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CHAPTER XI

COMPRESSOR STALL AND BLADE VIBRATION

By Robert W. Graham and Eleanor L. Costilow

SUMMARY

The extent of the useful operating range of the multistage axial-
flow compressor is greatly influenced by its stalling characteristics.
Over the entire range of possible compressor speeds there is a minimum
flow point for each speed where the compressor will either surge or stall,
depending upon the geometry of the compressor receiver. If surge does
not occur, the efficiency will be so poor in the stalled condition that
the compressor will limit the useful operation of a turbojet engine.

These surge or stall points define the familiar surge or stall-limit

line. In addition to this stall line, stall of the front and rear stages
occurs at part-speed and overspeed operation, respectively. Serious blade
vibrations may occur for either of these conditions as a result of stall.

Compressor stall may be manifested as rotating stall, individual
stall of each blade, or stall flutter. From experimental evidence, the
first of these seems the most prevalent.

Several theories of rotating stall in single-stage compressors ap-
pear in the literature, none of which can be used to predict propagation
rates with any appreciable degree of reliability. However, these theories
are useful in evaluating the significance of parameters pertinent to the
stall-propagation mechanism and thus in planning experimental research
programs. The prediction of rotating-stall data for multistage compres-

sors is even more complicated, because of interaction effects among the
stages.

INTRODUCTION

Historically, it is interesting that one of the earliest references
to rotating stall appeared in 1945 in a British report on the performance
of a centrifugal compressor (ref. 1). In 1950 an NACA publication
(ref. 2) reported the occurrence of an asymmetric flow pattern in an im-
pulse axial-flow compressor. In both of these early investigations, flow
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patterns were detected by means of wool tufts. This asymmetric flow
phenomenon was labeled as a propagating stall in reference 3 (1951), which
presented the stalling characteristics of an axial-flow compressor. The
rotating-stall patterns found in that investigation were detected with
high-frequency-response hot-wire anemometers. During the past three
years, much research effort has been devoted to the study of rotating
stall in both single- and multistage compressors.

Off -Design Operation

With the use of aerodynamic theory, the design-point performance of
a multistage compressor can be predicted with reasonable accuracy. How-
ever, as 1s pointed out in chapter X (ref. 4), current design techniques
cannot be used to predict compressor operation that deviates markedly from
design. Since the compressor of a turbojet engine must operate at part
design speed during acceleration of the engine and also at high flight
Mach numbers, analytical methods for accurately predicting part-speed
operation are desired by compressor designers. In addition, designers
are concerned with blade vibrations that occur during operation in stall.

The internal aerodynamics of the compressor must be thoroughly under-
stood at off-design conditions before design techniques applicable to this
region of operation can'be developed. During compressor off-design opera-
tion, degeneration of the performance of a stage is accompanied by a se-
rious flow separation in the blade passages. This unfavorable operating
condition is termed stall. Two significant areas of off-design performance
are labeled in figure 1, which is a representative multistage compressor
map: (1) inlet-stage stall and (2) the stall-limit or surge line. These
conditions result from stall of some of the compressor blade elements.

The occurrence of separated flow at each of these regions can be explained
without an elaborate analysis.

Inlet-stage stall. - At low speeds, insufficient pressure rise in the
stages causes the density level of the fluid to be too low in the rear
stages. The resulting high relative velocities and incidence angles cause
choking in the rear stages. This choking limits the flow through the
front stages and causes excessively high angles of attack or stall.

Stall-limit or surge line. - The stall-limit line represents the
locus of minimum-flow points just before the performance of the compres-
sor deteriorates abruptly. This deterioration in performance, which is
attributed to the operation of one or more of the stages in severe stall,
is sometimes called "complete compressor stall." In chapter XIII, the
stages instigating the stall 1limit are analyzed and the significance of
the shape of the stall-limit line and its relative position on the com-
pressor map is discussed. The stall-limit line is of‘ten referred to as

CONFIQ?NTIAL
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the surge line, since surge may occur, depending on the geometry of the
compressor receiver. An analysis of surge in the multistage compressor
1s presented in chapter XII.

In addition to the part-speed stalling conditions discussed earliier,
the possibility of rear-stage stall at near-design and overspeed opera-
tion of the compressor must be admitted. Experimental evidence for over-
speed stall is lacking, but such a stalling condition seems possible. At
these conditions, continuity requirements in the rear stages cause some of
the blade elements to operate at stalled angles of attack. Chapter XIIT
concludes that stall of the rear stages determines the stall-limit line at
high part-speed and overspeed operation.

Stall Phenomena

Experimental data and analyses give credibility to the existence of
at least three distinct phenomena during stall operation, the first two
being aerodynamic phenomena, and the last an aeroelastic phenomenon:

(l) Rotating or propagating stall, which consists of large stall
zones covering several blade passages and propagating at some fraction
of rotor speed in the absolute direction of rotor rotation. These stall
zones can produce resonant blade vibrations. The number of stall zones
and the propagation rate vary considerably. Compressor investigation has
shown rotating stall to be the most prevalent type of stall phenomenon.

(2) Individual bléde stall, which is characterized by the development
of large separated-flow regions or zones of low flow in the wake of each
blade.

(3) Stall flutter, which is a self-excited blade oscillation that
must be distinguished from the more familiar classical flutter. The lat-
ter, which is a self-sustained oscillation caused by the coupling of the
inertia, damping, elastic, and aerodynamic forces on a wing section,
takes place at low angles of attack (unstalled flow) when a certain criti-
cal velocity that is a function of the wing design is reached. In con-
trast, stall flutter takes place at high angles of attack and is associat-
ed with individual blade stall.

The present report summarizes the pertinent experimental and theo-
retical work that has been done on these three stall phenomena. The
assumptions and analytical techniques are emphasized in presenting the
theories. Wherever possible, theoretical results are compared with ex-
perimental data. The discussion includes experimental data on blade
vibration incurred during rotating stall.

CONF£EENTIAL




4
CONF?BEQTIAL NACA RM E56B03b

SYMBOLS

The following symbols are used in this chapter:

N rotational speed, rpm

U rotor speed, ft/sec

iV air velocity, ft/sec g
B air angle, angle between air velocity and axial direction, deg 3
] ratio of total temperature to NACA standard sea-level tempera-

ture of 518.7° R
p density, lb-secz/ft4

ApV/SV amplitude of pV fluctuation divided by average pV based on
average anemometer current

Subscripts: ' - ”
t GAp

Z axial direction ' =
1 station at exit of guide vanes

2 station at rotor exit

3 station at stator exit

Superscript :

¢ relative to rotor

ROTATING STALL
Mechanism of Stall Propagation

Rotating stall has been depicted as the propagation of large stall
zones relative to the blade row. The propagation mechanism can be de-
scribed by considering the blade row to be a cascade of blades similar to
that shown in figure 2. Assuming that some flow perturbation has caused -
blade 2 to reach a stalled condition before the other blades in the cas-
cade, then this stalled blade does not produce sufficient pressure rise
to maintain the flow around it. Consequently, effective flow blockage or
a zone of reduced flow develops. This retarded flow (shaded in fig. 2) 3
diverts the flow around it so that the angle of attack increases on blade

CONFIDENTIAL
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3 and decreases on blade 1. The stall propagates downward relative to
the blade row; the diverted flow stalls the blades below the retarded-
flow zone and unstalls the blades sbove it. The retarded-flow or stall
zone moves from the pressure side to the suction side of each blade (the
opposite direction of rotor rotation). The stall zone may cover several
blade passages. From compressor tests, the relative speed of propagation
has been observed to be less than absolute rotor speed. Consequently, as
observed from an absolute frame of reference, the stall zones appear to
be moving in the direction of rotor rotation.

