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SUMMARY

An experimental investigation has been made to study the effect
of casing wall boundary layers upon the rotating stall characteristics of an
axial flow compressor in an 1solated rotor row configuration. The boundary
layer was modifaied by fixing circular rings of different wire diameters to
the outer casing. A significant alteration of the rotating stall

characteristics was obtained with regard to changes in flow coefficient at
stall onset and cessation.

*Replaces A.R.C.33 8938



1a Introduction

In most compressors and eXperimental test-rigs 1t has been observed
that stall onset occurs at either the hub or the fip section. This suggests
that 1t might be an effect related to wzll boundary layers. This possibility
has been accepted by some investigators but 1t i1s argued that understanding of
wall boundary layers in turbomachines i1s not sufficiently advanced to warrant
a detailed approach. Although this may be true for a complete theoretical
analysis, 1in particular for the case of turbulent boundary layers, a careful
experimental investigation should indicate any coupling between the mechanism
of stall and annulus wall boundary layers. The experiments described below are
part of such an experimental study.

The outer casing wall boundary layer at entry to an axizal flow
compressor was modified by fixing circular wires of different sizes on to the
casing, upstream of an 1solated rotor blade row.  The resulting effects on the
stall i1nception and stall cessation characteristics were investigated.

2. Apparatus and Ixperimental Method

2.7 Preliminary tests to determine the influence of circular wires
on wall boundary layers

In order to find the effect of circular wires on the boundary layer
on the compressor annulus wall, preliminary tests were performed in a wind
tunnel with straight side walls. The working section of the tunnel was
18 1n = 26 i1n and wires about 24 i1n long were fixed to one wall. Veloecity
profiles were obtained at stations 1, 5 and 10 in downstream of the position
where the wires were fixed. Six different sizes of circular wires were tested
(Table 1). A constant temperature DISA 55A01 hot-wire anemometer was used.
The velocity of the air in the tunnel was in the same range as the velocity
for the tests in the axial flow compressor.

Wire No. Wire Diz. (1n)
1 0.019
b 0.036
3 0.065
L 0.1C5
5 0.141
6 0.192
Table 1

The two smallest diameter wires did not modify substantizlly the
velocity profile. For the other cases, the influence of the wire had decayed
at the stations 5 and 10 i1n dounstiream. It was therefore decided to neplect
the two small sizes and use three of the other sizes; and to place them
2¢45 1n upstream of the compressor rotor tip.
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2.2 'The axial flou compressor

The axial flov compressor rig used 15 1llustrated in Fig.l. The
compresser 1s driven by a 25 HP induction motor by a step-up gear box; the
available gear ratios being Z.066:7 and 1.536:1. The motor rotales at a speec
of approximately 2900 RPM. TFor all the experiments described below the gear
ratio used was 1.536:1.

The air i1s drawn through an annular airmeter, covered by an entry
gauze, and flows past four inlet webs before passing into the compressor and
then into a conical diffuser. An exit throttle controls the zir flow. The
compresser may be built in five rows, to give two complete stages, and either
of the moving rows and any one or all of the stationary rows may be removed.

4 row of outlet straightening vanes 1s located before the diffuser. The
hub-tip ratic 1s constant through the compressor and equals 0.40 (rhub = 2.8 in
rtlp = 7 1in). In the presenl tests, the comp:essor was assembled i1n an
isolated roter rowv configuration, Fig.c.

1
The entry airmeter had been previocusly calibrated, Horlock , by
traversing a pitot-tube across the entry on plane 1. A flow coefficient was

/T

obtained, enabling a plot of izg—) agalnst (h/g) to be made. Tne mass

flow rate was obtained by measuring the mean depression, h, on pisne 1 of the
airmeter and using the zbove mentioned calibration. The rmean axial velocity

in the compressor, Cx was calculated from knowledge of this mass flow and the

cross sectional zrea of the annulus.
The blade speed, Um’ vas calculated from the observed motor speed

and knowledge of the gear ratio used,

2.3 The blading

The rotor blades used were casl reinforced plastic blades designed
by louis™ and manufactured for him following a process developed by Horlock-”.
The design was that of a2 rotor of a free vortex stage; the number of blades
was 19, constant 1.5 1in chord. The vlade stagger angle was 25° at the hub,
the variation of s/C and the blade angles are glven 1in Flge3.

