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SUMMARY

The construction of a large low speed rescarch compressor is
described, together with some preliminary performance tests of a single
stage arrangement at various spceds. The stalled region was investigated
at all speeds, but at one speed a fuller investigation under stalled
condition was carried out. At the low speeds involved an indication of
stall cell frequency could be ascertained by observation of the static
pressure manometer fluctuations.

1. Description of the Rig

A large low speed comprcssor has been built at the University of
Liverpool to investigate the effect of the radial movement of the blade
surface boundary layer on blade section performancec. The comprcssor,
the air intake duct made in fibreglass reinforced Polyester rcsin, and the
method of pressure transmission from the moving blades arc described.

1,1 GCompressor

The complete unit is shown in Figs. 1 and 2. The rotor, which
is 3 £t in diameter, and the stator, which has an inside diameter of 4 f't,
are fabricated in mild steel. The blades have a constant scction
(10 C4/30 €50), a chord of 3 in, piteh/chord ratio of 1, and arc set to a
stagger angle of 36°. These blades arc aluminium alloy forgings and arc
provided with simplc cylindrical root platforms and threcaded root fixings
to permit variatioa in the stageer anglc. To facilitate manufacture one
set of forging dics was used for all blades, but all blades werc provided
initiaglly with a root fixing at cach end. One root fixing was used for
rotor and stator blades whilst the other was uscd for the inlet gulde
vanes, which operatc at +5.7° incidence as a result of this manufasturing
simplifiication.

The design speecd of thc compressor is 684 rev/min and the dcsign
mass flow rate is 31.6 lby/sec, giving 504 rcaction at the blade tip.

The rotor is located betwecn bearings and since this involves
separate support pcdestals, both these ball bearings (parts 22 and 23) are
self aligning. One of thesc bearings also takes the end thrust and locates
the rotor. The drive shaft (part 8) with its own two bearings (parts i)
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is conmnected to the rotor shaft by means of a flexible coupling (part 9).
The drive is obtained from a d.c. motor (part 24) via V-ropes which pass
through the diffuser. The diffuser has an inner cone made in +timber and
plywood whilst the octagonal outer wall is made in timber and Masonite
board.  The throttle (part 21) consists of 20 gauge shect steel covering
a frame of mild stecl rods,

1.2 Air inteke duct

Since it was considered desirable to eliminate all possible
upstream disturbances the form of air intake showm in Figs. 1 was chosen
in preference to a straight axial entry which would have nccessitated
radial supports for the inner wall. The air intake profiles arc bascd
on a modified two-dimensional potential flow analysis and the resultant
three~dimensional form presented obvious manufacturing difficulties,
To obtain the accuracy rcquired, a metal intake would have been too costly
and too heavy. A construction using thin wooden plankings attached to
wood formers would also have been costly and hcavy and there would have
been some uncertainty about the stability of the woodcn formers. It was
therefore decided to use fibreglass reinforced Polyester resin for this
intake. A general purposc flexible lay-up resin with thixotropic
ingredient and accclerator was uscd in conjunction with fibreglass chopped
strand mat and surfacing mat.

This method of manufacture thercfore nccessitated the
construction of two accurate axisymmetric moulds, similar 4o thosc used in
foundry loam moulding. Fig. 3 shows the assembly of the bottom plate and
radial grounds of the mould for the innecr wall together with the centre
spindle and strickle board. A distance of about 3/4 in. was lcft between
the profiled edge of the strickle board and the grounds to allow for the
build-up of the mould. A layer of expanded mctal was placed over the

ounds and this was then covered with a layer of sand ond cement about
7 in. thick. Finally a layer of board plaster, 3/16 in. thick, was
slurried on, whilst the stricklc was continuously rotatcd. The completed
mould and strickle board for the outer wall is shown in Fig. 4. The
finished moulds were thon left for three wecks to dry. They were thon
secaled, paintcd, wax-polished and finally coatecd with Polyvinyl Alcohol
parting agont.

