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SUMMARY

his Memorandum describes an investigation into the flow fluctua-—

tions occurring in two mismatched stages in the N.G.T.E, 106 low speed

COMPres3s0r.
surging and uns

operating in a mismatched

Tts purvose is to contribute tn a general understanding of

;eady Tlow phenomena in full scale compressors when

condition.

llot wire anemomcters were used to examine the fluctuations,

measurewnents being mede befrre and after each Llade row at seven flow

coefficients.
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speed but

three cells rotating ot the
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wes found that before surge was reached, random fluctuaticms of
un to nearly 30 per cent of the mean velocity occurred, the

tending to incresse as surge was spproached. The major surge
of a singlc stall cell rotating at 35 per cent of the compressor
this was preceded by a less noticeable surge which consisted of

.

same speed. The flow in the annulus outside

calls was sound to have a cyclic distribution, with an amplitude

o1' the order of 5C per cent of the mean velocity, the cells occurring in

the regions of lowest wvelocity.

The

occurring

resulie genersally eumphasise the complex nature of the {lows

in the surge and near surge cenditions, and the dependence of

stell cell propvagation in one stage on interference [rom neighbouring

stages.
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1.0 Introduction

The work described in this Memorandum is part of a general examina~
tion of compressor surge, and is a continuation of the investigation
reported in Reference 1. This reference reports tests ¢n the effect of
inter-stage spacing on the surge behaviur of two mismatched compressor
stages, of which the second had the lower surge flow coefficient when
tested separately. At the smallest spacing of the tests, the stages
surged at the separate surge flow of the second stage, the surges of the
séparate and of the combined stages all producing a similecr sound, a
steady pulsation of approximately 10 c/sec,

At a somewhat higher inter-stage spacing e secondary surge was
observed to precede the main surge; it was characterised by a more rapid
pulsation and resulted in o smallier discontinuity in the pressure rise
characteristics. For convenience this seccondary surge is referred to
as the "rapid pulse" surge as distinct from the primary or "slow pulse"
surge.

The object of the present investigation was to make a detailed
examination of the flow fluctuations associated with the various surge
conditions in the two-stage tests at the higher spacing, a similar exami-
nation being carried out on the first stage when tested alone, for pur~
poses of comparison,

2.0 Apparatus

241 The compressor

The 106 compressor is described in Reference 2, It is a low
speed multi-stage machine of constant annulus dimensions and a diameter
ratio of 0.75. The blade heignt is 2.5 in. and the mean diameter
17.5 in. At the normal running speed of 1500 rev/min, the mean diameter
blade speed is 11L4,5 [t/sec, and the blade Reynolds number based on this
speed and the blade chord is 0,65 x 10°, The blade chord is approximately
1.1 in, and the mean diameter pitch/chord ratio is 0.85. Any number of
stages up to eight can be employed and the inter-stage spacing can be
varied within linits.

In the present tests, the blades were of medium stagger free
vortex design with 50 per cent reasction at mean diameter. Design details
of Stage 1 are given in Appendix I. Fir Stage 2, the stagger of both
rotmr and stator blades was numerically increased by 15°; +the axial '
spacing between Stage 1 stator blades and Stage 2 rotor blades was approxi-
mately five blade chords.

Figure 1 shows the general arrangement of the compressor assembled
with two stages and Figure 2 the leading dimensions of the blading.

2.2 Het wire anemometers

Two hot wire anemmmeters, 132° apart, were placed before and after
each stator blade row as shown in Figure 2. An additional anemometer was
placed after the first-stage rotor blade row. TFigure 2 also gives the
identification code for ths anemometer positions. Fach anemometer could
be traversed across the blade passage; for these tests, three radial
positions were sclected, 0.5 in., from the outside diameter, G.5 in, from
tne inside diameter, and mcan diameter,
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The active element of the anemcmeter consisted of a tungsten wire
0.0004 in. in diameter, and 0,08 in. long, of approximately 2 ohms
resistance at room temperature, scldered across pin supports, as shown
in Figure 3. The supply and measuring circuit is also shown in Figure 3.
The wire heating current, drawn from lead acid accumulators of large
capacity, was effectively constant and was adjusted so that a fixed ratio
was maintained between the mean resistance of the element when it was hot
and when it was at the temperature of the air flow, Under these conditions
the output from the hot wire could be interpreted. The outputs were
recorded by means of a six~channel cathode ray recording unit.

