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ABSTRACT

The rotating stall characteristics of a single stage axial flow
compressor were investigated. The number of stall cells and their
propagation velocitles were found with and without stator blades.
The measured velocities were compared wtih those predicted by
Stenning's theory, assuming the downstream pressure flugtuéﬁions
‘to be negligible, and correlation within 25% was obtained over a
wide range of stall patterns. It was found that the pressure fluctua-
tions caused by rotating stall were less downstream of the rotor
than upstream; the minimum reduction across the rotor was 40% with
stator blades, and 75% without stator blades. It was also found
that, for the compressor tested, the stator blades decreased.the
number of stall cells and tended to induce rotating stall at larger

mass flow rateé.



1. Intreduction
Rotating stall may be defined as & region of separated flow, moving

relative to a blade row. It has been a continuing problem in axial
campressor development since the resulting vibrations cause severe blade
stresses to be imposed at low mass flow operation. If stall frequencies
were predictable, blades could be designed having critical frequencies
away from the stall frequency.

Several theories have been put forward for predicting the propa-
gation veloeity of a stall cell (References 1,2,3). These are all
linearized analyses, with Sears and Marble considering the cascade as
an actuator disc, and Stenning & cascade of finite width. A further
difference in the theories occurs in connection with the assumption of
the downstream flow field; Sears and Marble considered the wakes to mix
in zero length, so that the flow field is a continuum, while S8tenning
also considered the alternative assumption of a series of free jets dis-
charging into a region of constant pressure.

Experimental work has already been condpcted on compressors, in
particular at Harvard, California Institute of Technology and the N.A.C.A.
(References 4;5,6). However, in each instance the work has been carried
out on multi-row machines, and it appeérs that considerable interference
results from the downstream blade rows.

Sinece the theories are in variance, and the interference due to
other blade rows has an unknown effect, the present investigation has
been conducted on a single stage machine, with and without stator blades,
in an effort to verify the predicted results with a minimum of inter-
ference. The data obtained permit a ready comparison between predicted
and actual stall propegation velocities, in addition to allowing the
theoretiecal models for the downstream flow field to be checked by measure-
ment of the pressure fluctuations.



2. Equipment and Procedure

2.1 Equipment

The single stage compressor used in these tests is shown in Figures
1 and 2. It has three blade rows; inlet guide vanes, rotor and stator,
each of "free vortex" design. The characteristies of this compressor
are presented in Reference 7.

The compressor gecmetry is:

Outside radius 11.625"

Hub-tip ratio 0.75

Blade chord length 1.5"

Blade agpect ratio 1.9

Piteh-chord ratio 0.95 at mean radius

Blade tip clearance was approximately 035",
Blade angles in degrees measured from the axial direction are:

Radiue ratioc Inlet Guide Vanes - Rotor Stator

Wy

7 Inlet Outlet Inlet Outlet Inlet Outlet
.75 0 28.5 34.8 -2.9 " 48.9 23,3
.80 0 27.1 38.0 7.1 k7.2 22.0
.85 s) 25.7 k2.9 15.7 46,2 20.6
.90 0 24 4 k7.5 23,4 k5.1 19.4
.95 0 23.3% 51.6 29.7 4,3 18.3
1.00 0 22.2 5h.6 344 4z 3 17.2

The blade profiles were NACA four digit series ten percent thick.
Figure 3 is a sectional view of the blade region where velo¢ity and
pressure measurements were made, An ad justable throttling valve down-
stream of the blgdes permitted variation of mass flow.

Qualitative measurements of velocity fluctuations, used to indicate
the stalled region, were obtained by the use of a constant current hot
wire anemometer¥ The wire on the probes was tungsten, .00035" diameter
and .O44" long. An additional hot wire set, locally constructed, was
also used when simultaneous indications at different tangential positions

* Model HWB, manufactured by Flow Corporation, Cambridge, Massachusetts.



were required. The operation of each set is identical and the same size
probes were used for each.