Next the fibreglass chopped strand mat and surfacing mat were
cut into sufficient segments to provide two laycrs of each. The segments
themselves were slit as rcqulired to ensure overlapping of the mat rather
than wrinkling at the points of greatest curvaturc. The polyester rcsin
was then mixed with the corrcet amount of accclerator and catalyst hardner
in quantitizs up to 12 1b, which was the maximum amount usable before
gelling occurrcd. A coat of rcsin was applied to the mould and then a
layer of surface mat was addcd and stippled into the resin.  Another coat
of resin was applicd, followcd by the first layer of chopped mat, which
was carefully stippled and rolled into the rcsin to remove all air bubbles.
One more laycr of chopped mat ond one of surfacing mat were then applied
between coatings of rcsin, and the mould was then left to gell and
age-harden for about 8 or 9 days.

The fibreglass was reclcascd from the mould by tapping and
lifting from the edge inwards. The mould was then marked with centre
lines and thcse were traced onto the fibreglass after reinsertion in the
mould. Radial strengthening ribs were then made from fibreglass and
resin placed over cardboard formers.  Metal brackets for attachments,
wood blocks for pressure tappings and a flange were also added. Since g
good surface finish was obtained from the mould it was then only nccessary
to polish the important surfaces very lightly.
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1«3 Instrumentation

Instrumentation was provided to record the following informetion
at 5 equally spaced circumflerential positions:-

(a) Intake static pressure (inner and outer ducts).

(b) Intake total pressure (traverse).

(¢) Compressor inlet static pressure (inner and outer wall).
(d) Compressor outlet static pressure (inner and outer wall).

An ammeter and voltmeter were connected into the armature
cirouit of the d.c. motor for measurcment of {the input power. The speed
was ascertained by revolution counter.

Since the tests described in this paper, the compressor has been
modified to permit pitot-statio-yawmeter traverse behind each blade row.
Full radial traverse and circumfercntial traverse over two blade pitches
is allowed by circumferential slots cut in stator (5/8 in. wide x 8 in. long).
Sealing of the slots is achieved by means of sliding flexible brass strips
which are constrained in such a way as to remain flush with the inside wall
of the stator. A small rectangular opening has also been cut in the stator
to allow for the "painting" of blades for {low visualisation experiments.
Support brackets for hot wire anemometers have also bcen provided.

In order to record the surface static pressures on the rotor blade,
dircet pressure transmission will be employcd in preference to using pressure
transducers and electrical transmission, The method employed is illustrated
in Fig. 5 which shows a half-sectioned elcvation of the pressure transmission
unit. Static pressurc tapping connections from the moving blades will pass
through the rotor rim and down the ccntral web of the rotor to which they
will be securcd. At the robtor hub thesc conncetions will pass through the
flange and along the bore of the hollow rotor stub shaft, and into the bore
of the hollow pressurc transmission unit sheft (part 1, Fig. 5). One such
conncetion, as shown, passcs along the bore and is bent to pass through the
wall of the shaft to which it is soldcred. There are 18 connections, each
communicating with an annular spacc formed by the hollow shaf't (part 1),
the housing (part 6) and pairs of rubbcr ring oil seals (parts 4). Holes
drilled through the housing permit the transmission of the pressures from
these annular spaces to a multi-tube manometer. Corrections will be
epplicd to these measurcd pressures to allow for the radial pressure
gradicnts set up in the rovolving radial sections of the connection tubing.

2. Initial Testing Difficulties

Although the rotor has been carefully balanced on a vibrating reed
type of balancing machinc, made specifically for this purpose, initial
running indicated the presence of a resonant torsional oscillation of ihe
inlet end support pedestal. Stiffening of this pedestal reduced the
vibration to an acceptable amplitude, but as a safety prccaution,
microswitches have becn fitted to a beam, which is fixed to the stator,
in such a way that they are almost in contact with thc rotor stub shaft.

The switches are connected to a relay and cut-out so that the compressor is
automatically shut down if excessive vibration occurs.