The simplified theory oi' the hot wire anemometer is dealt with in
Appendix IT.

2.3 ther measurements

Mess flow was calculated from the velocity head in the outlet ducting,
measured sufficiently far downstream to be unaffected by the surge flow
fluctuations. A calibration was derived in the unsurged condition from
the inlet static depression, which possessed a known relationship to the
mass flow, This relationship had been found not to apply during surge,
and tius could not be used directly in the present tests.

Temperature was measured at inlet by means of a mercury-in-glass
thermometer, and speed with a Hasler hand tachometer.

The aerodynamic characteristics of the blading had already been
determined and reported in Reference 1, but check pressure measurements
were taken during the present tests by means of pitot combs placed after
each stage

3.0 Test technicue

The two-stage build was tested first, the flow fluctuations being
recorded at all positions, at each of seven flow coefficients. The
compressor was then rebuilt with the first stage only, and the tests were
repeated at the same flow coefficicnts, the anemometers at position B!
in Figure 2 being omittied.

The flow coefficients of the tests werc selected with relerence o
the aerodynamic characteristics of the stages as reported in Reference 1.
Figure 4 shows the characteristics as obtained in the two stages when
tested together and Figure b those for the stages tested individually the
flow coefficicnts oi' the present tests also being indicated, 4 descrip-
tion of the nolse emitted is given at the top of the figures, the hatched
arcas represcnting the surge discontinuities,

The anemometers were yawed so that the tungsten wire was at
right angles to the axial direcction. Thus the fluctuations mecasured
were substantially those of the axial component of the velocity.
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The following table relates the pesitions of the test flow coeffi-
clents to the flow conditicns of the compressor.

Va/y Ltemarks
Stages 1 and 2 in series Stage 1 only
0.55 Unsurged * Unsurged
0.51 Unsurged Unsurged; near start of

slow pulse surge

0,46 Ungurged; near stert of Slow pulse surge starts
rspid pulse surge '

0.35 Rapid pulse surge Slew pulse surge

0.285 Slow pulse surge starts - Slow pulse surge

0.25 Slow pulse surge : Slow pulse surge

c.0 ‘ Slow pulse surge Slow pulse surge
4.0 Test results

Lot General

As described in Section 2.2, records were tsken at three radial
positions. Within the generel limits of accuracy of the tests it was
found thuat the mean diameter conditions were swiiciently representative
of those over the whole blade height. The comments in this section and
the reccrds repreduced in Figures 7 to 17 are thercfore confined to the
mean diameter conditions.

In all the records, the lcwer trace was provided vy a tachometer
generator, cne cycle represerting one revolution of the compressor rotor,
i.e. 0,0L seconds in thege tests. On the remaining traces, positive
veloclity increments are measured downwards.

The anemometer positicns for each trace are indicated in the
Figures, the numbering system being shown in Pigure 2,

L2 Accuracy cf' recerds

[sa R/

There are several factors which prevent the records from being

exact (i.e. linear) reprcsentations of the time variation of the air velo-
city at the het wire. The first of these is that the relationship between
change of velocity and change of wire resistance is linear for small
changes only (see appendix II); those experienced in these tests were
cemparatively large. Alse, if the fluctuations are so large as %o

reverse the dircetion of flcw, the reverse velocity is shown on the records
ag being of positive sign, the hot wire respending to magnitudes only.
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Another factor is that the response of 2 hot wire diminishes with
increase of frequency of the iposed velocity fluctuations. This is
because of the lag caused by heat storage in the wire, It is discussed
btriefly in Appendix II, There is alse an accompanying phase change,