The output of the hot wire anemometers was fed into a dual-beam
cathode ray oscilloscope¥*, which permitted visual observation or photo-
graphic recording of the veloeity fluetuations. Photographs were ob-
tained with both a still and a strip film camera, the strip film caméfa
being employed to include a greater number of stall cells on a single
photograph. Representative photographs of each type appear as Figures
4 end 5. The time trace included on each velocity fluctuation photo-
graph was obtained by feeding the output of an audio oscillator into
the beam intensity control of the oseilloscope. The photographic and
hot wire equipment is seen in Figure 1.

Pressure fluctuations were measured with a barium titanate erystal,
the output of which was fed thréﬁgh an amplifier, and thence to the
oscilioscope. The pressure taps wefe located in the outer casing of
the compressor before and after each blade row and representative photo-
graphs of the pressure fluctuations at various axial posgitions are
shown in Figures 6 and T. ’

A five-hole probe and a sphere probe+ were used to determine air
angles and mean radius static pressure respectively. The deseription
of these probes is given in Reference 8. The mass flow corresponding
to each throttle position was obtained by measuring, with an inelined
mancmeter, the total and static pressure in a calibrated nozzle.

2.2 Procedure

Runs were conducted at 1500 RPM, with and without stator blades.

This rotational speed was chosen becuase it gave a maximum sxial ve-

loeity of 90 feet per second, which satisfied the requirement for

* Type 322, manufactured by Dumont Laboratories, Inec., Clifton, New
Jersey.

+ Manufactured by Flow Corporation, Cambridge, Massachusettis.



incompressible flow. A few runs conducted at 60 percent higher speed
indicated similar stall charaqteristies, so that the results obtained
are representative for the machine over & range of rotational speeds.
The various stall regions were obtained by varying the position of the
throttle and thereby the mass flow. The change over from one stall
region to another was quite sharp and easily detectable by sound and
change in the velocity fluetuation pattern.

The data recorded in each run were static and total pressure in
the calibrated nozzle, photographs of the velocity fluctuation pattern
and photographs of the pressure fluctuations before and after the
rotor and stator. The velocity fluctuations were normally measured
at the mean radius, but radial traverses were made to detect any change
from root to tip. These data permitted the evaluation of the frequency
of the rotating stall, mass flow and relative magnitude of pressure
fluetuations at the various axial positions.

The pumber of stalled regions was determined by the use of two hot
wire probes, one stationary and one free to traverse tangentially. The
wires were initlally aligned so that the output signals were in phase
and one wire was then traversed through a known arc. The relative phase
displacement of the stalled region was then correlated with the tangential
distance traversed to determine the number of stalled regions. '

The rotor performance was obtained by measuring the statiec pressure
and air angles at the mean radius, before and after the blade row,
using the sphere and five-hole probes. The pressures were measured with |
an inclined mancmeter and data were obtained for mass flow rates varying
from the maximum down to the point where the probe readings became mean-

ingless due to large veloclty fluctuations.



3. Results

The data were obtained in the form of the steady state character-
isties of the compressor and photographic records from the hot wire
equipment, and the results are presented in Figures 8 to 13. From
measured values of axial velocity and inlet and outlet angles from the
rotor at the mean radius, the angles relative to the rotor, B, and Bp,
were calculated, using the relations

tan 51 = .lci - tan Qy
x Figure 8
tan B, = g- - tan Qap

X

Hence, knowing the static pressure riseA,Eg measured at the mean
radius, the pressure coefficients were calculated and plotted versus

Bi.
C_ = a
P Lp w2 Figure 9
Finally, the blockage coefficient a, as used by Stenning and Emmons
(Reference 3,6) to snalyze the stability of a propagating wave, was

calculated and plotted versus cotangent B, :

. A cos Figure 11
a%-A—l = cos8 22 ;Izp o

From the photograph of the hot wire traces, the frequency of stall
propagation was found using the frequency of the timing pulse or the
veloeity of the film étrip. The number of cells was found from the
comparison of phase change with the actual angular displacement of the
two probes used, and hence the absolute frequency of a single cell was
calculated. Taking the mean radial position as the point of reference,
the velocity V of a single cell relative to the rotor can be caleulated
and is plotted, non-dimensionally, as V/cx versus B; in Figures 12 and
13.