Experimental Detection of Rotating Stall

At present, the hot-wire anemometer is generally used at the NACA
Lewis laboratory to detect and measure the flow fluctuation of stall.
However, since a pressure change accompanies these flow fluctuations, a
high-frequency-response electronic pressure pickup is also a suitable
detection device. The hot-wire-anemometer probe and two types of hot-
wire-anemometer amplifying systems, the constant-current and the constant-
temperature, are discussed in references 5 to 7. A method of determining 5
from hot-wire-anemometer data the number of stall zones in a given pattern
and the magnitude of the flow fluctuation in the stall zones with respect f
to some mean flow value is given in reference 8.

The testing procedure generally followed in determining the rotating-
stall characteristics of a compressor is to operate the compressor at a
constant speed and gradually decrease the weight flow while observing the
resulting changes in the hot-wire-anemometer output. The hot-wire-
anemometer signal, usually observed on an oscilloscope, follows a definite
evolutionary process as the weight flow is decreased. As an illustration,
this process is described in conjunction with the performance character-
istic of a single-stage axial-flow compressor (Efg. 50

When the test is begun, at high weight flows near the best operating
point of the compressor, the hot-wire signal viewed on the oscilloscope
indicates sharply defined blade wakes in region A. Typical oscillograms
showing these blade wakes are given in figure 4. As the weight flow is
reduced below the peak-pressure-ratio weight flow denoted by region B of
figure 3, the blade wakes become wider and less well defined, indicating
flow separation and the possibility of stall somewhere along the blade.
A momentary or unstable stall zone covering several blade passages 1s
occasionally observed on the oscilloscope. The sporadic stall zone is
often the herald of a periodic rotating-stall pattern that develops at
lower weight flows. Periodic rotating-stall zones are observed as the
weight flow is further reduced to region C of figure 3. A typical
rotating-stall pattern for this area is shown by the oscillogram of fig-
ure 5. Further throttling of the compressor weight flow may promote
changes in the rotating-stall patterns with respect to the number and
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size of the stall zones. If the weight flow is gradually increased, gen- |
erally the same rotating-stall patterns will appear; however, the stall

pattern will be instigated at higher weight flow, as shown in figure 3. =
This behavior of stall instigation is called hysteresis.

Characteristics of experimentally observed stall patterns. - Single-
stage compressors: Rotating-stall characteristics have been investigated
in a considerable number of single-stage experimental compressors, with
symmetrical, solid-body, or free-vortex velocity diagrams and a variety
of blade shapes. The rotating-stall data obtained embrace a wide range
of stall-propagation rates and number of zones in each stall pattern.

The number of zones varies from 1 to 12, and the absolute propagation
rate varies from approximately 10 to 85 percent of rotor speed. Gener-
ally, more than one stall pattern occurs; that is, the number of zones

and the geometric configuration of the stall-zone region change as the
flow is varied in a given compressor. Figure 6 is a typical single-
stage-compressor performance map with the stall patterns observed and the
weight-flow range of each pattern indicated on the figure. Generally,

as 1in the example used in the figure, the propagation rate remained essen-
tially constant over the entire stall region, notwithstanding changes in
the number of stall zones. Some exceptions to the consistency of the -
stall-propagation rate have been observed when appreciable changes in the
radial extent of the stall zone take place.

6022

Multistage compressors: Multistage compressors exhibit stall char- *
acteristics similar to those of the single-stage units. The stall zones
appear to extend axially through the compressor, that is, with little or
no spiraling. As the weight flow was throttled at a constant speed, the
number of stall zones in the annulus varied from 1 to 7 among the several
compressors investigated. Rotating stall in multistage compressors may
exist from choked flow to surge at low speeds. The rotational speed of
the stall zones ranged from 43 to 57 percent of the rotor speed, and the
stall propagated in the direction of the rotor rotation (absolute frame
of reference) for all compressors investigated.

Rotating-stall characteristics are superimposed on a typical
multistage-compressor performance map in figure 7. For this compressor,
stall existed throughout the compressor in the intermediate-speed range.
The number of stall zones increased with a decrease in the weight flow
at a given speed.

Single- and multistage stall data summary. - Tables I(a) and (b)
give a general summary of the stall data from single- and multistage
compressors, respectively. More information regarding stall has been
taken for single-stage units than for multistage compressors. Single- B
stage-compressor design data are given in table II.

CONF£BENTIAL
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Classification of Stall

Rotating stall may be classified as progressive or abrupt, according
to the performance characteristic of the compressor. In addition, the
stall pattern is described as partial or total span and steady or inter-
mittent, according to the geometry of the stall zone and the Periodicity.

Progressive or sbrupt stall. - Classifying rotating stall by the
type of stage performance characteristic associated with it is probably
the most important way to denote stall types. A smooth, continuous stage
performance characteristic in the stall region similar to that shown in
figure 6 indicates the gradual increase in blocked annulus area due to
stall. Appropriately, this type is called "progressive™ stall. In
contrast, a discontinuous stage performance characteristic like that shown
in figure 3 has also been observed during stall. Generally, for this
type of performance curve g single stall zone covering as much as half
the annulus area and extending over the entire blade span has been ob-

served. Because of the discontinuity in the pressure curve, this type
of stall is called "abrupt."

The term "complete compressor stall" is applied to multistage com-
bressors to describe a discontinuous performance curve similar to that
for abrupt stall of single-stage compressors. The complete-compressor-
stall points on the performance map define the stall-limit line.

The magnitude of the pressure drop at the discontinuous point of the
performance characteristic is shown in figure 8 for abrupt stall of blade
elements. Here the pressure drop due to stall divided by the pressure
rise immediately before encountering stall is plotted against the com-
pressor pressure ratio measured Just before compressor stall. Both
single- and multistage data are included; that is, both abrupt and
complete-compressor-stall data are plotted. Evidently, abrupt stall of
some blade elements and complete compressor stall are similar. From this
figure it is apparent that the pressure drop accompanying complete com-
pressor stall is severe and will result in appreciable penalties in com-
pressor efficiency.