Finally, the frequency respounse of' the amplifiers may distort the
recerds. This was the major cause cf distortlon in the present tests.
Idnally, the amplifiers should be such as to just compensate for frequency
response of the hot wire. With the amplifiers available ror the present
tests, however, the lowest frequency ccomponents of the velocity fluctua-
tions were recorded ca a scale of the crder of one tenth of that of the
highest frequencies. Figure 6 has been prepared to illustrate this
distortion. In the upper dragren o typical record of a stall cell is
shewn while the lower diagram shcws the sane record with an approximate
correcticn made for the amplitude cistorticn.,  Another kind of distortion
which may be present is a vhase shif't Deiween the high and low frequency
compenents, this resulting in an incorrect positioning of the high
freuency region in Figure 6 in relation to the low frequency component,
The high frequency region, walcli is the actual stall cell, should be
shifted towards the trcugh of the low frequency component.

hes Twmes of recoxrd obtained

The records are described in detail in the succeeding sectilons;
they can pe divided into two mein cateporles - random perturbations and
rotating stall celis, TFerturbations in the velocity occur at {lows
considerably larger {han the surge flow; they appear to be completely
irregular, as regards timing, amplitude, and distripution in the amnulus,
Flade wakes can be detected on the records as a high frecuency fluctua-
tion., It is shown in succeeding sections that rotating stall cells
ceeurred whenever the comprecsor wes sursed; they were dstected by
comparing the records of two or mere onemcmeters spaced round the annulus,

The lower diszgram of Figure 6 shows o typicel stell cell record
corrected for amplifier distorticn, It crneists essentially of two parts -
' tual stell cell indicated by the complex region of high frequency
fluctuations, and the lew frequency suing on whicn the cell is superimposed.
[nis low frequency swing indicetes that even where the blades are unstalled,
there is a considerable variction of velocity with circumf’erential position
at any instant, or with time at any pesivioun. The internal structure of
the stall cell is seen to be complex. The varietions of axial velocity
axe probably cGue tc interectlon of stalled tlade wakes, and represent
changes in both magnitude and direction of velecity, medified by turbulence
ef'fects.,

et

Ixamination of the reccrds zhows that in most cases, there is a
variation of characteristics (width, amplitude, shape etc.) from stall cell
to stall cell, and in the same stall ccll os it travels round the annulus.
A theoretical concept of a stall cell as an invarisble region of reduced
velocity and simple shape travelling vnirormly round an onnulus containing
etlerwisce vndisturbed flow would tims be highly simplified.

Loy Two-g*toge tusts — details of records

In the fellewing sections the amplitudes cuoted are measured from
the negative peskc to the positlve peeks, and ore expressed in terms of the
mcan axiol velocity, Beceuse ~T the gencral irregularity of the traces,
the valuces guotca are nocessarily aprroximate and represent orders of
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magnitude; in the case of stall cells they refer to the low frequency
swing only.

Va/U = 0.55 (Figures L and 7)

This is a point well cut of surge, voth blade wakes and lerger
perturbations at irregular intervals can be detccted. The wakes eve
represented by variations of about 1 per cent of the mean axial velocity,
while the perturbations are af 3 to 4 per cent magnitude, at cll anemometer
positions,

Va/U = 0,51 (Iigures 4 and 8)

AL this flow, the compressor is still well out of surge, Here
again the blade wakes are ol about 1 per cont magnitude, with randem
perturbaticns zf 3 to 5 per cent.

Va/iy = 0.465 (Figures L and 9)

This point is near the onset of the rapid pulse surge. The blade
wakes wre of about 2 per cent magnitude; the perturbations still appeer
to be rendom, and have increased in emplitude to 1C per cent after the
first-stage roter, 20 per cent after tle Ffirst-stame stator, and 4 per
cent af'ter thes second-stage rotor and statcr. The perturbations are thus
greatest in the r'irst stage which is operating at a flow lower then its
single-stage surge value (Wigure 5).

Va/;p = 0.35 (¥Figures 4 and 10)

At this flow, the rapid pulse surge is occcurring. The records
show this to consist of t.xree stall cells rotating at 35 per cenv ol the
rotor speed, in the same direction as that of the rotor, end of 20 per
cent amplitude. They extend through both stages, but vary in shape from
point to point in the same stage and from stage to stage. The stall cell
width is approximately 90°,

Va/y = 0,285 (Figures L and 11)

At this flow, the slow pulse surge is fully establiched. The
records show that it consists of one utcll cell rotating et 36 per cent
of the rstor speed. The amplitude is spproximately 50 mer cent af'ter the
first rator row, 30 per cent af'ter the first stator, 30 per cent aftcr the
s2cend rotor and 50 per cent after the second stator. Tha stall cell
width is rather varieble, but after the first-stage stator, a typicel value
is 185°, and after the second-stage stabor, 140°.

