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SUMMARY

This report contains a description of a large three-stage compresscr
which has been designed for detail threo dimensional flow investigations.
Particular attention has been paard to the accuracy of measurement on the rig
and it 1s shown that the main errors are due to the unsteady nature of the flow
and to speed fluctuations. Both of these factors are, however, considerably
less than those normally experienced en compressor test work.

The test characteristics of the first set of low stagger free vortex
blading are presented and campared with various theoretical performance
calculationa, Discrepancies between the theorctical and experimental character—
istics arc attributed to low deviations, and to very little degenecration of the
axral velocity profile., Same miscellaneous results, including a description of
the surging behaviour of the compressor and tho effect of blade posaition upon

the measured static pressure are also givon.
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1.0 Introduction

Although the sccondary flow i1n cascades is fairly well understood, 1little
1s known about the more complex sccondary flows which occur i1n axial compressors
and turbines. These flows result in a considerable daffcerence between the

actual performance and that calculated from two dimensional cascade data, and
account for about half the total losses occurring in compressors.

These secondary flows have been described by various authors1’2’3 and
include :=

(i) The shed vorticity resulting from variations of circulation along
the blade, either by design or duc to the velocity profile,

(i1)  Velocities associated with the radial pressure gradients,
(11i) Tip clearance and shroud ring leakages,

(2v) TPlows resultang from the relatave movement of the zmner and
outer annulus walls,

(v) Possible rotor and stator interference effects.

In order to make a detarled investigation of these sccondary effects a
large scale compressor and its associated equipment have been built, A furbine
sumrlar to the compressor and to be driven by 1%, 18 also under construction.

This report describes the compressor and its equipment, and the methods
of making {ihe various measurcments. The accuracy of these measurements 13 also
considered, particular attention being paid to the calibration of the venturi
meter, Some results of a preliminary nature are presented includaing ihe overall
and stage characteristics which arc compared with various theoretical estimates
of performance, The inf'lucnce of blade position on static pressure measurement
and the behaviour of the compressor when surged have also been examined,

2.0 The apparatus

21 The compressor

The main design considcrations woere that the compressor should be fully
instrumentated, of convenient size and power, and corresponding in diameter
ratlo and aspect ratio tothcmiddle stages of conventional compressors.,

A large blade chord was desirable
(1) %o rcduce the pover nceded to obtain full scalc Reynolds Number

(2i) %o permat the usc of instruments which arc small comparcd with
the region being investigated, but large cnough to avoid
sluggishness and difficulty in manufacture,

(212) %o measurc blade siatic pressure dastributions, since the pressure
tappings have to be taken out along the blade througih hypodermic
tubang which must be of reasonable size to avoid sluggishmess.
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An aspect ratio of two and a diometer ratio of 0.7 were considered
reprcsentative. A convenicent blade chord was about threc inches, which gave
a bladc height of six inches, and inside ard outside diameters of twenty eight
and forty inches respectively. The axial pitchang of the blade rows is four
inchcs or one and onc third blade chords so that the axial blade row scparation
1s rather greater than a third of a chord, thus allowing ample room for
traversing instruments,

In ordor to cxamine the effect of an axial velocity profile after it has
developcd appreciably, there are three stages of geometrically similar blading,
therc being o negligible density change through the compressor. Full scale
Reynolds number of 3 x 102 occurs at about 1000 r.p.m, The ncrsc-power under
these conditions for conventional blading will be about one hundred, which will
result in o torque of about five hundred foot-pounds, both of which arc of
convenicnt magnitude to supply and measure with commercially available cguip-
ment. An external side vicw of the compressor is shown in Fag. 1.

In order to avoid interfercnce from the wakes of spiders, an over-hung
construction was used as shown in Fags. 2 and 3, and since there arc only
threc stages and the speed is low 1t was convenient to usc a drum construction
with the support bearing in a cone preotruding within the drum. Thus the
bearing nearcst the rolor was closc to the rotor centre of gravaty and the
whirling speed was greatly incrcased coupared with o mere conventional design.
The construction as mainly of light alley, the rotor being cast aluminium
alloy and in three sections. Both rotor and stator blades are slotted in
peripheral grooves, thus allowing variations of pitch and relative blade
positions in adjacent rows.