Partial- or total-span stall. - The radisal extent of the stall zone
along a blade is another convenient characteristic for classifying rota-
ting stall. In addition to extending circumferentially over several
blade passages, the stall zone also covers part or all of the blade span.
Thus, the term partial-span stall is used to denote stall covering part
of the blade span, and total-span refers to stall covering the whole
blade length. Figure 9 shows the type of oscillogram cbtained during a
radial traverse with a hot-wire-anemometer probe. The large-amplitude
bulsations from hub to tip (fig. 9(a)) are typical for total-span stall.
Figure 9(b) shows a partial-span stall concentrated at the tip, as shown

by the disappearance of the stall "blip" from the anemometer trace at
the hub.
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Steady or intermittent stall. - It has been observed that compressors
may also have an intermittent type of stall pattern for a given operating
point. 1In this case one stall pattern exists for an instant, then changes
to a new stall pattern. Intermittent changing among three different stall
patterns has been observed in one multistage compressor.

General Observations on Rotating-Stall Phenomena

The following general observations concerning rotating-stall phe-
nomena are made from examination of the existing data. The remarks apply
to both single- and multistage compressors. Exceptions to the generaliza-
tlons are also discussed. '

60EE

Hysteresis effect. - When a compressor is being run at a constant
aerodynamic speed and a rotating-stall pattern is encountered during a
throttling of the weight flow, usually that same stall pattern will be
observed for subsequent repeated tests. In fact, for single-stage tests
over a range of speeds the stall pattern will be repeated for all speeds
if the compressor is operated at the same flow coefficient in each case.
However, it is interesting that, once a stall pattern has been established
during a throttling process, if the flow is allowed to increase the pat-
tern will persist above the value of the throttled weight flow (or flow
coefficient for single-stage compressors) to a higher weight flow before
disappearing. A graphical superposition of this apparent reluctance of g
the stall pattern to change on a compressor performance curve resembles
the well-known hysteresis loop of other physical phenomena. Consequently,
it has been labeled "hysteresis," although no time-dependency is involved.
The resemblance is most striking for abrupt stall, because a distinct
loop is formed.

This so-called hysteresis effect is also present when a change in
the stall pattern occurs. The weight flow marking the inception of a
pattern during the throttling process is lower than that marking the
disappearance of the pattern when the flow is increased.

Stall-propagation rates. - Single-stage compressors exhibit a wider
range of stall-propagation rate than multistage compressors. Most multi-
stage compressors have stall patterns with propagation rates of about
half the rotor speed; whereas, single-stage-compressor stall patterns
range from approximately 10 to 85 percent of rotor speed. Both multi-
stage and single-stage compressors usually exhibit one stall-propagation
rate for all stall patterns, if the geometry of the stall pattern does
not change. Exceptions to this generality have been mentioned in the
discussion of single-stage stall data. No exceptions have been observed
for multistage compressors.
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Flow and pressure fluctuations. - Table 1(a) includes a column in
which the flow fluctuation accompanying rotating stall in a single-stage
compressor is listed in terms of the parameter ApV/SV. The magnitude of
ApV/pV varies from 0.6 to 2.14. No apparent correlation of the magnitude
of the parameter with the size or number of stall zones can be obtained
from the existing data on single-stage compressors.

The magnitude of ApV/EV for blade wakes measured during design
flow conditions may range from approximately 0.1 to 0.2. By comparison,
the stall disturbance is rather severe,

The magnitude of the parameter AoV/pV in the inlet stage of a 10-
stage research compressor was found to be similar to that observed in
single-stage compressors. The stall data reported in reference 9 were
obtained at 50, 60, and 70 percent of design speed. This operating region
is the inlet-stage stall region indicated in figure 1. By locating hot-
wire anemometers at various axial stages, the magnitude of the flow fluc-
tuation threughout the entire compressor was measured. The data of fig-
ure 10 (ref. 9) show that the intensity of the flow-fluctuation level
diminished appreciably after the fourth or fifth stage of the compressor.

The pressure fluctuations peculiar to the abrupt stall that occurs
along the stall-limit or surge line of multistage compressors are signifi-
cant, because the attendant efficiency drop limits the useful engine
operating range. In discussing figure 8, it was pointed out that an ab-
rupt (40- or 50-percent) drop in pressure rise may occur when the compres-
sor operating point reaches the stall-limit line. In reference 10 the
drop in the discharge pressure and the pressure fluctuation accompanying
abrupt stall were measured during stalled operation. At 82-percent design
speed, when the compressor reached the stall-limit line, the mean level
of the discharge pressure dropped 50 percent and the discharge pressure
fluctuated 25 percent above and below the mean pressure level of the
stalled operation.

Usually, the rotating-stall pattern observed when the stall-limit
line is reached is a single-zone total-span stall. Because of the dis-
continuity in the performance curve, the stall is classified as abrupt.

Multistaging effect. - Experimental evidence has shown that data on
propagation rate or number of stall zones in single-stage compressors do
not apply to the rotating-stall characteristics of multistage units com-
posed of these stages. In reference 11, the single-stage stall data for
three identical stages composing a multistage compressor are compared
with the multistage stall data. In order to explain the difference in
the stall of stages tested individually and as a part of a multistage
compressor, multistaging or interaction effects must be considered.

com}(DENTIAL
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In multistage compressors, each stage operates in an aerodynamic
environment determined to some extent by all the compressor stages. This
environment comprises two multistaging or interaction effects:

(1) The radial gradients in axial velocity emanating from a stage at
off-design operation, which may be sufficiently severe to cause a

stall angle of attack over a part of the blade span of some down-
stream blade row

(2) The influence of low-flow or stall zones emanating from other
stages of the compressor

60¢e

The result of the radial gradient in axial velocity might well be
the development of a rotating-stall pattern considerably different from
anything expected from single-stage stall data alone. In a series of
tests conducted at the NACA Iewis laboratory on a production turbojet
engine, it was observed that the stall characteristics of the compressor
could be changed by altering the velocity profile entering the first blade
row. Wire screens were used to partially block the flow into the compres-
sor inlet. When the screens were arranged to produce circumferential
variation in the flow, no appreciable changes in the stalling characteris-
tics were evident. However, when radial gradients in the flow were
achieved by partial blockage of the whole annulus of the inlet passage,
the stalling characteristic of the compressor was altered significantly.

It was previously pointed out that, when rotating stall occurs in
multistage compressors, the stall zones extend throughout the entire axial
length of the compressor, as shown in figure 10. This means that each
stage in the compressor will experience periodically recurring low-flow
zones. If a stage or stages operate sufficiently near the stall point,
the presence of the low-flow zones may cause stall angles of attack to
occur when the blades pass through the stall zones.

Variation in stall patterns. - One of the objectives in presenting
table I is to emphasize the great variety of stall patterns that have
been observed. At present, there appears to be no way of cataloging the
stall with respect to any type of compressor design. Among several com-
mercial engines of one type, each of which was installed in the same test
facility, the stall patterns were different, although the propagation
rate remained essentially the same. Apparently, in this case the stall
pattern was sensitive to such small changes in compressor geometry as
would result from production tolerances. Such minute differences in
geometry would be difficult to include in a theory that would prediect the
stall pattern from design data.