Although the compressor had been designed to achicve porfect
axisymmetric flow, the initial performance readings indicated a transversc
asymmetry, due to the proximity of the laboratory wall.  This was curcd by
building a partition on the other side of thc comprcssor to ensure equal
return airflow paths. Even then some asymmetry still cxisted and this was
found to bec due 4o the support struts of the downstream pedestal
(part 3, Fige 1). To recducc the interfercnce of these struts by means of
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aerofoil sections was not practicable, so further dummy struts were placed
equally spaced around the annulus. These had the desired effect and the
flow is now nearly axisymmetric.

3. Test Procedure and Calculation of Results

The pulley reduction ratio was first ascertained by
simultaneously recording compressor and motor shaft speeds. The intake
was then traversed at the 5 circumferential positions and at 2 different
speeds, and the mean intake velocity thus calibrated against the intake
wall static pressure (see Appendix).

A series of 9 tests was then carried out starting at 116 r.p.i.
compressor speed and increasing to 650 r.p.m. At each speed the throttle
opening was set initially to 16 in. (corresponding to a flow coefficient
¢ = 0.65) and was closed progressively to the stall point
(throttle opening = 2% in., ¢ = 0.42), considerable care being taken to
obtain readings at the points just prior to stall, and immediately after
stall. A sudden transition occurred at the onset of stall with a marked
fall in the static pressure rise across the compressor, It proved quite
impossible to operate the compressor at an intermediate point. The stall
onset lines are therefore shown dottcd on the graph (Fig. 6). Several
further results were then obtained down to ¢ = 0.2 (which was the
condition at the original limit of throttle closure). Rotating stall was
detected audibly and also by observation of oscillations of the fluid in
the manometer tubes connected to the 5 circumferential static pressure
positions. The fluid was seen quite clearly to be raised in each tube in
turn at a frequency between approximately 1 and 3 cycles per sccond.

At all spceds except the lowest the throttle was then opened
progressively from the positions for stalled operation through to unstalled
operation. From the throttle positions during the unstalling it was
apparent that the behaviour on throttle opening was different from that
for throttle closing, so that as many points as possible werc obtained in
this region,

In order to obtain results to zcro flow (¢ = 0) the octagonal
diffuser exit was provided with baffles to cover the corners and present a
circular form to the throttle cone. At 422 r.p.m, further results were
obtained down to ¢ = O and a further transition noted at ¢ = 0.1 +hen
both the audible and visual indications of rotating stall ceascd. On
opening the throttle a difference of behaviour between the throttle
opening and closing cases were also observed in this region.

On completion of the compressor tests the unit was opened up
and a Prony brake installed in place of the rotor. The electrical power
and corresponding brake power were then observed for the range of speeds
and loads employed in the compressor tests,. Hence the mechanical and
electrical losses were computed and a small correction applied for the
different disc friction losses of the rotor and brake., Compressor input
power and hence stagnation temperature rise coefficient [CPATO/%U;] were

Ap - /— C ATO
then computed, An efficiency m = [:1 _j /[- P was then
e I/ Lo
obtained and plotted against ¢. At Nhax the static pressure rise

coefficient was converted to the stagnation pressure rise coefficient
[8po/ZpU5] and the "total-to-total" efficiency Ny calculated, For

the purpose of computing the exit dynamic pressure the air angle at exit
from the stator blade was estimated from data by HowellZ?.
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Lo Discussion of Results

Since the power calibration was found to be unreliable, especially
at the lower speeds it was not possible 10 accurately determine the
efficiency. The results however indicated a maximum "total-to-total"
efficiency of approximately 85% at a Reynolds number of 1.985 x 10°, It
was not possible to compare the effects of Reynolds number on cfficiency
with Carter's prediction1 beocause of this uncertainty in the power
measurement.,

The static pressure risc coefficient /flow coefficient ¢
characteristic for the Reynolds number range 0,337 x 10° to 1.895 x 10° is
plotted in Fig., 6 and shows no Reynolds number effect; +the characteristic
for each spced being represented by the same curve, except for small random
variations of ¢ at the pre-stall point (¢ = Ou41 to O435; ¥ = 0.65),
At this point further reduction of the flow cocfficient caused a sudden
fall in the static pressure risec cocfiicient to the first stall point.