2,2 Compressor instrumentation

The compressor is at prescent cquipped to investigate the airflow between
the blade rows and the stator blade static pressure distributions. It 1is
hoped to provide later for static pressure measurements on the rotor blades
and possibly traversing of the stator blade passages.

Traversing the instruments between and relative to the blade rows 15
obtained by rotation of the stator blade holding rangs to obtain peripheral
movement. Fig. 2 shows ihese stator rings, The rigidly mounted instrument
carriage provides radial traversing and rotates the instrunent for yaw measurce
ment., Rach of the stator blade holding rangs rolls upon the outer races of
four singlc row ball bearings held by their centre races and is actuated by a
worm which meshes with a worm wheel cut on the outside of the stator blade
holding ring. The position of the stator blade is indicated by a graduated
daral atbachcd to the worm shaft.

The instrument carrisge s shown in Fag. 4 and can be fitted anto any
of six cqually spaced bosses which are provided on the stator casing betwcen
cach pair of blade rows. A dowel peg located in the boss prevents rotation of
the traverse gear and also serves to fix the zero for yaw measurement. The yaw
measurcment of the traverse gear 1s made backlash free by spring loading the
worm, which actuates the yaw measurcment, anto the worm wheel and fixing the
explorang instrument to a sguare cast iron rod, This slides radially an a
Vee slot ainto which 1t 18 pressed by a phosphor bronze leaf spring, Radial
movement is obtained by a pinion acting on a rack cut on the anside edge of
the cast iron rod, and radial position 1s measured by means of a scalc on the
outside edge of the rod which 1s viewed through a slot in the phosphor bronze
leaf sprang. A vernier scale 1s engraved on the sade of the slot 1n the leaf

spring,



2.3 Qutlet ducting

In order %o cxtend the flow range to include low pressurc riscs at high
mass {lows it s essential that as much of the outlet velocity as possible be
rocovered in a diffuscr, This is the purpose of the outlet ducting, which
also incorporates an airflow mcasuring venturiweter and the throttle. 4
longitudinal section through a4 is shown in Fag. 5.

Immediately following the compressor there is an annmular diffuser of
approximately eight degrees equivalent cone angle which has eight aerofoil
scction spiders to support the contral cone, and with blading having outlet
swirl these would exert a considcrable straightening offect since their piteh-
chord ratic 13 low, The diffuscr outlet darameter is 50 inches and it is
immediately followed by a straightening gauze having about two velocity heads
pressure drop.

After the gauze there is a settling length one drameter long in which a
honeycomb straightener of 10 inches axial length and having one inch square
passages can be placed 2f the compressor has a high outlet whonrl, This is
followed by the venturimeter contractlon which is a sine curve, a convenient
shape wnich avoids cxcessive curvature and changes of slope. The venturi
throat is twenty cight inches in diametor and is fabricated from one eighth
inch thick plate. Static holes were made in it by screwing in brass inseris
which are smoothed off on the inside. The throat velocaity head is daffuscd
through an eight degrec conical diffuscr up to the ontrance to the throttlo.

2.4 The throttle

The ocutlet throttle is shown in Pig, 5 and combines the advantage of
being an efficient diffuser when cpen with that of discharging normal to the
axia of the compressor. This was necessary sance the axial length available
was limzied.

The centre conacal part of this annular throttle is made of wood with a
large tapped brass insert at the centre which moves on a substantial steecl
shaf't having a squarc thread cut on 1%t which mates with the brass nut, The
throttle 18 actuated by & hand wheel attached to the cnd of the shaft, the
hand wheel also acting as a fine position indicator by moving over a graduated
circle behand it. The coarse position of the throttie is read directly from a
scale alongside the moving ceontre cone and attached to the fixed metal outer
part of the throttle, thus the exit area of the throttle was directly propor-
tional to the throttle position given by these rcadings and, as described in
3.3, this was used in conjunction with the throttle pressure drop to measure
the airflow at low flows and high pressure rises,