In addition, the theoretical propagation velocities can be caleu-
lated from the theories of Marble, Sears and Stenning. The first two



give an identical result:

= ¢S8C 251

0|

X

The third theory includes an effect due to the number of stall cells,
N, and gives the result:

Y_ = 2(1’01))
e sin 2B, LT £ =i/
x 6»»341‘ 1+e="%
where b is the half wavelength of one cell ( circuggerence ), L i the

chord leﬁgth and p is the separation between the rotor and inlet guide
vanes; the expression in the square brackets is a correction designed
to allow for the effeect of the inlet guide vanes on the stall propa-
gation velocity. These theoretical velocities were calculated from the
steady state characteristics of the ecompressor, and are plotted in
Figures 12 and 13.
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L, Discussion of Results

4,1 Steady State Characteristics

The steady state characteristics were obtained both with and without
the stator blades in position, and excellent agreement was obtained
between the cbserved data. In addition, it was found that, without the
stator bladés, it was possible to obtain reasonable data when stall cells
of short wave length were present, so that mean data are available for

part of the region of rotating stall.

In Figures 9 and 10, where the pressure coefficient is plotted
versus B,, the ranges in which rotating stall occurs are marked both for
the stage with stator blades and for that without; a detailed discussion
of these regions is given below. It will be noted that there is a rise
in pressure coefficient at a value of B, of 66°. This was due to the
onset of rotating stall, which caused the flow through the stalleéd.blade
pasdeges to decrease, while the flow through the unstalled blade passages
incereased. The net losses across the blade row are apparently reduced,
giving an increase in the pressure rise, and hence a local rise in
pressure coefficient. With stator blades in place no reliable measure-
ment of angles or static pressures sre possible when stall begins, since
the velocity fluectuations are large.

From stabllity considerations for a wave propagating in a cascade
(References 3,6) the start of rotating stall is predicted to coincide with
the point where a line from the origin is tangent to the curve of the
blockage coefficient ¢ versus cotangent B;. Ip Figure 11, it is seen that
stall propagation does not start until a somewhat larger value of 8; than
that predicted. This is probably due to the fact that finite fluctuations
are involved, rather than the small fluctuations assumed in the theoretical
model.

4.2 Stall Characteristics with Stator Blades

The first tests were conducted with the stator blades in position,
and the following tharacteristics were observed as the relative inlet

angle was increased by decreasing the mass rate of flow.
Four separate regimes of rotating stall were found, the first con-
8isting of one cell at the tips of the blades, and the others having one,



two and three cells respectively, covering the entire blade. Between
each regime, a transition state occurred in which the number of cells
varied between those found in the adjacent regimes (Figure 9), The
veloeity fluctuations were measured at a number of axial positions, and
it was found that the magnitude of the velocity fluctuations decreased
with distance both upstream and downstream of the rotor.

The first sign of stall as B, was increased above the design value
was the appearance of random veldcity fluctuations, which appeared with
increasiﬁg regularity until the regime of propagating tip stall was
entered. The stalled region extended from the rotor tip for about 3/4
inches down the blade, & distance approximately equal to the thickness
of the boundary layer entering the rotor (Reference 7). The number of
blades over which the region extended was greatest at the tip and de-
creased further down the blade, but no actual measurements were made of
the mumber of blades covered by the cell. As B; was further increased,

a single cell was found extending over the entire blade length, and the
number of blades covered increased with B; until the next regime with two
stall cells was entered. In the regimes where the entire blade was stalled,
neither the velocity fluctuation pattern, nor the number of blades

covered, varied markedly from root te tip. As P, was increased, the

number of cells increased progressively from one to two to three, a larger
number being uncobtainable as purely random fluctuations appeared when B;
was greater than 81°, as shown in Figure 4-d.