Va/yy = 0.25 (Migures 4 end 12)

The single stall cell persists at this flew, the rotational speed
being ebcut 34 per cent of the reotor speed. The amplitude is about 50
per cent at 11 pasitions; the stall cell width is abeaut 180° after the
first stator blade rew and 145° efter the second stator row. The stall
cell shspe is still irrecular end complex.,

Va/U =0 (Figures L and 15)

his is the clesed throttle pesiticn and is included Tor completeness;
the conditions in the compressor will obviously be for removed from the
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normal condition of predominantly axial flow, and the records given by the
hot wire anemometers are of doubtful sipnificance, since nc indication of
flow direction is given. The records indicate perturbations of 35 te 4O
per cent amplitude; thore is no definite stall cell pattern. The com-
pressor emitted audible pulsatiens however, these being probably connected
with the increases in amplitude which occur at about every threc revolu-
tions (see the lewer two traces in Figure 13) and which represent the
final state of the stall cells.

4.5 Single-stage tests — details of reccrds

The gencral remarks at the begimnming of the previous section also
apply to the single-stage tests.

Va/y = 0.55 (Figures 5 and 1k)

At this flow the compressor is not surged, but is near the peak of
the pressure rise characteristic, The records show random perturbations
of about 3 per cent aumplitude with blade wakes of 1 to 2 per cent.

Va/yy = 0.51 (Figures 5 and 1L)

Phig is a point on the low flow side of the peak of the pressure
rise characteristic, and is situated just before the rnset of surge. The
perturbations have increased to 5 to 6 per cent amplitude; the blade
walkes arc eagain of 1 to 2 per cent amplitude.

Va/y = 0.46 (Figures 5 and 15)

At this flew the surge of the stoge has commenced. The records
show one stall cell rotating at 35 per cent of tle rotor speed, the cell
width being approximately 9%°; the amplitude of the low i{requency swing
is 50 per cent. The stall cell structure is again complex.

Ve/yp = 0.35 (Figures 5 and 15)

The single stall cell persists rotating at 36 per cent of the rotor
speed. The amplitude is of the same order as before but the width has
increased to 142°,

Va/17 = 0.25 (figures 5 and 16)

At this flow, the stall cell speed is 35 per cent of the rotor
speed; the lew frequency swing amplitude varies between 55 per cent and
70 per cent, depending on the anemometer position. The cell width is now
about 163°,

Va/j = 0.25 (Figures 5 and 16)

There is little change in the lew frequency amplitudes but the
stall cell width has increased to sbout 200,  The speed of rotation is
34 per cent of the rotor speed.

Va/y = 0 (Figures 5 and 17)

As in the two-stage build at zero flow, the stall cells have
disappeared arnd have been replaced by random perturbations, the magnitude
being 20 to 3% per cent. After the stator blades there are indications
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of a comparatively regular periodic increase in amplitude, this probably
being responsible for the audible pulsations and representing the final
state of the stall cells.

5.0 Discussion

Summarising the foregoing, the tests show that at flows prior to
surge, the first sign of irregularity in the flow conditions is the
occurrence of random perturbations of velonity, these increasing in magni-
tude as surge is approached. There is no indication of the presence or
these perturbations shown in the pressure rise characteristics, at least
within the limits of accuracy of the tests on Referense 1; there are for
instance no discontinuities to be seen. When surge occurs the rotating
stall cells are suddenly established with accompanying discontinuities in
the pressure rise characteristics. The stall cells occupy the whole blade
height and extend tlwough all blade rows.  The "rapid pulse" surge of the
two—stage tests consists or three stall cells rotating at 35 per cant of
the rotor speed and occurs at flows where the first stage tested alone shows
a single stall cell surge, and the second stage tested slone is unsurged.
The "slow pulse" surge in both single and two-stage tests consists of one
cell rotating at approximately the same speed, whicli, as in the case of the
rapid pulse surg:, is substantially constant for all flows.