Effect of inlet temperature. - Stall frequency for a given stall
pattern is proportional to actual engine speed and is independent of in-
let temperature. The speed range over which a given stall pattern is

CONF}BENTIAL
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observed is a function of equivalent speed and, therefore, varies with
inlet temperature. If the mechanical speed is changed to accommodate inlet
temperature changes, so that the corrected speed N/A/g is constant, the
stall frequency will vary with the mechanical speed. Consequently, it
will be impossible to tune the natural frequency of the compressor blades

to avoid a resonance with the fundamental stall disturbance or its harmonics

over a range of compressor-inlet temperatures.

Blade Vibration Incurred during Rotating Stall

Since rotating stall consists of one or more low-flow zones that ro-
tate in the compressor annulus, usually at constant speed, the blade rows
experience periodic aerodynamic forces as the low- and high-flow zones go
by the blades. 1In reference 12 the fluctuating forces due to rotating
stall were measured on the guide vanes and stators of a single-stage com-
pressor. The blade-force fluctuations during rotating stall were compara-
ble to the steady-state blade force measured during unstalled operation.
This periodic force can therefore be a source of resonant blade vibration,
where the frequency of the stall relative to the blades excites the blades.
From current evidence, the compressor designer must always be concerned
with the possibility of blade failure due to resonance between the blade
frequency and the stall frequency.

Single-stage compressors. - When the high stresses accompanying ro-
tating stall are investigated, it is necessary first to determine the
magnitude of the blade stresses when accompanied by rotating stall. An
investigation of the effect of rotating stall on the blading of a single-
stage compressor with a hub-tip radius ratio of 0.5 is reported in ref-
erence 13. The experimental results show that stall zones can excite
blade vibration with resultant bending stresses sufficiently severe to
cause blade failure. Fatigue cracks were observed in the aluminum stator
blades. The blades were in resonance with the first two harmonics, as
shown in figure 11, which is a plot of the ratio of the stall frequency
to the natural bending frequency of the blade against rotor speed.
Resonant vibrations occur at compressor speeds corresponding to the in-
tersection of the stall-frequency line with horizontal lines representing
resonance with the fundamental stall frequency and the first two harmonics.

\

Other fatigue failures of experimental single-stage compressors have
been attributed to rotating stall. Stall data were not obtained for all
the compressors that failed, but each compressor had been operated in the
stalled region. Most of these compressors were stages of 0.5 hub-tip
ratio. A fatigue failure with much shorter blades, where the hub-tip
ratio was 0.72, was attributed to resonance between the relative funda-
mental stall frequency and the natural bending frequency of the blades
(see ref. 14).

COI\SEIDENTIAL
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Multistage compressors. - Although several multistage-compressor
failures at the NACA might be attributable to rotating stall, only one
was sufficiently instrumented with strain gages and hot-wire anemometers
to trace the failure directly to rotating stall. This investigation is
reported in reference 15, in which a resonant-vibration condition was
found in the first-stage rotor at approximately 62- and 70-percent design
speed, as shown in figure 12, The strain-gage data indicated vibratory
stresses of approximately +13,500 and +34,800 pounds per square inch,
respectively, at these operating points, which were sufficient to cause
fatigue failure of the aluminum blades. Typical high-stress vibration
bursts caused by rotating stall as recorded from the strain gages are
shown in figure 13 for 62-percent design speed.

Methods of alleviating blade vibration. - To the axial-flow-compressor
designer, the most serious result of rotating stall is blade failure. The
theory of rotating stall developed thus far does not provide a method for
predicting stall frequency for new designs and thus "tuning" blades out of
dangerous blade-vibration frequencies. Furthermore, as mentioned in the
discussion of the effect of inlet temperature on the stall frequency, it
appears impossible to tune the blades for all the troublesome stall fre-
quencies over the range of inlet temperature encountered in flight.

Inasmuch as it appears impossible to tune blades to avoid critical
stall frequencies, other possible means of circumventing the blade-
vibration problem must be considered. These include: (1) increasing the
damping of the blades, (2) preventing the operation of any compressor
blade row in a stalled attitude, and (3) disrupting the periodicity of
the stall patterns so that a resonant condition between the blade fre-
quency and the stall frequency cannot exist.

Increasing blade damping: The vibration-damping properties of a
blade may be changed markedly by changing the blade material. Some
materials exhibit greater damping properties than others; for example 5
stainless steel has better damping properties than aluminum. Blades
fabricated from plastics are currently being investigated for their damp -
ing qualities. Obviously, the damping properties of a blade may also be
improved by changing the mechanical design of the blade. Such modifica-
tions as altering the thickness-chord ratio, the aspect ratio, or the
fillet radius may substantially increase the stiffness of blades. In
addition, the method of blade attachment or blade support is a design
variable that can alter the damping.

CO;;}DENTIAL
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Preventing stalled attitude: As was mentioned in the INTRODUCTION,
part-speed operation of multistage compressors causes the exit stages to

choke, which limits the flow in the inlet stages and causes them to stall.

Any bleed-off system that unchokes the rear stages will alleviate the
stalling condition in the inlet stages and consequently will increase the
stall-free range of the compressor.

Another possible method of increasing the stall-free range of a com-
pressor is the use of adjustable guide vanes and stators. By this method,
the angle of attack on the inlet rotors is diminished so that stall of the
early stages is delayed. By increasing the angle of attack in the latter
stages, the situation there is improved. This device is currently being

used in one commercial multistage compressor as a means of improving the
part-speed operation.

Disrupting periodicity of stall: As a means of controlling the
stalling characteristics of multistage compressors, adjustable inlet
ramps or baffles have been used. Reference 16 reports the successful ap-
plication of ramps at the hub that appreciably reduced the range of inlet-
stage stall. The effect of the ramps or baffles is to reduce the inlet
flow area. 1In engines tested with the baffles, rotating-stall patterns

were no longer periodic, and the danger of blade failure due to resonant
vibration was eliminated.

Theories of Rotating Stall

Several theoretical analyses have been proposed to predict the propa-
gation rate of rotating stall. In order to identify the theories for
discussion, each is referred to by the name of the first author. The
notation is that used in the original references.

Emmons theory. - In the presentation of the Emmons theory in refer-
ence 17, the authors did not produce a result involving the prediction of
stall-propagation rates. The purpose of the analysis was to establish the
necessary conditions for the amplification of small disturbances of asym-
metric flow corresponding to those observed in stall propagation.

The physical model analyzed was a cascade in which total-pressure
losses were considered by introducing a parameter o, which consisted of
the ratio of an isentropic flow area required to carry the inlet flow to
the actual exit flow area. A linear dependence between this parameter
and the tangent of the inlet flow angle of the cascade was assumed, and
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the static pressure behind the blade row was considered constant.

[ NACA data (ref. 18) show that the static pressure behind the blade row
varies appreciably.] Under certain circumstances, with the assumption of
an initial small asymmetric disturbance at the cascade entrance, the
analysis showed emphatically that the asymmetric flow will develop into

a large disturbance.

As a result of the small-perturbation analysis, the authors of the
Emmons theory concluded that the velocity of propagation is proportional
to the wavelength. The Emmons theory suggests that an analysis involving
finite disturbances will yield an answer to the size of the stall zones.