2.4 The circular wire rings

Following the preliminary tests, tnree aifferent sizes of uires were
used: 0.065, 0.125 and 0.189 1in diameter. Circular rods znd vires were bent
to the shape of rings to i1t the 1inner part of the casing.

In the cases of the two larger .1lre diameter rings, holes uere
drilied and tapped in the rings so that these could be secured to the annulus
wall by means of screws through existing pressure tappings on the casing, Fig.>.
The smallest wire diameter ring was fixed to the casing wall oy means of an
epoXy resin.

2«5 Instrumentation

Velocity profiles upstrean of the rotor, prior Lo stall, were oblained
by traversing radially 2 3-hole cylindrical probe wnich had been previcusly
calibrated against an wPL type prebe 1n a calibration duct. In the proximity
of the casing wall reglon, a pitot-tube 1n conjunction with readings from wall
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pressure tapplngs was used. Both these probes were cccommodated in a traversing
gear, readings being accurate to within 0.025 1n.

For the non-dimensional characteristics, tne mean stagnation pressure
rise coefficient was obtained by ares averaging readings from traverses obtained
both upstream and downstream of the rotor (positions P, and Pq respectively).

The shape and patterns of the stall cells were obtained using two hot
wire probes dounstream of the rotor. One of these was kept fixed as reference
near the casing wall and the other was traversed radaally. These probes were
connected to a constant current battery operated anemometer, Traces were
obtained on U.V. recording paper in a Southern Instruments recorder, using high
sensitivity 5KHZ liquid damped galvanoneters, sbout 100 different recordings
were made.

The position of the rings, probes and rotor are shown in Fig.cZ.

3.  Experimental EResults

5«1 Changes in characteristics with entry boundary layer thickness

Fig.l shows the differenl axial velocity profiles upstrean of the
rotor obtained, just before the onset of stall, for the various types of
circular-wire rings used. These profiles vary substantially and a gradual
increase in the casing wall boundary layer displacement thickness (&%) is
observed witn increase of diameter of the wires used. To obtain the

& C
dispiacement thickness (&* = f (1--= ) ay), vas taken as the
0 Cx
max
position where Cx = Cx , which corresponded to & = 4.20 i1n and this
max

value was the same for all four cases.

The variation of the flou coefficients at stall onset and stzll
cessation with casing wall boundary layer displacement thickness is shown in

Fig.5. This shows a substantial ircrease 1n the value of ¢ with
stall onset

b, The hysieresis effect betueen the stall onset and stall cessation flow
coefficient 1s observed to decrease witn 0%

Figs.ba, 6b show the non-dimensional total pressure rise
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characteristics for the compressor rotor with a plzin casing and with ¢ 0.189 in
diameter at entry. These snow a substantial detericration in total pressure rise
at stall, with increassing 6%, which narrcows considerably the stall margin.

From the total pressure rise characteristics, 1t 1s seen that on
increasing &% the stall appears to change from the zbrupt type to a nearly
progressive type stall.

Ze2 8Stall cells

In all four sets of tests, the compressor stalled abruptly with a
distinctive change in the noise level. Observations of the stall ceils from
the U.v. traces showed that for the plzin casing case, rotating stall inception

r
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was with one cell and, in most cases, this would split into iwo smaller cells
rotating at the same speed as that of the initial cell. On cessation of stall,
these twe cells would recombine into one cell before coming out of stall. An
interesting change 1n the stall patterns was observed when using the circular
Wlre Irings. No tendency to form a two-cell pattern was observed and in fact
only once did the initial cell split into two smaller cells, the reverse
happening on cessation. This was 1 in from the casing for the 0.065 in wire.
Also, for the 0.125 1n wire, on one occaslon near the hub, stall inception was
observed to occur with two cells but when this test was repeated stall onset
was always with one single stall cell.

For tests on another experimental set-uph, using a 5 ft diameter
rotating cascade, the stall pattern obtained was throughout also that of a
single cell. The boundary layer i1n this rig was of the order of & = 1.50 in
{1n the present investigation & = 1.25 in) and these results may indicate that
for thick outer annulus boundary layers the tendency i1s to form a one large
cell stall pattern.