2.5 The drive

The compressor is driven by an electric motor which is swung to allow
dircct measurcment of the driving torque. The draving motor i1s o level
compound darect current shunt motor supplicd by o motor generator set with
Ward=Leonard control which permits continuous speed varaation from zero to top
speed. The motor is swung by the end-shiclds, as shown in Figs. 4 and 3, in
double row sclf aligning ball races. J4bout seven balls in cach bearing are
touching both raccs at 2 given time. It is shown in 3.1 thot the shaft rotates
about 1ts geometric centre, at lcast for the small angular movement involved in
weighing the torque wath the stiff weighang machaine used and subject to the
small vibration present when running.
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The motor is swung with the feet in a vertical planc as shown in Figs. 1
and 2, The torque on the moior frame 1s transmitted to the springless type of
weighing machine through knife edges which are attached to a short steel bar
which protrudes horizontally from the motor lafting eye socket., The main
armature and the faeld currents for the motor are supplied through mercury pots
directly beneath the motor axis, thus avoiding buoyancy effects on the torque
measurement, due to the slight movement when weighing.

A small gear box 1s incorvorated in tine outer motor and shield from which
two drives are taken for speed measurement. Since the speed measuring devices
are fixed to the motor and not the support, the power consumption is automatic-
ally subtracted from the motor cutput and no correction to the measured torque
1S necessary.

3.0 Measurements

3.1 Input power and speed

Since the maximum temperature rise of the compressor is only three degrees
centigrade and the air is discharged into the room, the variations of inlet
itemperature are of this order. Thus 1t is not cenvenzent to measure the
temperaturc rise directly and 1t musi be calculated from the input power and

mass flow.

The method of torque measurement has been indicated in Section 2.5 and
1t requires the accurate measurement of the effective torque arm and the
calibration of the weighing machine. The weighing machine 1s of the direct
readang dial type and 1t was checked with known weights over its full range of
4LOO 1b,, and no error greater than one fafth of a pound could be found.

The torque arm was measured dircctly, assuming rotations about the
centre of the shaft as 22.02 inches with an error of about X 0.0 anches, In
order to check this value and to determine whether the motor was rotating about
the centre of the bearing, or possibly about each of the ball bearings in turn,
the effective torque arm was found indirectly. Another torque arm was faxed on
the opposate side of the motor and weighis attached to knife edges fixed to it.
Hence, from the measured distence between the two sets of knife edges and the
ratio of the weights and the weighing machine readings, the effective torque
arm and point of suspension could be found, The mean toraque arm found from
four such tests was 22.030 inches and the average deviation from the mean of
the four tests was 0,015 inches., Hence this valuc 1s probably accurate to
better than one part in a thousand, These lests covered different ranges of the
weighing machine and the motor was run at the same tame %o provide a slight
vaibration, such as occurs during normal running, in order to remove any tendency
to stickiness,

The input torque to the compressor i1s then obiained as the difference
between the measured torgue and the torque at the same speed when the motor as
uncoupled. This latter is not zero owing to the motor windage and frictional
effects which are, however, small, The moving parts of the weighing machine
are protected from the motor cooling draught.

The speed 1s measured by two instruments attached to the two shafts of
the motor end shield gear box, One is an indicating tachometer of the conven-
tional aireralt type which 1s used to observe any variations of speed, for
setting tho speed and keepang 2t constant, The other 1s a darect counting
instrument which gives the mean speed over the perioed of a test. This consists
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of a commutator in series with a battery and an electrical pulse counter, the
circuit being electrically interlocked with another circuit which starts and
slops a stop-watch., By this means the average speed over an interval can be
Tound to any desired degree of accuracy, 2000 revolutions being normally counted,
with a corresponding accuracy of one part in a thousand,

Although the mean speed can be accurately determined, variations in speed
are equally ampertant since these affect the other measurements which are
being taken, This 1s one of the main sources of error, It is of the order of
a quarter of one per cent at the top speed and becomes more serious as the speed
decreases, It is hoped to reduce this effect at the lower speeds by an
electromc speed regulator attached to the Ward-Leonard set.

3.2 Pressure Trise

The static pressure between each blade row is measured at twelve points
around the circumference, These are spaced equally except for two which are
slightly offset due to the split in the casing, Thus, when the number of
blades 13 a multiple of twelve, ten static holes are similarly placed with
respect to blades. This 18 the case with the present set of blades which have
a piich-chord ratio of about 0.75 at the mean Qiameter. It will be sscn from
a later section that the static pressure field of the blades is appreciable at
the static hole position, and it follows that errors will be introduced by
variations in blade pitching and static hole position.