Stenning theory. - The Stenning theory (ref. 19) extends the work of
Emmons by more precisely defining the time-delay mechanisms on which the
velocity or propagation of rotating stall depends. The principal time
delays considered are the inertia of the fluid between the airfoils and
the response of the boundary layer.

Theory: The author bases his analysis on the same model setup used
by Emmons, where it was assumed that the effective outlet area of a chan-
nel representing the blade passage is reduced as a result of stall and
that the static pressure remains constant behind the cascade. By con-
sidering small perturbations in velocity from the steady flow, a solution
is obtained from momentum considerations within the cascade for the veloc-
ity of stall propagation in terms of inlet and exit angle, chord to wave-
length ratio, and effective-area to inlet-area ratio.

Results and conclusions: According to Stenning, the equation for
stall-propagation rate is

Um : cot Bl (l)

c In
X 42 cos B (—EE + cos Bz)

U, stall-zone velocity relative to blade row
axial velocity

Bl relative inlet-air angle

CONFIDBNTIAL
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X, ratio of effective exit area to inlet area

Bz relative outlet-air angle

L blade chord
n integers giving harmonics
b one-half wavelength of disturbance

A carpet plot of equation (1) is shown in figure 14. The
inlet-air angle B; and the outlet-air angle B, are treated as varia-

bles in the plot, and the ratio L/b is considered as a parameter. The
ordinate of the graph is the stall-propagation parameter (ratio of rela-
tive stall speed U to rotor speed at mean blade height «R) multiplied
by the square of the area-ratio parameter ao. Data from table I(a) are
presented for comparison with the values predicted by theory. It should
be pointed out that the configuration of the compressors did not closely
correspond to Stenning's model. Because it is impossible to obtain re-
liable measurements of flow angles during stall, the inlet angle was
calculated from the weight-flow data, and outlet angle could only be
estimated. 1In addition, the ratio o is not a measurable quantity and
could only be estimated as some value less than unity. (Stenning con-
siders it to be 0.75.) Thus, only the inlet-air angle, the propagation-
rate parameter, and the value of L/b could be considered to be "data"
in the comparison. The carpet surfaces were drawn to extend over a wide
range of possible exit and inlet flow angles. Assuming o to be 0.5,
most experimental data of table I(a) are within the values predicted by
the Stenning theory. These points are plotted on the interpolated L/b
carpet plots indicated by the dashed lines. I o i i taken as 0.75 asg

Stenning suggests, the data do not agree well with the theoretical values.

These points do not appear in figure 14. It is not clear whether the in-
consistency of the predicted values as compared with the data should be
attributed to the limitations of the theory or to inappropriate applica-
tion of the theory to compressors not similar to the model used by
Stenning.

The theoretical results show that the velocity of stall propagation
relative to the rotor increases with the size of the stall zone. A com-
parison with the test results of Emmons also shows this to be true; how-
ever, stall data taken from the compressors of table I(a) indicate this
may not always be the case. The inclusion of a boundary-layer time delay
in the analysis had the effect of decreasing the velocity of propagation
of the stall zone and indicated that rotating stall is possible for a
range of inlet angles.

CONF ADENTIAL
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Sears airfoil theory. - Sears has published two Papers on the sub ject
of stall propagation. The first paper (ref. 20) demonstrates that asym-
metric flow can exist in a cascade. It also presents a picture of the
model used by Sears for the second paper.

Theory: To represent a blade row in a compressor, an annulus of
infinitely many blades of small chord was chosen. This configuration
amounts to an actuator disk or vortex sheet simulating the blade row, as
shown in figure 15. The flow pattern was considered steady with respect
to a rotating coordinate system (rotating slower than rotor speed), S0
that the circulation distribution in the disk could be assumed to be a
function of the y-coordinate of figure 15. An incompressible flow field
was assumed, and small-perturbation theory was applied in the analysis.
Since the blades of this rotor move relative to a fixed circulation dis-
tribution, they experience unsteady flow. Unsteady-flow theory states
that airfoils will shed wakes at their trailing edges. The complete
model, then, consists of a vortex sheet representing the rotor, an ir-
rotational flow field representing the flow entering the rotor, and a
rotational flow representing the wake leaving the rotor disk.

The model proposed by Sears differs from that used by Emmons in the
following respects: Sears uses an actuator disk where Emmons used a
cascade of finite length; and, while Fmmons assumed constant static pres-
sure at the exit of the cascade, Sears considers the vorticity following
the blade row to be uniformly distributed and does not impose any restric-
tions on the pressure field.

The principal object of Sears in reference 20 was to develop the
relation between the induced velocities at the rotor disk and the circula-
tion distribution. Briefly, the manner of solving the problem was to
divide the flow field into two parts, an irrotational part and a rotation-
al part, and then to devise relations between the x and vy velocity
components in each type of flow (see fig. 15). The next step was to
develop expressions for the circulation in terms of the velocity distri-
bution. The induced inflow velocities at the actuator disk could then be
calculated when the circulation distribution was known. To complete the
solution, airfoil theory was used to relate the circulation function to
the incidence angle of the blade row. This type of solution is called
the "airfoil theory" to distinguish it from another analysis in which
Sears substituted a so-called "channel theory."

Results and conclusions: Assuming a sinusoidal variation in the
circulation distribution, Sears found that no solution could be obtained
for a 1lift function that was linear with incidence angle, whether the
airfoil is stalled or unstalled. However, when a phase angle was intro-
duced between the 1ift and angle of attack so that the 1lift lagged the
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angle of attack, a solution was found, which means that a permanent asym-

metric flow pattern exists. The phase-angle concept used by Sears was
based on the work presented in reference 21.

Emmons and Stenning studied the stability of an asymmetric pattern
imposed on the flow field; Sears did not employ a stability study to show
that an.asymmetric flow could initiate itself under the conditions men-
tioned in the preceding paragraph.

Sears channel theory. - Theory: The second paper by Sears (ref. 22)
presents an extension of the first theory. The analysis involving the
airfoil relations is repeated, but the final results are presented in a
somewhat different manner. The phase angle A is related to the

asymmetric-flow propagation rate and the properties of the cascade by the
following formula:

tanA=b+<§k—’2L9(1+b2) (2)
k
where

il il
b §'<ﬁ - & tan é>

h

i ( -ﬁ>/q>
$ flow coefficient

h/N ratio of stall-propagation rate to rotor speed, absolute frame of
reference

B absolute inlet-air angle

The analysis also presents an equation that relates the slope of the
1lift curve m to the variables appearing in equation (2):

2
"m°=l+b\/1+(b+k)2cosA (3)
1 1

where o 1is the solidity. The curves of the predicted asymmetric flow
patterns for the airfoil theory (fig. 16(a)) result from the simultaneous
solution of equations (2) and (3). It should be noted that the parameter

k wused by Sears is the ratio of the stall-propagation speed to the axial
veloeity:
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In this theory, an analysis involving channel relations is substi-
tuted for the airfoil analysis. The so-called channel theory is based on
empirical relations derived from cascade tests. The two principal rela-
tions of the channel theory state that the relative outlet-air angle is
a function of the inlet angle and that the bressure rise across the blade
row is independent of the inlet-air angle. The principal distinction be-
tween the airfoil theory and the channel theory is an inclusion of the
total-pressure loss in the latter. Since stall implies large losses, it

would seem at the outset that the channel theory would conform more nearly

to the physics of the actual flow. The procedure of the analysis in-
volving channel theory is similar to that of the airfoil theory previ-

ously outlined. Also, a phase angle & comparable to the phase angle
A of airfoil theory is introduced.