Comparing the recordings at different radial positions, 1t was
observed that near the tip region, in the condition of rotating stall, the
stall cell had regions of velocity both higher and lower than the mean flow
velocity just before stall, the regions of haigher velocity gquickly diminishing
radially inwards. At about 1 1n from the casing the stall-free region mean
velocity was the same as that before stall and the velocity in the cells was
very much lower, shown by pronounced peaks. Approaching closer towards the
hub, the mean velocity increased substantially and the minimum velocity,
corresponding to the stall cells, was egual to that of the unstalled flow
velocity at the corresponding radius prior to stall onset. These results are
diagrammatically summarised in Fig.7. These observations contradict the general
belief that a stall cell is completely a region of velocity deficat.

The stall cells extended over about 25 to 40% of the annulus crass
sectional area, the extent of the cells decreasing slightly as the boundary
layer was thickened. As had been previcusly observed on a rotating cascade ,
the minimum extent of the cell occurred 1n the mid span region. On the
compressor coming out of stall there was a decrease in the size of the cell with
a relastively large region remaining stalled near the hub before complete
disappearance of the stall cell.

The ratioc of the stall speed to the mean blade speed was constant and
the same for azll four sets of tests. Tne vzlue of this ratio being
0.56 =+ 0.57. This was calculated by obtaining the average over forty revolutions
of the stall cells. This result seems to indicate that the stall cell speed 1s
dependent on the geometry and configuration of the blade rows in a compressor
and does not depend on the onset and cessation characteristics or on the boundary
layer thickness. 4 simalar effect had been observed on the large rotating
cascade™, where although the stall inception and cessation fiow coefficaent
changed with Reynolds number 1in tne low raange, the ratio of stall cell speed to
blade speed remained constant throughout. In the work reported in Ref.lh, ¢
only when the number of blades 1n lhe isolated rotor row was changed, or when a
stator blazde row was added, dxd this ratio change.

Oscillations of the nean flow velocily werc observed in the mid span

reglion both before stall onset and after stoll cessatilon, this latter effect
belng more proncunced.

Conclusions/
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Conclusions

Increasing the casing wall boundary layer displacement thickness
brings about onset of stall at higher mass flow rates, decreases

hysteresis effects and tends towards giving a progressive type
stall.

Stall patterns are changed when the boundary layer on the casing
wall 1s modified.

Regions of velocaty both higher and lower than the mean stall-free
velocity have been observed in stall cells.,

The ratic of stall cell speed to blade speed 1s not influenced by
changes 1n the entry boundary layer thickness.

As b* was increased the onset of stall occurred at higher flow
rates. At high flow coefficients the upsiream axial velocarty 1s
higher and the incidence lower in the mainstream, indicating that
stall onset was determined by conditions 1n the wall boundary
layer region and not by the incidence 1n the mainstream.
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Notation
Barometric pressure (1b/1n2)

Axial velocity

Mean axial velocity in compressor, calculated from knowledge of
mass flow rate and annulus area.

Mass flow rate (lb/sec)
Absolute 1inlet temperature {(°K)

Blade speed at mean radius

Blade chord

airmeter static depression

Blade height

Radius

Blade pitch

Radial distance from casing wall
Boundary layer thackness

Boundary layer displacement thickness

9]
= , flow coefficirent
U

m
Density
Increase 1in stagnation pressure between planes P.3 and P.4

Increase 1n wall static pressure between planes P.3 and P.4
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FIG.I. Experimental axial-flow compressor
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Distance | Length

P2-P3 1-90in.

Plane

Pi |Airmeter static pressure tappings

P2

PR3 |Velocity profile traverses

P4 |Fixed reference hot-wire probe, stall patterns
P.5 |Traversing hot-wire probe, stall patterns

Station used for fixing circular rings P4~ PS5 {1-90 in,

P3-P4 | 2-10in,

Annulus aqrea:
Plane Pl 369-45 in.?

Other planes 129-30in?

Outlet guide
vanes
P!
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FIG.2. Compressor configuration
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