The static holes are each 0,052 inches in drameter and are drilled in the
bottom of brass tubes which convey the pressure through the double casing and
the gap betveen, The ends of the tubes are smoothed off flush with the inside
of' the casing,

In addition to the static holes on the outer casing there are four more
on the inner casing at the inlet just before the rotor drum and opposite to
the row before the inlet guide vanes, There is a difference of about 10% x 2p
Va? between these two static pressures due to the bend of the annulus at the
inlet, the pressure on the outer wall static being lower, Thus the intake
efficiency calculated from the outer static is low and inaccurate,

In order to determine if there was any systematic peripheral variation of
static pressure throughout the compressor, the variation from the mean at each
blade row is plotted agaainst position round the circumference an Fag, 6. No
systematic circumferential variation s apparent and from the analysis of these
results the "standard error" of the mean static pressure at each row 1s sbout
OJ4% x %QVAZ. Thesc static pressures were instantaneously cbserved, no attempt
being made to average the indicated pressure over a period of time,

Total head pressures are measured with combs of total head tubes which can
be inserted in the holes provided for the exploring instruments and some are

shown in Fig, 4, Each comb has one tube at the middle of the annulus and one

3, %, 1 and 4} dnches from cach wall making nine tubes in all,

3¢3 Mass flow

It is desirable that any mass flow measuring devices shall be at the
compressor outlet Yo avoid interference with the wnlet velocaty profile. Herce
a venturimeter, which combines the advantage of direct calibration by traversing
with a low pressure loss, is placed an the outlet ducting., The throttle is also
calibrated for mass flow in terms of pressure drop and opening, This is used at low
flows when the throttle pressure drop is high while that across the venturimeter
is relatively low,
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A longitudinal section of the venturimeter and the adjacent ducting is
shown in Fig. 5. Sance the area of the venturi throat i1s approximately equal
to that of the compressor annulus and the diameter ratio of the venturi is
large it 18 convenient lo calibrate the venturimetcr by expressing the compres-
gor axial velocity head in terms of the venturl pressure drop.

A convenient expression is:-
(%ﬁﬁgg) compressor outlet = XKip (1 ~ kAp)
where Ap is the venturi pressure drop and K and Kk are constants,

Ap 1s measured between static holes 1n the venturi throat and a section
Just before the contraction by means of a Betz manometer. The actual static
hole pressures used need not be accuratcly representative of conditions at the
cross sections considered but must be consistent since Ap must be proporticnal
to the compressor outlet velocity head for incompressible flow without losses,

k¥ 1is a small, but not negligible, factor for taking compressibility into
account by means of a parabolic approximation and for allowing for pressure
losses between the compressor outlet and the ventura throat. That part of k
which 15 due to compressibility is calculated from the cross sectional area of
the various portions of the ducti while that due to losses in the outlet
ducting and gauze 1s calculated from experimentally measured losses.

K 1incorporates the velocaty of approach factor, venturi discharge
cosfficaent and the effect of the ratio of the compressor annulug arca to the -
ventury throat erea. It is found by maintaining Ap constant and determaning
% Va2 at the compressor outlet from the flow measured at the venturi throat.
To determine thas flow 1t 15 necessary to know the distribution of total head
and static pressure in the throat. The total head pressure distribuiion was
found by traversing the throat with a pitot tube which projected abcut three
inches upstream of the aerofoil section tubing to which 1t was attached in order
to avoid winterference with the boundary layer profile. Two perpendicular
drometers were traversed and the profile is shown in Fig., 7. The variations
between profiles were small compared with the variations in the mean profile,
Some trouble was experienced at first due to gradual clogging of the gauze
regulting 1n a change of the throat total head profile but this was cured by
fitting a coarser gauze of cne quarter inch clear mesh woven from one eighth
anch diameter stainless ware.

The throat static pressure was measured at eight positions round the
circumference at the traversing section, and its variation along the wall of
the throat was found from four rows of four toppings. Each of the static
tappings was 0,030 inches in diameter and smooth on the inside. The throat
assenbly was tested for leaks by coverang it wath & medium oil when the
internal pressure was above atmospheric. The static pressure distribution along
the throat axis was determined by mcans of a half inch diameter static tube
which projected in front of the throat so that the contraction would stabilise
the boundary layer. This axial static pressure distribution is plotted in
f1g., 8 together waith the peripheral variation at the traverse section which shows
a slight systematic variation. The static pressure on the axis is seen to be
about 0.8% x %pVéz greater than the value at the outsade wall or, Since the
maximum will occur at the centre, the value at the area mean diometer is about

7

O.lyo x 5pV,2. Hence the effect on ﬁﬁ and the efficicncy will amount to about
m

0.2,, and will be such as to reduce the mass flow and increase the efficiency.