Results and conclusions: Solutions for asymmetric flows satisfying
the conditions of the problem were found for both types of analysis. The
results of both airfoil and channel analyses are presented in reference
22 in graphical form and are reproduced here in figure 16. The ordinate
and abscissa are labeled with Sears' notation and in terms of the vector-
diagram terminology. The ordinate is the rotor tangential velocity rela-
tive to the tangential velocity of the stall propagation divided by the
axial velocity, and the abscissa is simply the tangent of the mean rela-
tive inlet-air angle B'. The ordinate may also be expressed as the tan-

gent of the swirl angle of the asymmetric flow pattern relative to the
rotor.

For the airfoil analysis, solutions were found for a considerable
range of phase angles including zero. In reference 20 Sears assumed a
small swirl angle and did not obtain a solution for zero phase angle;
but in reference 22 the swirl angle considered was larger, and a solution
resulted for zero phase angle. However, the zero-phase-angle solutions

do seem out of the range of the compressor data and consequently are of
little interest.

The channel-analysis solution shown in figure 16(b) indicates that
asymmetric flow patterns are possible for a wider range of conditions than
was evident from the airfoil analysis. For flow conditions comparable to
actual compressor data, asymmetric flow solutions are possible with zero

phase lag. The equation for the phase angle ® used in the channel
analysis is

14+ B° - K°
b(b + k)% + 2k + b

Gan: o=

(4)

where k and b are the same parameters used in the airfoil analysis.
In the channel-theory analysis, the slope of the pressure-rise curve
plays a role analogous to that of the slope of the 1ift curve in the
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airfoll theory. The expression for the slope m of the pressure-rise
CUT Ve g

m
A1 + b2

The curves of the asymmetric flow patterns for the channel theory shown
in figure lG(b) result from simultaneous solution of equations (4) and

(S)e

Experimental comparison: In reference 23, experimental rotating-
stall data from several single-stage compressors are compared with the
results of Sears' theory. Both the airfoil and channel analyses were
tried; however, it was found that, in using the channel analysis, the
phase angle & was consistently negative. To the authors of reference
23, a negative phase angle seemed inconsistent with physical interpreta-
tion, and for this reason the comparison was limited to the airfoil

analysis, where the computed phase angle A was positive for all the
data used.

=1+ (b + k)2 (5)

The points in figure 17 represent experimental data superimposed on
the theoretically derived curves. The data points for each stall-
propagation rate lie along curves of approximately constant phase angle.
Furthermore, if the phase angle is plotted as a function of the stall-
propagation rate, a correlation exists, as shown by figure 18. The stall-
propagation rate diminishes as the phase angle increases, which seems to
be in accord with the generally accepted mechanism of stall propagation.
Also apparently involved in the process of stall propagation is a time
constant that governs the propagation rata. The greater the time con-
stant, the slower the propagation rate. The correlation of phase angle
and stall-propagation rate of figure 18 does not permit the prediction
of stall-propagation rates, since the phase angle cannot be determined
from design data.

Marble theory. - A recent analysis of rotating stall is presented by
Marble in reference 24. In this theory, an expression for the stall-
propagation rate and the peripheral extent of the stall zone is developed.

Theory: The model employed in the analysis is similar to that used
by S=ars in his channel theory, in that the blade row is simulated by
means of an actuator disk across which pressure and fluid velocity change
discontinuously. Using an actuator disk to represent the blade row with-
out the introduction of a phase angle prohibits Marble from introducing
inertia effects within the blade row. The Stenning analysis demonstrated
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the significance of inertia in the blade passage and its effect on stall-
propagation velocity. Experimental characteristics of a cascade were
utilized to prescribe the change in pressure and velocity across the ac-
tuator disk. The pressure-rise curve across the disk (based on experi-
mental evidence) was assumed to be a linear function of the air inlet
angle for unstalled flow, but for stalled flow the Pressure rise was as-
sumed to drop discontinuously to zero. In choosing this discontinuous
1ift curve, Marble more fully described the performance of the channel

in comparison with the Sears linearized 1ift curve. Consequently, Marble
was able to obtain solutions for the peripheral extent of the stall zone
as well as the stall-propagation rate.

The expression for stall-propagation rate differs from that of Sears,
in that a phase angle was not included in Marble's equation. By consid-
ering the pressure-rise parameter to be a function of the air inlet angle
and to behave as described, the increased losses attending stall were in-
cluded in the analysis. Marble simulated the asymmetric flow in his
model by considering a stall zone of variable circumferential width to
exist in the actuator disk. It was assumed that small-perturbation theory
could be applied to describe the influence of rotating stall on the ve-
locity and pressure. The coordinate system used in the analysis was

selected to rotate at stall frequency so that the steady-flow equations
would apply. '

In order to describe the flow field upstream and downstream of the
actuator disk, it was assumed that the pressure and angle perturbations
vanished far upstream and were at most a constant value far downstream.
When these upstream and downstream conditions were known, as well as the
pressure rise and flow angle for both the stalled and unstalled region of
the actuator disk, the problem was to find a stall zone of suitable size
and propagation rate to satisfy these flow conditions. First of GHLILE
Marble solved the problem for a "simple cascade," one in which deviation
angle remained constant for all values of incidence angle. A very simple
expression for stall-propagation rate and circumferential extent of the
stall zone was obtained.

The equation for stall-propagation speed is

Lo coc 28y (6)

where
uR stall-propagation speed
u axial velocity

Bl relative inlet-air angle

..
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The peripheral extent of the stall zone o is given by the follow-
ing expression:

&P

1 * 2
@ =3 - 4(B] - By) esc 2By AT (7)

where

B§ relative inlet-air angle at stall
[e) density

A@* static-pressure rise at stall

After solving the problem for the simple cascade, a solution was
completed with "general cascade characteristics.” For the general char-
acteristics the pressure rise across the cascade and the deviation angle
are considered functions of the incidence angle. This is a more realistic
representation of an actual cascade. Expressions were developed for the
stall-propagation rate and the circumferential extent of the stall zone
that were more complicated than for the simple case. The expression for
the stall-propagation rate based on general cascade characteristics is

2
cos™B
e = (1 4+ a s ol csc 281 (8)
u cosZB

2

where a is the ratio of outlet-angle perturbation to inlet-angle per-
turbation, and By 1is the relative outlet-air angle.