The records show that the internal structure, i.e. the velocity
profile, of a stall cell is romplex and varies not only from blade row to
blade row but also at differant points after the same blade row.  Apart
from the stall cell itself, the flow in the remainder of the anmulus is
considerably distorted from the pre-surge uniform disiribution; this
distortion has been called a "low frequency swing" in this Memorandum, the
stall cell occurring in the minimum velocity region.

The effect of reduction of flow coefficient on the low frequency
swing amplitude and width of the stall cells in the slow pulse surge
condition is illustrated in Figure 18. In the single-stage tests,

though the amplitude of the low frequency swing tends to remain constant,
the stall cell width increascs uniformly; this latter curve has been
extrapolated to 360° at zero flow, on the assumption that at zero flow
the cell extends over the whole circumference. This assunption is not,
however, regarded as possessing universal validity. For the two-stage
tests there areinsufficient points to justify any general conclusion on
changes of the stall cell with changes of flow coefficicnt; but con-
sidering conditions after the first stator blade row, at a flow coeffi-
cient of 0,25, the cell width and the amplitude of the low frequency
swing are reasonably similar in both the single and two-~stage tests. The
presence of the sccond stage operating at a flow cocfficient at which it
is surged when tested alone, has apparently had little effcct on the first-—
stage conditions.

In none of the tests is there any indication of the attenuation of
the stall cells through the second stage; this might for instance have
been expected at a flow coefficient of 0.35, where in the single-stage
tests the first stage exhibits a single stall cell and the second stage is
unsurged. Instead, threc stall cells extend through both stages without
observable attenuation (Figure 10).  Unpublished work at N.G.T.E., howewer,
has shown that in certain cases of mismatching of multi-stage compressors,
such attenuation can ocour; i is probably a function chiefly of the
degree and distribution of mismatching througnh the stages, the required
conditions being unfulfilled in the present tests.

There is at present no generally accept.-d theory on the factors
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governing the number of stall cells in an anmulus. Figure 12, which is
based on earlier tests reported in Reference 1, shows the effect of varia~
tion of inter-stage axial spacing on the rapid pulse and slow pulse surge
flow coefficients. Tt is probable that in all cases the rapid pulse

surge was caused by three stall cells, and the slow pulse surge by a single
cell, At tbe lowest and highest spacings the three cell condition 4id not
occur, It is thus apparent that the occurrence of any given stall cell
configuration depends partly on the inter-stage spacing, although there are
probably several other important factors. Lt zlso follows tnat single-
stage tests are probably of little value in the assessment of stall ccll
propagation in a multi-stage compressor. This has an important bearing

on the planning of future reseerch work, It has been observed on this
compressor, in tests using up to six stages of conventional blading with
normal axial spacings in both metched and moderately mismatched conditions,
that at the {low generally recognised as the surge ilow, audible pulsations,
similar to those of the slow pulse surge, are heard (see for instance
Reference 3)., The nresent tests thus sugyest that the usual surge on this

2

compressor 1s associated with a single rotating stall cell,

The present tests do not sugeest any criterior for the inception of
stall cell regimes. Reference 4 however concludes that stall cells occur
when the slope of the overall pressure rise versus flow coefficient curve
becomes zero or positive; +tnis is of course a well known critcrion for
one-dimensinnal stability in compressors, end is developed for instance
in Reference 5., This conclusion is based on single~-stage iests. Exami-
nation of PMigure 5 does not support this theory for the present stages
when tested separately; surge is seen to occur ror both ctages at a
lower flow than that correspending to the peak pressure rise.  Figure &
shows that the repid pulse surge apperently causes a discontinuity in the
overall characteristics of tie ¥wo siages in series but there is no indi-
caticn of a significant change of slope prior to this.  The inception of
the slow pulse surge occurs after the overall charscteristic has already
exhibited a small poszitive slope. The results cbtained in this region
(i.e, when the rspid pulse surge is present) should be treated with reserve
however, as the stall cells probsbly affect the measurcmenis of pressure
rise to some extent.