The mass flow is alsoc reduced by about 0.2% due to the humidity, This was

assumed constant since any error duc %o its variation was nccessarily small.,
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The cutlet throttle was calibrated by plotting:-

4
Compressor outlet velocity head 2
Throttle pressure drop

against throttle position. This gave a straight line with some scatter at very
low flows, where the venturi measurement was relatively insccurate. From this
mean line and knowing the throttle pressure drop and position the compressor
outlet velocity head was obtained.

4,0 Design of first set of blading

The first set of bladang 1s low stagger, the flow coefficient being 0.8
at the mean diameter where the rotor and stator design air outlet angles are
24,6 and 3.4 depgrees respectively. The design temperature rise coefficient
at mean dirameter was 1.0, where the pitch-chord ratio of both rotor and stator
18 0.742. The blades were twisted to make the whirl velocities inversely
proportional to the radius (free vortex flow), with 50% reaction at the insade
diame ter.

These air angles were to be obtained from constant 104 thack Ch section
blading on a parabolic camber line having the position of maximum ceamber L5
of the chord from the leading edge., Both the design and measured blade angles
and details of the compressor dimensionsg are gaiven in Appendix I, Since the
flow is vartually aincompressible, the blading in each stage is the same,

The predicted temperature rise coefficient was based on an assumed work
done factor of 0.86, deduced from multi-stage compressor test results®. Present
methods of performance estimation employ work done factors of 0.98, 0.93, 0.88
for the first three stages respectively and thereafter for the remezining stages
a constant value of 0.835. Thus the mean value for ten stages is 0.86 and for
three, 0,93, and the predicied temperature rise for this three stage compressor
would be correspondingly higher,

The desagn of the rig and the farst set of blading were completed several
years ago. 1t is not representative of contemporary designs which have higher
staggers and generally employ caircular arc camber laines., It 1s not thought
that the low stasger design will detract from the value of three dimensional
flow investigations on this blading,

5.0 Test results

% The overall and stage characteristics with inlet guide vanes

The mean stage characterasticsg, plotted as temperature rise ceefficient

%Eéz; pressure rise coefficient T—QE”;; and efficiency, (the ratio of these
Ty E?Um?
two); against flow coefficient, Eé, are given in Pig, 9. The characteristics
U
m

are given for speeds of 900, 700 and 500 r,p.m,, corresponding to mean stage
Reynolds_numbers bascd on the inlet velocity and blade chord of 2,8, 2,2, and

1,5 x 107 respectively at the design flow coefficient of 0,8, These coefficients
include the compressor bearing and drum windasge losses and are based on the

static pressure rise, Since the overall pressure riscs at 900, 700 and_ 500

r,p.m, are approximately 12, 7 and 3% inches of water, the changes in %15a 2
vhrough the compressor are about 2,1 and 4% respectively. The total head pressure
rises and efficlencies will be correspondingly lower than the static values,
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It 18 seen that Reynolds number has lattle effcet on the temperature
rise, that 1s the outlet anglc, for the Reynolds number investigated., The
effect on the losses, and hence the efficiency and pressure rise, 1s appreciable
however, and thus the effect of Reynolds number i1s sumilar to that previously
observed at the N,G.T.E. and reported in Ref. (6). The correspondaing peak
total head efliciency at the highest Reynolds number was 88,5%, inciuvding
bearing and windage losseg.

