoovm”,

craacing, stress at tioe DlddC frequcncy

[ea

If L iz %he inductance; R the resistance and C  the capacity con-
neched in series in aa electric netiork then 1i'  the quantity of charge flow-
inz ia thac circuit is given by:i-

REER _dit i1 )
L e 4 Booeme 4= = Fo cos nt
a % C

At resomance n = w where w is the natural frequency of the circuit and
the voltaze across the inductance and condensor is ] tines the apnlicd voltage,
“here n % w the response of the circult can still be calculated from the
wadversal reaponsc curve,

Tn mechanical svstems the differential e untion has a sinmilor form bub
the tio cases namely lowr and nig rotatiosnnl speeds must be considcred sep-
rately for the rotatiaz blade,

&

2.1 Low specd operation

At low rotational speeds the bhlade moves to some extent in its root
fixing, we shall assume t‘:at this is affccting a rollin, action then the blade
vibrates s0 thas if I is thc moment of incrtia of the blade, d the corwined
root damping «nd air dazplag aad K the Coulomb damping ve have: -

1 + 6l K = T sin nt
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p = insity

3 | 3

V = wvelocity
C = chord
Cp = aerodynamic force coefficient
@, = air inlet angle
¢ = length of the blade
i
d, = eir damping = 4 |gVO -a-c-gj i
m

drp = root damping

a = d +dg

The sharpness of the response pesks "Qp" may then be calculated as
follows: -

2rf o I nk? . 2nf

Qr. = =

L a a + de
where f = the natural frequency of the blade

mk® = the moment of inertia of the blade

Qr = the response

242 High speed operation

At high speed the movement in the root fixing is negligible so we may
consider the whole demping to arise from the air demping and the equation
of motion becomes ;-

n =w

MR+ dax + kx = O F sin nt
A
n=o

where 3} is the effective mass of the blade.

The sharpness of the response peak 'Qg' may ther be calculated as
follows:-

¥ . 2xf
dp

The 'Q' factor can be considered as the stress magnification factor,
the experimental velue of ten found for Q with a blade of samilar mass,
root and aerodynamic form was used throughout the celculations at medium
speeds,
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2.3  Heighting factor

The distribution of the flow fluctuations over the blade length is
not uniform but increases greatly from mean diameter to rotor tip when the
rotor stage is partially stalled at speeds greater than one-third design
speed., A weighting factor must then be introduced to convert the flow
fluctuation measured at 0.8 blade length to an equivalent perturbation
over the whole blade. A factor of 0.£3 was chosen as a weighting factor
at speeds greater than one-third design speeds., Below that speed no
welighting factor was assumed,

5.0 Analysis of hot wire records
3.1 Random fluctuations - low speed

The treatment outlined in the previous paragrephs assumes that the
frequency distribution of the disturbances is known, At low speeds
(less than one-third design speeds) this is not true, for the fluctuations
are random and irregular so that a complete harmonic analysis becomes
impossible. sccordingly the fluctuations were meaned over intervals of
approximately a half period of blade vibration for four engine revolutions,
the root mean square deviation was then found. This method of sampling
includes all frequencies from about zero to that of blade frequency so
that the assignment of a response to this broad band is of doubtful
validity. sfter consicderation of this band width an effective value of
o' of 1.0 was assumed.

3.2  Random fluctuations - medium speed

At medium speeds the "rendom fluctuations", when the stall cell
fluctuations break down, were analysed using a third octave filter tone
spectrometer. The distribution of cnergy in the frequency bands near
the blade frequency was tien considered to yield an effective Q of three.
This ef'fective , of three was then used in the enalysis of the few points
on the medium speed when the stall cell formation broke down into unsteady
flow pulsation.

3.3  Rotating stall cell fluctuations

\'hen rotating stall cells were present the harmonic content of the
flow fluctuation was fairly accurately known so that the effective gt for
the first and second stall cell orders could readily be calculated as
stated in paragraph 20, The §, assumed at resonance, was taken as ten
from another test upon a blade of similar weight, frequency, aerodynamic
design and root fixing.

k.0  Aerogymamic considerations
Since the aerodynemic response of the rotor blade to flow fluctua-

tion is unknown, the factor 'P' is unknown; we have therefore to assume
suitable values., ‘'here the first stage is badly stalled ot and below

3l per cent design speed an arbitrary value of ten is assumed. ‘There
the rotor blade only partially stalled we shall assume that the vector
mean angle is effectively unchanged. T:ith this latter condition P

becomes equal to 2,
5.0 Conclusion

The whole epproximate analysis can then be written -
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Aq & P )
—— e Y]" U — emm———
q Va Q' (W.F) < 1 P Kp AT

i

where Aq = alternating blade stress
q = steady gas bending stress
AV = fluctuation in mean axial velocity
Q! = effective stress magnification
W.F = weighting factor
d (tan a; - ten ap)
P = ratio between differential coefficients
d (tan aa)
U = mean diemeter vrotational speed
Kp = specific heat at constant pressure

AT = stage temperature rise
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