4,3 Stall Characteristics Without Stator Blades

When the stator blades were removed, there was a very marked change
in the rotating stall characteristics; the onset of stall was delayed
until a greater value of B, and following the initial regime with random

veloeity fluctuations, two regimes were found consisting of a much larger
number (eight &nd nine respectively) of small cells than were obtained
with the stator blades in place. On further increase of B,, the stall
characteristics resembled those with the stator blades in place and
regimes containing one, three and four cells were found before random

stall reappeared at a value of B, of 850. The regime with two cells
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appeared as an unstable condition in a very narrow range of inlet angles.
(Figure 10).

Several striking differences were observed between cells of short
and long wavelength (high and low frequency). With the former, it was
found that the velocity fluctuations were very nearly damped” out in
the root boundary layer, while the latter showed fluctuations of greater
amplitude in the same placé. It was also found that for short wavelengths,
the velocity fluctustions measured directly downstream of the rotor
(Section F, Figure 3) were considerably smaller than those at Section G.
No satisfactory explanation of this has been suggested.

The limits of the various regimes were comparatively well defined
when there were a small number of cells, since any change in number caused
an appreciable change in the frequency, and in the phase shift between two
probes. With eight or nine cells, the problem of determining the actual
number becomes more difficult and there is a range of uncertainty between
these two regions. Further difficulties are caused by the non-gymmetry
of the cells around the annulus (Figure 5), and also by the fact that each
cell does not cause the same velocity fluctuations at the probe.

Since the blade passages are of finite width, the probe may be at any
point across the passage at the instant when the adjacent blade stalls.
The process of stalling causes separation from the leading edge of the
blade, and there is a reduction of velocity in this region of separated
flow (Position A), while the velocity in the unseparated portion of the
Passage may have an instantaneous increase, due to the reduction in flow
area (Position B).
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If the probe is close to the trailing edge of the blade, it may
therefore show either an increase or decrease in velocity when stall
occurs., Further downstream, mixing has occurred so that each stall cell
causes g net decrease in veloeity, and similarly, a probe upstream of
the blade row will always indicate & reduction in veloeity on account of
the partial blockage of the blade passage. The phenocmenon was noted for
stall cells of short wavelength and would be expected when there are only
& small number of blade passages covered by each cell.

Finally, it should be noted that a flow reversal will be shown a8 a
velocity increase since a hot wire is non-directional, andchence the mid-
point of the cell is sometimés difficult to find on the oseillogram.

k.4 Comparison of Actual and Predicted Propagation Velocities

As explained above (in Section 3), the expefimental pc nts and theo-
retical curves are plotted in Figures 12 and 13. The forr in which these

figures are presented permits s comparison of the theore.ical and experi-
mental values of the propagation velocities relative tr, the rotor, and
important conclusions can be drawn from them.

First, all the theories are based on the assumy tion of small pertur-
bations on a steady velocity field and so would on'.y be valid at the onset
of rotating stall. Gocd agreement is obitained at this point with
Stenning's theory, both with and without stator olades, while the propa-
gation velocities predicted by both Sears and farble lie below the values
observed with stator blades and above those ' pserved ﬁithout stator

~ blades. At high values of the inlet.angle, the velocity fluetuations

cannot be considered as small, but all theories give the correet order of
magnitude (within about 25%) for the propagation velocities if the theo-
retical curves are extrapolated. It will be noted that throughout the
range of available data, the velocities predicted by Sears and Marble
correspond “almost exactly with those predicted by Stenning for four stall
cells.

Another striking factor, without stator blades, is the sudden change
from nine cells to-a single cell, with a very small change in B, (Figure 13).
The propagation velocity inereases by ninety percent when this happens,
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which would seem to confirm the prediction of Stenning's theary that the
propagation velocity is a functidn of the number of cells and increases
with increase of wavelength. '

L.5 Pressure Fluctuations

In the theoretical analysis of rotating stall, two simple assumptions
can be made about the conditions downstream of the blade row. Either the
blade passages can be considered as nozzles discharging into a region of
constant pressure, or it can be assumed that mixing occurs immediately
downstream of the row, sc that the downstream flow field is a continuum.
These assumptions can readily be checked by measuring the relative magnitude
of the upstream and downstream pressure fluctuations and the results of
such tests, taken at the outer casing of the compressor, were as follows.