The characteristics calculated by means of Ruf. (4) are also plotted on
Fage 9, work done factors of 0.98, 0,93 and 0.88 bewng assumed for the farst,
second and third stapes respectively. The main difference between fhe
calculated and experimental characteristics is lhe greater observed work
capacity of the bladinz, the dascrepancy inereasing as the flow inecreases., The
high efficiency ransc of the compressor is also much greater than calculated.
The surged cheracteristics are also gaiven for the lowest spced, but were not
repeated at higher speeds where the blade stresscs, whach are not known, would
be higher., It 1s not cxpected that the surge flow will vary nwch with Reynolds
nunber since the flow 1s very turbulent,

The stage pressure rise characteristics are plotted in Fig., 10 and it 1s
clear from these that at the design flow coeffacient of 0.8 the farst stage is
doing considerably less work than the other two., This i1s contrary to expecta-
tion, since, due to degeneration of the velocity profile, the work done and
pressure rise are normally greatest in the farst stage of comprecsors.

Since the work done in the last two stagcs was gso great that 1t could
not bc accounted for, even by a work done factor ol umty, the stator fluid
outlet angles were umeasured at the mean diameter and the traverses are shown
in g, 11, Clearly the mean stator fluad outlet angle was approximately zero
compared with a cagcade value anterpolated {rom Ref. (8), of 1.509, whach 1s also
in agreement with Ref. (9). The outlet angle from the inlet guide vanes was
correct and hence the first stage was doing considerably less work than the
other two,

5.2  Performance without inlet guide vanes at the design flow
coefficient

In order to attewpt to match the first stage to the other two, the inlet
guide vanes werc removed and the compressor re-tested. The overall and stage
characteraistics of the compressor in this state are shown in Figs. 13 and 14
regpectively, The sitage pressure rises aré now seen to be almost equal at the
design flow cocifacrent of 0,8,

The stoge performance docs not deteriorate through the compressor, as is
normaily the casc due to degeneration of the veloclty profile. To investipate
thais the outlet velocity profile waz obtained and i1s plotted in Fig., 12. It
1s scen to be very flat, and thas lack of degeneration i1s thought to be duc
to pood flow condrtrons at the blade ends. Thece include the good inlet
velocity profile, reswlting in the wincidences being near design and little
reduction in Reynolds number occurring near the blade ends, The blade dnack-
ness 1s constant along the blade heaght and equal to 4104, a value close to the
optamun from the incidence range point of view. Since the design 1s free
vortex, adverse incidences will not result from changes in the axial velocity
profile necessary to satisfy radial eguilibraiuwn. Also the wmach numbers are ao
low as to be negligible. The blade root fillets and tip clearances are also
favourablc, This lack of depgenerantion has been observed previously on the
similar but raother higher stogger, compressor of Ref. (10).
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5.3 Off-design performance without inlet guide vanes

OfT design the stage static pressure rise characteristics differ
considerably in slope and have been 1ittle changed an this respect by the
removal of the inlet guide vanes. In order to determine 1f this could be
accounted for by the velocity profile changing so as to satisfy radial
equalzbrium, the performance was calculated assuming radial equilibrium to be
satisfied between the blade rows by the method piven in Ref. {(14). The stator
cullet angle wao taken {to be zero and the rotor ocutlet angles to be given by

'tana.2 = 0'07551‘ - 1—2-'—12-
T
wheve ¥ is the radius in inches. Thus the flow is free vortex when the flow

coeffinient EE = 0,80,
Up

The calculated axial velocity profiles at four flow coefficients are
shown in Fag. 15, from whach 1t is clear that the axial velocity at the mean
dlameter 1s close to the mean axial velocity., Since the stator outlet angle
18 zero, and there can thus be no radral pregsure gradients, the calculated
stage static pressure riscs at the outside drometer are about equal to that
calculated on meun diameter conditions and using the mean axial velocity.
Hence the stage performances calculated on this basis, which are plotted in
Fige 14, are approximately equal and radial equilibrium camnot explain the
different performances,

As when the inlet guide vanes were in, the high ef{iciency part of the
characterisiic 1s very wide. This 1s very likely associated with the failure
of the velocity profile lo degencrate which, 1t was pointed out in Section 5.3,
was conrected with favourable flow conditions near the blade ends resulting
in low seccondary loszes,

6.0 The influence of blade position on static pressure measurement

It was found that varying the position of the stator blade affected the
static pressure measurement both before and after the stator blade rows. Some
traverses are shown in Fig., 16 from which 1t 1s seen that the variation amounts
to aboul * 7% of the stage rise at design poant, The static holes were two-
thirds of a blade chord behind the centre of the blade rows. The effect would
probebly diminish rapidly if this daistance were increased,

It 18 seen t'at the traverses after the blade row intersect in an
approx.mately fixed pozition about 1% below zero which is useful for obtainming
atage characterigtics, wWhether this effect is entirely due to the blade static
pressure field or to the root filleds 15 nol krnown but further information
would scem desirable and could be obtained from a cascade tumnel,

Provided the static holes are in the same position relative to blades in
cach stage, this effect will cancel out except for the farst stage.