6.0 Conclusions

A stage of free vortex blading has been tested in serics with a
similar but re-stapggered stage, and alone, In the two-stage tests the
stagger of the second stage was such as to give a lower surge {low when
tegted individually, the ianter-stage spacing being approximately five
blade chords, The flow fluctuations associated with the various surge
or near surge conditions were examined by means of hot wire anemometers.,

It was found thet at flows prior to the first recognisable surge to
occur, random perturbations in the flow occurred, increasing in amplitude
as the flow coefficient was reduced; the highest amplitude was recorded
in the two-stage tests and was about 30 per cent of the mean flow wvelocity.

In the two-stage tests, the first surge to occur, described In
Reference 1 as the "rapid pulse surge", was found to consist of three
stall cells rotating at approximately 35 per cent of the compressor rotor
speed. At a lower flow, this changed ebruptly to the "slow pulse surge",
which consisted of a single stall cell rotatiug at cbout the same speed;
at all conditions the stall cells extended tarough Loth stages, and over
the whele blaae height.,  The slow pulse surge resulted in a nuch larger
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discontinuity in the pressure rize characteristics than dic the rapid pulse
surge. In the single-stage tests, the rapid pulse surge dad not occur;
but the slow pulse surge again consisted of a single cell rotating at about
the same spced.

ine cells themselves appesred os rsgions of complex and variable
velocity distributicn, but externally to them the circuaferential distri-
bution of velsciby wos cyclic, with an amclitude cf the order of 50 per
cent of' the mzan velecity, the cells occurring in the regions of lcwest
velocity. In the single-stage tests, reduction of flow coefficient
tended to increase the stall cell width, wilhout much change of the ampli-
tude ~f the velocity distribution outside the cell.

The investigation gener.lly, teken in conjunction withs that of
Reference 1, serves to euphasise the im-ortance of inter-stage spacing and
stage mismatching as centributory focters deciding the occurrence and type
of stall cells and alszo indicates thet single-strge tesits would be of little
direct ascistance in the assessment of stall cell wropagation in o multi-
stage compressor.
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NOTATION

blade speed
axial velocity
total pressure rise

density
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AFPENDIY. T

Blade design detsils

The blades were of free vertex design (design
50 per cent reaction at mean diameter), with details

tion was Cl on circular arc camber lines;

the mean redius 8.75 in.

The rotor has fifty-eight bledes and the stator sixty so that with Hiade
chords of 1.1k, 1.10 and 1,06 in, at ront,

details are as follows:~

the blade

flow coefficient = 0.667;
as below,
height was 2.5 in., and

mean and tip regpectively, the

{ Hdotor

| r/rm 0.87L 1.0 1ol
B4 39.2 46,5 50.5
Fs =345 1540 32.0
e 42,7 30.9 18.6
s/c 0.726 0.862 1,020
t/c 0.12 0.10 0.08
Lo 55 234 37.8

Stateor
r/rm 0.860 1.0 1,125
£s 52.0 46,4 42,2
Pa 18.6 15.9 10
6 35,0 50,2 28.2
s/c O, Vil 0.833 0.905
t/c 0.10 0.11 0,12
o 26.7 2544 2141
Inlet guides

r/rm 0.66 1,0 1.125
Bs 0 9] 0
Ba -31.6 -28.2 -25.9
& 31.6 28,2 25.9
s/c 0o 7hL 0.833 0,905
t/c 0.10 0.11 0,12
a . 26.7 23.h 2141

For Stage 2,
numerically by 150.

the stagger of the rotor ani stator blades was increased

The sec-
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APPENDIX IT

Theory of hot wire anemometer

constant representing radiation and free convection losses
from hat wire

constant representing the physical dimensions and properties
of the hot wire and fluid

constant representing the heat capacity of the hot wire
rate of heat loss from the hot wire

rate of heat storage in the hot wire

rate of electrical heating of the hot wire

electric current in the het wire

electric current when fluid velocity is zero required to
heat wire sufficiently to bring its resistance to mean value
attained during a given set of fluctuation measurements
electric current during fluctuation measurements

electrical resistance of hot wire at temperature T

electrical resistance of hot wire at reference temperature T,

electrical resistance of hot wire at temperature of fluid
stream (Tg)

temperature of hot wire

reference temperature in definition of temperature ccefficient
of resistance of hot wire

temperature of fluid stream

velocity of fluid stream

temperature ccefficient of resistance of hot wire
increment cf quantity X

time average value of quantity X

Then, when the hot wire is immersed in the fluid stream, Reference 6
shows that the rate of less of heat may be expressed by:-

H

(o + BYV) (T -Tg)

The rate of heat storage in the wire is given by:~

H(

car
dt °
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The rate of electrical heat input is given by

H' = I’R
Then, at any instant,
H' = H' + H
i.e. TR = %‘ET- + (A +3VF) (T - Ts) .