The peripheral extent of the stall zone o for the more general
cascade model is given by

1
1 2 B
L * 2P cos™By b
G im0 By) == 1 a8 ——— " cac BB B 9)
2 4 it Ap* N COSZBZ 3 8 (

where b 1s a constant in the expression for pressure rise across the
cascade.

Marble concluded that the ratio a‘ is generally a small positive

quantity, and that variations in the deviation angle prescribed by the
“general cascade characteristics" would not alter the stall-propagation
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rate predicted from the simple-cascade equation. Consequently, variations
in the deviation angle do not influence the stall-propagation rate. This
conclusion agrees with most experimental evidence. As has been pointed
out in the general discussion of rotating-stall characteristics, stall-
propagation rate remains constant over a wide range of weight-flow condi-
tions in the stall region.

Experimental comparison: Because of the lack of unclassified ex-
perimental rotating-stall data, Marble was able to use the data from only
one compressor to compare the experimental stall-propagation rates with
predictions from his theory. Stall data from several NACA single-stage
compressors were compared with propagation rates predicted by Marble.
Included in the comparison were data on total-span rotating-stall pat-
terns in order to resemble more closely the geometry of the stall zone
used in Marble's model. Equation (6), which is the solution for the
simple cascade, was used to calculate the propagation rates. The equa-
tion was modified so that the guide-vane turning and the stall-propagation-
rate parameter of table I could be used.

The ordinate of figure 19 is the absolute stall-propagation-rate
parameter, and the abscissa is the inlet-air-flow angle computed at the
mid-radius station. Good agreement was obtained between Marble's pre-
dicted propagation rate and the data from compressor 4 of table I(a),
but the comparison with the other data on the curve was poor.

As is shown in figure 19, Marble's theory predicts that, for proper
inlet angle and counterrotating guide-vane turning, the stall zones should
rotate in the opposite direction (absolute coordinate system) to rotor
rotation. Experimental evidence has shown that this does not occur. The
sense of the stall-zone rotation is the same for counterrotating guide-
vane turning as for conventional guide vanes.

Remarks on stall theories. - In order to compare the results of the
Stenning, Sears, and Marble theories, the phase angle introduced by Sears
in the channel theory is considered to be zero. For this condition the
results show that the Sears and Marble theories are identical in their
expression of propagation rate. A comparable result from Stenning's
analysis indicates that his predicted propagation rate is twice that of
the other two investigators.

Experimental evidence shows that the radial extent of the stall
zones varies considerably, but none of the existing theories include
radial effects. All the theories apply to a single blade row. There is
considerable doubt whether the theories can be applied to a single stage
including guide vanes, rotor, and stators, or whether the theories can be
further extended to the more complicated case of the multistage compressor.
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INDIVIDUAL BLADE STALL

A type of stall in which all the blades around the compressor annulus
stall simultaneously, without the occurrence of a stall-propagation mecha-
nism, has been observed. The circumstances under which individual blade
stall is established rather than rotating stall are unknown at present.

It appears that the stalling of a blade row generally manifests itself in
some type of propagating stall and that individual blade stall is an
exception.

STALL FLUTTER
Distinction between Stall and Classical Flutter

Before discussing flutter, the distinction between classical flutter
and stall flutter should be made clear. Classical flutter is a coupled
torsional-flexural vibration that occurs when the free-stream velocity
over a wing or airfoil section reaches a certain critical veleocity.  Hor
wings of low frequency, this critical velocity can be calculated. Ac-
cording to reference 25, classical flutter cannot occur with compressor
or turbine blades, because the critical velocity required would be un-
reasonably high. Stall flutter, on the other hand, is a phenomenon that
has been explained on the basis of the behavior of the 1ift characteristic
at stall.

Mechanism of Stall Flutter

At stall the 1ift may decrease sharply as shown in figure 20, where
a typical 1ift characteristic is plotted as a function of angle of attack.
According to reference 25, the aerodynamic damping of a blade is a func-
tion of the partial derivative of 1lift with respect to angle of attack.
When this derivative becomes negative, stall flutter is likely to take
place. That is, a reduction in the aerodynamic damping allows the air-
stream to feed energy into the blades and produce a self-excited
oscillation.

Another explanation for stall flutter is presented in reference 26,
in which the airfoil vibration is considered to result from a system of
Kdrmén vortices in the airfoil wake. Whenever the frequency of these

vortices coincides with a natural frequency of the airfoil, flutter will
OCCur.
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The concept of an aerodynamic hysteresis was developed by Studer to
show that energy could be absorbed from the airstream to promote blade
vibration (ref. 21). It was hypothesized in this explanation of stall
flutter that separation at the stall point was delayed until the oscil-
lating blade reached its position of maximum angle of attack, and then the
nonseparated flow was not established until the blade reached its minimum
angle of attack. The maximum and minimum angles of attack were considered
to be above and below the stalling angle of attack, respectively, giving
rise to the hysteresis effect.

Brief literature survey. - The general theory of flutter, even for an
isolated airfoil in a potential flow, is not a very elementary mathematical
problem. The problem becomes much more complicated when flutter in a
cascade of airfoils is considered, because the effects of the geometry of
the cascade must be included in the theory in order to account for the
interference effects between the blades. Much of the early work on flut-

ter theory was devoted to airfoils with but one degree of freedom, a
torsional oscillation or vibration.

However, in the type of cascade that more accurately represents con-
ditions in a turbine or compressor, according to reference 27, the stall-
flutter oscillations may have at least two degrees of freedom, torsional
oscillation and flexural bending. This latter type of flutter is treated
in reference 28, The experimental observations of such a cascade showed
that either torsional or flexural vibrations were obtained, depending upon
the velocity of the airstream; and the frequencies of each mode were
practically identical. The two modes of vibration were not coupled as
in the case of the classical flutter for wings. The flutter or bending
self-excited vibrations were explained as the result of variations in the
angle of incidence, which in turn caused the 1lift force to vary. However,
the 1ift force always lags the elastic force by a phase angle. The forces
acting on a blade are shown in figure 21. Whenever the component of the
force parallel to the damping force exceeds the damping force, a self-
excited vibration of the blade takes place.

The authors of reference 28 observed that self-induced vibrations
occurred whenever the free-stream velocity entering the cascade reached
a critical value. They found that the critical velocity could be deter-
mined from a dimensionless velocity coefficient that was shown to be a
function of the geometry of the cascade (stagger angle and angle of

incidence) and the angle between the direction of the blade displacement
and the blade chord.

In a more recent paper (ref. 29) only one degree of freedom, a
flexural oscillation, is admitted as a possible mode of stall-flutter
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vibration in a two-dimensional cascade representing compressor blades.

A different interpretation of the mechanism of flexural vibration is also
presented in this paper. After rather extensive experimental observations,
it was concluded that no appreciable changes in 1ift were observed for
varying positions of the cascade in a separated-flow field; consequently,
no self-excited flexural vibrations could be established by this mechanism
as proposed in reference 28. However, it was observed that, when an
airfoil is translated in separated flow, the 1ift force will feed energy
into the blade and thus sustain a self-excited motion.