‘With stator blades in position, it was found that pressure fluetu-
ations were negligible downstream of the stator blades and upstream of the
inlet guide vanes, as compared with the fluctuations upstream of the rotor.
The fluctusetions downstream of the rotor were not greatly affected by the
onset of rotating stall but in the extreme condition an appreciable vari-
ation is seen (Figure 6¢c). The upstream fluctuations due to rotating stall
wvere approximately double those downstream of the rotor. It would appear
from this that the condition of a constant downstream pressure field, as
assumed by Stenning, was not satisfied and therefore the close agreement
between theoretical and observed propagation velocities must be ¢onsidered
fortuitous.

Without stator blades, a greater reduction in pressure fluctuations
across the rotor was found, as seen in Figure 7, and the maximum down-
stream fluctuations due to rotating stall were less than 25% of those up-
stream.

In order to confirm the most suitable assumption for the downstream
flow field in the theoretical analyses, an expression for the magnitude of
the pressure fluctuations, based on Stenning's model of the stall process
with the downstream flow field considered as a continuum, is calculated in
Appendix I. The expression obtained is:

f@mﬁ.( (1= e
gf& J/{. { + (I-+EZWQ%) y%x
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From experimental data on the propagation velocities of stall cells
without stator blades, the predicted relative magnitude of the pressure
fluctuations can be calculated and representative results are given in
the following table.

Number of cells 8 9 1 3

B, 67.0° 73.6° 4.6 78.5
e 3, 2.%6  3.h0  3.63 k.92
7 .862 1.2  2,%2 2,54
- ¢ .825  .867  .151 .43
|+ € *Te

& 1.99 1.88 0.56 0.96

Fop, ?

Fraom the observed values of pressure fluctuations without stator
blades, it is seen that the ratio of pressure fluctuations is never
less then four, so that the assumption of a constant pressure field
downstream corresponds more closely to the observed results than the
assumption of a continuum.
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2. Conclusions and Suggestipns for Future Work

_ From the results obtained, it can be seen that the propagation
veloeities can be predicted with reasonable accuracy for a single blade
row at the onset of stall using the results of Stenning's theory. At
high inlet angles relative to the rotor, where the velocity fluctuations
become large and the pressure coefficient is small, the actual and pre-
dicted #elocities agree reasopebly well both with Stenning's theory, and
with the results of Sears' and Marble's analyses. The correlation with
the latter theories is probably somewhat fortuitous, as it is due to a
cancellation of the effects of two invalid assumptions; namely, that there
is a small pressure rise across the blade row, and that the downstream

flow field can be represented by a continuum. _

It is also seen that the rotating stall characteristices of the
compressor are influenced very strongly by stator blades downstream of
the rotor, the effect of this interference being to damp out the propa-
gation of stall cells at high frequencies and to induce stal] propagation
at higher mass flow rateé.

Finally, measurements of pressure fluctuations upstream and down-
stream of the rotor confirm that, for a single blade row, the assumption
of a constant ppessﬁre field downstream is closer to the observed results
than the assumption of a continuum.

It is proposed to continue work on the compressor using a single
rotor, so as to eliminate completely the effects of adjacent blade rows,
and new blades have been designed for such a rotor. By varying the
stagger and solidity of these blades the effects of these parameters
will be found and following this, stator blades will be installed in
order to find their effect on the stall characteristies when the spacing

between blade rows is varied.
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APPENDIX I
ATl.1 Pressure Fluctuations in a Downgstream Continuum
The following analysis is designed to estimate the relative

magnitude of the upstream and downstream pressure fluctuations caused

by rotating stall when the downstream flow field is considered as a

continuum.
The analysis is based on the model used by Stenning (Reference 3)
shown in the following figure. '

RO

X

q

A

For incompressible, irrotational flow upstream, & perturbation
velocity potential¢ can be defined, and from continuity:
¢xx + ¢yy =0
If the rotating stall is considered as a sine wave propagating

along the cascade, the solution is:

%= A sm("—-&’ —wt) [\e% +€ %(eralﬂ (1)

o

which satisfies the condition that ¢x =0 at x = -p. This con-
dition allows the interference effect due to upstream guide vanes to
be estimated, on the assumption that these gulde vanes are closely
spaced and of large chord length.