(¢= 0.35 to 0.365; ¥ = 0.46). It seems probable that this sudden change
was due only to the onset of stall, although it is possible that the
inability to operate at any intermediate point in this region cculd be due
to a correspondence of the compressor and throttle operating lines.

The numbers beside the points on the performance curve (Fig. 6)
indicate the rotating stall frequency in cycles per minutc and show values
ranging from 1/7th to 1/2 the comprcssor rotational spced. Since it was
not possible to determine the number of stall cclls, the specd of any
particular stall cell cannot be determined from these preliminary tests.

On opening the throttle from the stalled region, the different
behaviour indicated by new throttle settings and also by the changing
rotating stall frequency is confirmed by Fig. 6 wherc a small but distinct
"hysteresis loop" is secn on the characteristic. It was not only possible
to operate at values of flow coefficient greater than that for the first
stall point for closure of the throttlc, but in most cascs any intermediate
point up to the unstalled part of the characteristiec could be found., In
this region however the rotating stall freguency is scen to be higher.

The size and form of the hysteresis loop is scon to be much the same for
all Reynolds numbers,

At 422 r.p.u., closure of the throttle towards the condition
¢ = O was marked by a further, but smaller, sudden change at about
¢ = 0.1, when both the audible and visible indication of a rotating stall
ceased, presumably indicating the onset of complete circumfercntial stall.
On reopening the throttle a small second "hysteresis loop" was found as
shown in Fig. 6, indicating a delay in thc breakdown of the complete stall
into rotating stall. Furthermorec, on re-entering the rotating stall
region (¢ increasing) the freguency of rotating stall was found to be
much higher (208) comparcd with the frequency (6/) when leaving the
rotating stall region (¢ decreasing).

The comparison of the actual characteristic with that obtained
by the Howell ncthod® shows that the Howell prediction is a little too
optimistic in this casc, but thc two charactcristics have the same gencral
shape, typical of a low spced compressor.

5« Conclusions

Two "hysteresis loops" exist in the static pressure risec
coefficient/flow cocflicicnt characteristic. Onec occurs at a low flow
cocfficient, duc to the delayed transition from complete stall to rotating
stall as the flow is increased. The seccond occurs at a higher flow
cocfficient, due to the declayed transition from rotating stall {to the
unstalled condition as the flow is increased.
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The static pressure rise coefficient/flow coefficient
characteristic is unaffected by Reynolds number in the Reynolds number
range 0,337 x 10° to 1.985 x 10°,
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Hotation
Cy = axial velocity
Up = mean blade velocity
6 = X = f1 fficient
= = Oow coeiilcien
U
Ap = static pressure rise across the stage (including IGV's)
p = density
Op
v o= - = static pressure rise coefficient
2P0y,
C AT,
? ~ = stagnation temperature rise coefficient
zUn
Bp,
= stagnation pressure rise coefficient
2
- QAp - - C AT -
S R
- %pUg._// L %U; -
~  Apg 7 / c ATO——
M = 13 = "total-to=total" efficiency
tt 1 _[ﬁ ‘f 1[]2
— Zp m._/ — Em -
Cm = mean intake velocity
P, = atmospheric pressure
p = mean static pressure at the intake duct
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APPENDIX

1 Mean value of w = 6.255 in.,
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The sketch shows the significant dimensions of the intake duct.
The total pressure was measured across the intake and together with the
wall static pressures was used to calculate the intake velocity
distribution. Due to the curvature of the streamlines the static
pressure was found to be slightly greater on the inner wall so that the
velocity increased slightly towards the outer wall of the duct giving the
velocity distribution shown in the sketch. The boundary layer was not
fully developed, being only approximately 1/10th in. thick. By graphical

cdw

methods the mean intake velocity c = —— was determined. TFor the
W

various circumferential positions and speeds the velocity coefficilent

———Eé—-f was Tound to vary only slightly and a mean value of 0,985

was therefore used in the calculations,

WS



dossaidwod youeased jo judweSuedde [elsussn)

mmwx Limw
J
. |k E =
| g ]
mm L Al
R © %




FIG. 2

Fig. 2. Research compressor




FIGS.3 & 4.

intake duct.
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