7.0 The behaviour of the compressor when surged

B Observed flow

As on most medium and low stagger comprezsors of conventional diameter
ratio, when the throttle is closed there comes a point close to the peak
pressure rise when the nature of the flow suddenly changes accampanied by a
reductron of pressure risc. The flow is then of a peraodic nature which is
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usually known as surpging. The flov in this compressor near the inlet has
been examincd when the compressor was in this slate by means of wool tufts and
consists of a single rotating band havang reverse flow at the cutside of the
annulus but inward flow at the inside, That there was only one band, was
confirmed by the static pressurc dastribution round the circumf'erence since
when any row of static tappings are connected in order to adjacenl manometers
a single wave 1s scen to travel across an the direction of rotation. That the
flow as a whole was not pulsating was confirmed by the steady driving torque.

The flow remains similar as the throttle .s further closcd, the blow-back
occupying rather more of the cycle, If the throttle is opened past a ceriain
point the flow chanpes again and moves up towards the main characteristic but
can remain at an intermediate point. If the throttle 1s then closed it will
follow cut a short rising characterastic before the flow changes once more to
that of the main surged characteristic. The backward flow on the short surge
line 1s sumilar at all radii and the pulse nppears to be steeper and shorter
than that of the main surge as uf' two or three blade passages were completely
blown back. Thas appears to be confirmed by observation with wool tufts.

The Irequencics of the surges are given in the following tablc as a
percentage of the rotor speed, They dad not vary with mass flow or speed.

lain lanor
With anlet guide vanes 32.1 2.8
Without inlet puide venes 10,6 50.9

7.2 The characteristics when surged

The over-all surged characteristics are given an Fig. 18, The begirmangs
and ends of the characteristics, including the main, are not definite points
but very short regions of instabilaty. If the compressor is started from rest
when the throttle 18 in such a position that 1t is poasible for the compressor
to run surged at that setting, then 1t will run on the major surged character-

1stic,

4l though the input pover is steady, when the compressor is surged, the
Pressures are fluctuating and the coefficients plotted are based upon observed
mean values, The manometer fluctuations were small comparcd with the pressure
rige duc bo tne high dampaing in the prcssurce meaguring systcem., The staiac
pressurc oscillations after the last stator have been measured with the paezo
clectric manometer of Ref. (12) and are between 1% and 2 times 3pUp2 for both
gsurgcs, Ui pressure rise can be measured dirceily, without trouble due to the
fluctuations, by means of a U-tube manometer commected to equiphase points in
the various rows of stiatic holes.

The high cfficicncy (704) of the short (minor) surge is surprising and
the dastrabution of pressure risc among ithe stages gaiven an Fig, 17 is seen to
be almost normal, It would appcar therefore that little air is blowing back or
else the backward flow 1s of high efficiency. 4 high cfficlency scems most
unlikely since ihe gas angles arc most unfavourable and the sharp trailing
cdges and low reaction of the stator blades would almost certainly lead to
breakaway with a corresponding low efficiency, As mentioned in 7.1 observa-
tions indicate that there is relatively little backflow through two or three

pazsages only.
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The pressure rise of the forward flowing air will be given by the pressure
risc above atmospheric at the end of the annular diffuscr, ncglecting intake
and diffuser losscs and the small velocity head at this section. Such character-
1stics for the compressor with the inlet guide wvanes in are given in Fig., 18.
The pressure rise characteristic of the minor surge us scen to have a negative
slope, indicating that the forward flowing air is restricted to a definaite
flow arca and in conscquence the axial velocity is reduced and the pressurc
rise increascs when the throttle is closed, The pressure risc characterastic
of the main surge 13 flat which confirms the obscrvation that the change in
nett through~put is obtaincd by varying the porcentage of the annulus blown
back, the velocities and gas angles apparently remaiming unaltered. The
slight fall in pressure rise at very low mass flows is attributed to the warme
ing up of the air in the compressor,

8.0 Conclusions

(1)  The compressor is satisfactory for the purpesc for which it was designed,
that is the detailed anvestigation of the airflow within a compressor. It s
also suitable for the accurnte measurcment of overall performance, the mass
flow, work input and mean speed being accurately kncwn but the instantaneous
speed and the static pressure rise are rather less accurate.