Other more mathematically complicated treatments of flutter in cas-
cades have been considered in papers such as reference 30. Phase dif-
ferences in the mode of the vibration between the blades in the cascade
are considered mathematically in this paper.

Extension of flutter theory to compressor blades brings up a most
complicated problem, because not only cascading effects but also centrifu-
gal effects must be considered. The cascading or interference effects on
flutter are not well understood for the compressor.

Experimental evidence. - Although stall flutter has been considered
to be a cause of compressor blade failure, there is insufficient experi-
mental evidence to support this view. According to reference 27, condi-
tions where flutter exists do not correspond to operation at high angles
of incidence and low speed, the mode of operation that has caused compres-
sor blades to fail. The measurements required of rotating rigs in order
to investigate the possibility of stall flutter are almost impossible to
make with current research techniques.

CONCLUSIONS

Aerodynamic Aspect

The stalled operation of a compressor may be described as the degen-
eration of compressor performance accompanied by serious flow separation
in the flow passages. Three distinctively different phenomena may occur
during stalled operation: (1) rotating stall, (2) individual blade stall,
or (3) stall flutter. The first two are aerodynamic effects and the third
an aeroelastic effect. Rotating stall has been found to be the most
prevalent type of stall phenomenon. A large amount of data is available
which demonstrates that poor performance of compressors may be directly
attributable to the occurrence of rotating stall.
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In this chapter, rotating-stall pafterns are cataloged according to
their effect on the performance characteristic of single-stage compres-
sors. A progressive rotating stall is associated with a smooth continu-
ous performance characteristic; and an abrupt rotating-stall pattern,
with a discontinuous performance characteristic that is coincident with
an abrupt drop in compressor pressure. Similar types of stall are ob-
served in multistage compressors; however, the discontinuous performance
characteristic for a multistage unit is defined here as complete compres-
sor stall. The pressure rise across:a multistage compressor may drop as
much as 50 percent after complete compressor stall is initiated. This
stalling condition is particularly important, because it determines the
limit of useful operation of the compressor (the surge limit or stall
limit shown in fig. 1).

With a single blade row as a model, several theories have been de-
veloped showing the existence of asymmetric flow and in some cases pre-
dicting the rotative speed and the size of the pattern. The results of
the theories are in poor agreement with experimental data.

Vibration Aspect

Although rotating stall seems to be the most significant cause of
blade vibration in compressors, it must be recognized from cascade data
that stall flutter may be a possible cause of blade vibration. No ex-
perimental evidence is presently available to show that stall flutter
has been the cause of compressor blade excitation. If the rotating-stall
frequency coincides with the natural bending frequency of the blade or a
harmonic thereof, a resonant condition will result that may cause blade
failure. Other possible causes of blade vibration include: (1) resonance
of the rotor blade frequency with the frequency of wakes from stators or
supporting struts, and (2) mechanical failures resulting from a resonance
between the natural bending frequency of the blade and transmitted vibra-
tions emanating from the gearing or shafts. These effects are considered
unimportant compared with the problem of rotating stall.
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TABLE I. - SUMMARY OF ROTATING-STALL DATA

(a) Single-stage compressors

Type of Com- Hub- Number Propagation rate,| Weight-flow Radial Type of Refer-
gélOﬁity pres- tig. of stall Stall speed, abs flu?tuatio? extent stall ence
iagram sor ra }us zZones Rotor speed during ifa 10 lsof " stell
num- ratio ADV/DV zone
ber
S
Symmetrical At 0.50 ) 0.420 39 Partial | Progressive
4 475 2.14
5 523 - 1566 5
Z 0.90 ik 0.305 1L 4e Total Abrupt
3 0.80 8 0.87 Q576 Partial | Progressive
1 .36 1.30 Total Abrupt P,
4 0.76 i Q%25 2.14 Partial | Progressive
8 225 1.10
) <89 110
3 23 2402 23
4 .48 1.47 Total
S .48 2.02
2 .49 il 7as )
5} Q.72 6,8 0.245 O)570Y ol ks&ie) Total Progressive 14
Free vortex 6 0.60 il 0.48 0.60 Partial | Progressive
2 %36 .60 Partial Progressive
i 510 .68 Total Abrupt 13
Solid body 7 0.60 al Q.45 0.60 Partial | Progressive
il AL .65 Total Abrupt
Vortex 8 0.50 3 0.816 gt Partial | Progressive || .
transonic 2 .634 -——— Total Progressive
9 0550 1 0.565 —--- Total Abrupt --
10 0.40 2 | eeee- ——— Partial Progressive 32
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TABLE I. - Concluded. SUMMARY OF ROTATING-STALL DATA
(b) Multistage compressors
Com- |Num- |Propagation rate,|Radial Periodicity Type of Reference
pres- |ber Stall speed, abs|eXtent stall
sor of Rotor speed of stall
num- |stall zone
ber zones
al 3 0.57 Partial |Steady Progressive [Unpublished
4 data
S
6
7
2 -+ 0.55 Partial |Intermittent|Progressive 15
5
: l ! !
3 L 0.48 Partial (Steady Progressive |Unpublished
data
4 i 0257 Partial |Steady Progressive
2
4
5) i 0.57 Partial |Intermittent|Progressive 16
2
3
4
S
6 il 0.47 Total Steady Abrupt Unpublished
data
7 AL, 0.43 Total Steady Abrupt 10
8 AL 0.53 Total Steady Abrupt 16
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TABLE II. - SINGLE-STAGE-COMPRESSOR DESIGN DATA
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CHAPTER XII

COMPRESSOR SURGE

By Merle C. Huppert

SUMMARY

Experimental data indicate that there are two principal types of
surge in compressors: (1) surge due to an abrupt stall, and (2) surge
due to progressive stall. Surge due to abrupt stall is generally violent
and audible, whereas that occurring with progressive stall is generally
mild and inaudible. The violent surge obtained in jet engines during
engine acceleration is identified as surge due to abrupt stall.

INTRODUCTION

The effect of unsteady flows on compressor performance and life ex-
pectancy has become of considerable interest and importance in the appli-
cation of axial-flow compressors to jet engines. Perhaps the most sig-
nificant flow fluctuations are those associated with stall of blade
elements within the compressor. In the past, any audible flow fluctuation
or rumbling noise emanating from a compressor was loosely defined as
surge. Comparatively recent investigations show that certain flow fluc-
tuations are not due to surge in a strict sense, but are due to a phe-
nomenon called propagating or rotating stall. Rotating stall, which is
discussed in detail in chapter XI, consists of zones of low flow that
revolve about the compressor axis.

The term surge, as used herein, defines flow fluctuations distinctly
different from those due to rotating stall. Surge involves fluctuations
in the net flow through the compressor; whereas rotating stall consists
of low-flow zones revolving about the compressor axis, but with a con-
stant net or average flow through the compressor.

This chapter presents a discussion of surge in axial-flow compressors.
Pressure- and flow-fluctuation data obtained from surging compressors are
presented and discussed. Data obtained from both compressor test facili-
ties and jet engines are included. Some theoretic<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>