From Euler's equations of motion for unsteady flow, with small

perturbations, upstream of the cascade

¢t+c8c+3%é=c —00<x<O0 (2)

Equation 2; Reference 3.
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Downstream a continuum is assumed (Appendix III, Reference 3) and
Sgg .
* = (¢¢)1 (3)
2

c = uf 4+ u?

By definition

Socbc= wSu+ 8
A o SC, = [_Cx ¢x_],+ [Céf ¢8’7,

Evaluating equation (2) at point 1 and dividing by equation (3)
S,AI = "( t)t -~ C, SC, - = {¢C)l - [C—x ¢XJ1 — LCQ ¢){'Jl
S (B (),

Substituting for @ from equation (1)

&py _ (126 BN =T con (B - eot) (1= € B or o [ -0ot)
$pa (!-re 2lﬁj?)(.u con[FE - wt)

Comparing the magnitude of these pressure fluctuations,

N R '"'Cs— _,e'z!rrté'a LA
Sg,éi - ﬂ'* )(w(we‘?‘)(, ) (35)

- -+ (oS

= [i- gL+ T

This equation shows that the effect of inlet guide vanes is to

reduce the ratio of upstream to downstream pressure fluctuations, and
it can be used to estimate the theoretical pressure fluctuations with

the downstream flow field considered as a contipnuum.
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NOMENCLATURE
Effective blade pagsage area

Total blade passage area
Half wave length of stall cell
Resultant velocity
Pressure coefficient
Axial veloecity
Tangential velocity
Stall propagation frequency
Frequency of timing pulse on photographs
Blade chord length
Number of stall cells
Separation between inlet guide vanes and rotor
Static pressure
Radius
Rotor tip radius
Rotor velocity at mean radius
Stall propagation veloeity at mean radiﬁs
Inlet velocity relative to rotor
Blockage coefficient
Absolute air angle entering rotor
Absolute air angle leaving rotor
Air inlet angle relative to rotor
Air outlet angle relative to rotor
Density
Perturbation velocity potential
29
3%
3¢
Y
P28
ot
Angular frequency of stall propagation
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FIG.3-SCHEMATIC DIAGRAM OF MEASUREMENT STATIONS



Bl =63.0°
a. F=50cps
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t‘n---% b. F=100cps
\ e N=2 f=15.5c¢cps
TIME =-—— VELOCITIES DECREASE TOWARD

THE CENTER OF EACH PICTURE
PROBES DOWNSTREAM OF STATOR

180° APART
B‘ =73 8°
&. F=100cps

N=3 f=23.2 cps

B, =80.6
F=100cps

TIME =—

FIG 4. VELOCITY FLUCTUATIONS WITH STATOR BLADES



POSITIVE NOTE: PROBES BEFORE ROTOR- WITH TWO PROBES,45° APART,
VELOCITY CLOCKWISE PROBE RECEIVES SIGNAL FIRST.
ccw
cw
8 CELLS f=135CPS B, =67.0° 100 INS/ SEC
TIME
ccw
Cw
9 CELLS f=149CPS B, =73.6° 00 INS/SEC —_-r—-——r-
IME

I CELL f=10.2CPS B, =74.6° 25 INS/SEC m—"

3 CELLS f=38.5CPS | = 79.4° PULSE = 100 CPS IOOINS/SEC —— 3

4 CELLS f=52.0CPS f,=84.9° 100 INS/SEC —;l—r

FIG.5 REPRESENTATIVE STRIP FILM RECORDS OF HOT WIRE TRACES
WITHOUT STATOR BLADES
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