(2) Static pressure measurements are greatly affected by static hole
position and a number of holes spaced over a blade pitch appear desirable to
obtain reasonable accuracy in the farst stage characteristic. The effect will
cancel out in the other stages provided the static holes are in the same
position relative to blades, The effect might be duc to the blades or the
fillets and could be anvestigated on a cascade tunnel,

(3) The deviations ai mean diamcter arc lower than those of two-dimensional
flow, This results in an incrcesed work capacity and, if the inlet guaide vanes
give the iwo dimensional outlet angle, a first stage characteristic different
from those of thc other stages., This has been observed on other compressors.

(4) Contrary to general expericnce the velocity profile does not degenerate
rapidly, The some feature has however been observed in another large cxperi-
mental compressor. This 1s probably due to favourable flow conditions near
the blade ends., It results in high work done factors in the later stages.

(5) The high efficiency is meintaaned over a wide range of mass flow, It as
thought that the good velocity profile is responsable for thas.

(6) The stecpness of the first stage static pressure rise characteristic
measurcd at the outside diamcter is atiributed to the axial wvelocity vrofile
not having renched 1ts form for rndial cquilibrium at the statie hole position,
onc sixih of a chord behind the blade row.

(7) In consequernce of (3) (4), (5) and (6), the usunl stage by stage calcula-
tions of Ref. ? L) and (7 greatly wderestimate the on and off design performance,

(8}  Vhen the compressor 18 surged there 1is a single rotating band of reversed
flow. It 1s believed that on the short surge line there is a small number of
blade passages completely blown back and on the main surge the blow back is at
the outside daameter and extends over a number of passages. The air flowing
through th: compressor during the main surge always has the same pressure rise
whercas on the minor surge it follows a rising choaracteristic as the flow s
reduced,
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APPENDIX T

Compressor Geometry and “lade inspection

Inside diameter = 28 in., ) _
Outside diameter = 40 in. ) 1.D./0.D. = 0.7
Blade heaght = 6. ) T
Blide chord - 3, ) Ileight/Ciord = 2.0
48 blades per row ', s/c = 0.87% 0.D,
= O 7)-4-2 . D.
= 0,641 I.D.
Disiance apart of blade rows - centre to centre = & in. = 1% chords
Blade base profile = Ch Ref. (15)
The blade thickness-chord ratio was constant and = 100
Camber lane - Parabolic Arc a/c = L4Op

Rotor and stator tip clearances 0,040 in. * 0.010 in.
G

.7% blade height.

Blade inspection

all the stator blades and rotor blades were to the same design and two
of each of the inlet guade vanes, rotor blades and statlor blades were
inspected by proJecting a tern times full siue imoge together with the blade base
datum for determaining the stagger. This was done et five sections, these
being the tip, muddle and half an inch from the root, together with halfway
between these positions.

The method of determining the blade ocutlet angles was to put in the
camber line, measure the maximum camber and, assuming a/c = 0.k,
calculate ¥ and % ,. The method of drawing tongents to the camber linc was
tried bui found Lo be inconsisient and inaccurate.

The mean angles are tabulated on page 48,
In addaftion to this the projections werc compared with dravings on the
same scale and the blades examined to see that they were of good shape and

accuracy.

A f1llet of 1/2 in. radius extended round the blade root.
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Rewriting this exprossion asi-

Kp.AT W x Constant
2 T4 o 2 7
2y {%PSVa 8. Zpol, Jf' /2

where suffix O refers to the compressor outlet., The error can be seen to

consist of 1/4% due to 2pBV228, 0.1 due to Uy and about 1/\% due to fluctuations
in the indicated weight. Combinung these and bearing in mind that tley are
wndependent, the accuracy of the £low coefficient will be about 0.4,

Since the Mach number 1s low and never exceeds 0,23 at the mean diamcter,

any variation in the characteristics with speed wall, after allowing far bear-
ing and windage losses, be attributeble to Reynolds number effects.

RESTRICTED
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