If the het wire has a small ensugh heat capacity, and/or the fluc-
tuations in velocity and therefore temperature are sufficiently slow, the
heat storage term may be neglected, and the equation becomes:-—

IR = (A+ BYV) (T - Tg)
Now, R -R, = uRuT ~Tg)

Thus, substituting for (T - T.),

°R - aRE
R - Rg

= A+ BYV

To £ind the effect of a small change in V, we differentiate,
remembering that for ihe present tests

constant

1

I = I,

!

- (R - Pa -
Then T,° a Ry {h \;) = «BexV-? %% .
L (R - Rg)

For establishing the relaticnship between @V and dR it is sufficient to
substitute R for R and V for V.

2 —
“LeR ow B

— R 7
l:R/RS - 1]2 s !

In nrder to simplify this expression, we introduce the current I, which is
the value required st zero fiuid velocity to bring the resistance of the
hot wire to the mean value abserved during the flow fluctuation measure-
ments, It is conveniently measured at the end of a given set of tests.

Then

2
T R aR
Then, —£E:~—i———£ = A+ 0O
R o~ Rs
2 T o R I, R aR -
and thus ! L = ‘ LA BVCG

B~ RBg ! = Ry
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(1,7 =1,°) Rpa =—2— = 377V .
Therefore, substituting for Bjﬁﬁ s
21, a R =
- . ,
_.__:_________:‘,; . %B- = -%Y- . (112 - IOE) Rra.:_R:_—-
[R/RS - 1] s T - B,
_ av -2 1,2 d /R
LeCe T = P - -
v I, -1, (R/Rg = 1)
, 2
i.e _é.y. = dR . - 2 I1 1
v R 1,7 -1 (®Rg-1)
L . R . s dav dR N
This is a linear relationship between ¥ and T In the tests, the

R . . L. . . ;
value of = 1is indicated by the measured voltage across the hot wire cnd
iad

the current,

For large fluctuations, it is not sufficient to consider differen-
tials., Instead, we consider finite increments on the time average values
of Vo and R, In order to make tne algebra more tractable, we neglect the
constant A, This is permissible when the radiation and free convection
losses ere smsll compared with the forced convection losses.

s —
I RakR e
Then, % - BYF
R - Ry
,? B+ M) o R -~
ond  ——— L - VT 4av.
R + AR - Ry
. (R + oR) (R = Ry) T+ AV
Then, — - = =
(R + 4R ~ Rg) (R) v
2 Rz
(14-@5) v —-:§>
. N R R
i.e, — = . -1,
v < R Rg)
1+‘:-—'—::-)
R R

Thus the relationship -%g and
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When the frequency and/or the heab capscity of the wire are rela-
tively high, the heat storage tevin can no longer be neglected, It has
the effect of reducing the amplitude of thie resistance fluctuations as
compared with the low frequency or steady state value, and also of intro-
ducing a phase retardstion. Tt 41s discussed in detail in References?,

8 and 9., For small fluctuations it can be shown that ithe amplitude is
reduced in the ratio 1/ V1 + Lx® £2 M? where £ is the frequency and M is a
function of the wire resistance, the temperature coefricient of resistance
and the heating current., The phase retardation is tan™ 2nfM,

Methods of compensation for tne hest strrage effect are discussed in
Referencea 7, & and 9.  In the present tests, it 1s considered that the
effect became seriocus at frejuencies above about 500 cfsec. The funda-
mental stall cell fre-pencies were approxinvately 9 and 27 ¢/ sec for one
and three cells respeclively, while the blade wake frequency was about
1500 o/sec. As expluined in the text, the distortion from the amplifier
system complietely eutweighed that frem the heat storapge effect in the
present tests,
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