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ABSTRACT

The influence of three-dimensional flow structures within

a compressor blade passage has been examined computa-

tionally to determine their role in rotating stall inception.

The computations displayed a short length-scale (or spike)

type of stall inception similar to that seen in experiments;

to the authors' knowledge this is the first time such a fea-

ture has been simulated. A central feature observed dur-

ing the rotating stall inception was the tip clearance vortex

moving forward of the blade row leading edge. Vortex kine-

matic arguments are used to provide a physical explanation

of this motion as well as to motivate the conditions for its

occurrence. The resulting criterion for this type of stall in-

ception (which appears generic for axial compressors with

tip-critical flow fields) depends upon local flow phenomena

related to the tip clearance and it is thus concluded that the

flow structure within the blade passages must be addressed

to explain the stability of an axial compression system which

exhibits such short length-scale disturbances.

NOMENCLATURE

Cz	Axial velocity

Moo	: Upstream relative incoming flow Mach number

R	: Gas constant

S	: Entropy

U	: Tip blade velocity

y	Specific heat ratio

0	Flow (axial velocity) coefficient, Cz /U

p	: Density

E3	: Energy Efficient Engine

"Permanent address: Gas Turbine Laboratory, Massachusetts
Institute of Technology

INTRODUCTION AND BACKGROUND

The marked effect of axial compressor tip clearance on

stable flow range is a trend which is well documented from

an overall performance point of view (Smith, 1970; Koch,

1981; Cumpsty, 1989). In terms of knowledge of the ba-

sic mechanisms, however, the phenomenological links con-

necting tip clearance flow features to the onset of rotating

stall (the event that sets the limit on the stable flow range)

have by and large not been identified. In particular, on

a blade passage scale, there is no accepted qualitative, let

alone quantitative, description of the dynamic processes as-

sociated with transition from a situation in which the flow

has blade-to-blade periodicity (including the embedded tip

clearance vortex) to the strong asymmetry which charac-

terizes rotating stall. This paper addresses the connection

between tip clearance flow phenomena and rotating stall in-

ception and illustrates the role played by the clearance vor-

tex structure in one of the routes to compressor instability.

The work described here was motivated by the observa-

tion that two types of rotating stall inception occur in axial

compressors. The first, which is characterized by waves with

length-scales on the order of the circumference of the com-

pressor, and propagation speed of one-fourth to one-half of

rotor rotation, has been referred to as modal stall inception.

A number of investigations have been conducted of this phe-

nomenon (e.g. Haynes, Epstein, and Hendricks, 1994, Try-

fonidis et al.,1995), and a main conclusion is that modal

development of rotating stall is associated with the growth

of small amplitude sinusoidal (in the circumferential coor-

dinate) flow disturbances. Relatively simple models which

view the blade passage as a one-dimensional channel (Moore

and Greitzer, 1986; Haynes et al., 1994) yield good predic-

tions of the rotational speed, growth rate, and waveform

shape of such disturbances. The agreement between experi-
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ment and model implies that knowledge of the overall blade
row loss (or equivalently pressure rise) and turning charac-
teristics suffices in developing a useful analysis of the un-
steady fluid dynamic features of the instability process. In
this context, the clearance flow structure (clearance vortex)
is only important insofar as it affects this overall loss and

turning, and it does not appear to be necessary to describe
the passage flow on more than this global level to provide a
physically meaningful description of instability inception.

There is, however, another, and very different, route to ro-
tating stall, which is characterized by the appearance of dis-
turbances with a dominant length-scale much shorter than
the circumference, typically on the order of several blade
pitches, as well as a higher propagation speed (70 to 80% of
rotor frequency) (Day, 1993). In contrast to modal stall in-
ception, there is currently no mechanistic description of this
phenomenon, which has been referred to as short length-
scale stall inception or "spikes". Experiments show that

this type of rotating stall inception possesses a radial struc-
ture (Silkowski, 1995) and that changes in the size of the

tip clearance can modify the type of stall inception observed
(Day, 1993).

The observations imply (and this paper will confirm) that
a different, and more detailed approach is essential to cap-
ture the development of such short length-scale stall incep-
tion. More specifically, it is necessary to include a descrip-
tion of the tip clearance flow structure within the individ-
ual blade passages. In this connection, in view of the pro-

nounced effects which changes in tip clearance have on com-
pressor stability, an important goal of this study is to clarify
the link between tip clearance flow and the rotating stall on-
set. A specific fluid dynamic question, therefore, is what is
the role of the tip clearance flow, and the tip clearance vor-
tex, in the stall inception process.

METHODOLOGY AND COMPUTATION/MODELING
INTERFACE

Overall Approach and Focus

From the outset it is important to recognize the impli-
cations concerning this approach which stem from the ob-
served length-scale and structure of the short length-scale
disturbances. Most current approaches to describing rotat-
ing stall onset and growth employ a description in which
the identities of the individual blades are lost and a par-
ticular blade row is replaced by a continuous distribution
of body forces or by actuator disks which embody a simi-
lar physical concept. Such an approximation relies on the
circumferential length-scale of the disturbances of interest
being much larger than the blade spacing. In these treat-
ments the blade passage is viewed essentially on a control
volume basis, and they cannot thus describe events occur-
ring within the control volume. Anticipating somewhat the
results to be shown, however, it can be expected that this

information is needed to define the inception mechanism as-
sociated with short wave length disturbances. There is thus
a requirement to describe, at an appropriate level, those as-

pects of blade passage flow structure relevant to rotating
stall onset.

Another facet of the approach stems from the fact that
current computational capabilities are insufficient to allow
a full unsteady computation of rotating stall with an arbi-
trary level of detail. The present method, and this cannot be

too strongly emphasized, was thus developed with a specific
focus on the rotating stall problem. Although the develop-
ment of a new computational approach is discussed, this is
only a secondary counterpoint to the main theme of the pa-
per, which is to provide insight into the physical processes
of interest.

The development of an appropriate description of this
problem has involved choices at a number of levels, ranging
from selection of computational scheme to basic conceptual
issues of what should be modeled and what should be com-
puted directly. As an example of the latter, consider the
flow through the tip clearance. A number of studies have
shown that for compressors the tip leakage is very nearly
a pressure driven cross-flow, that viscous effects in the tip
clearance gap have little effect on the overall pattern of the

leakage, and that methods which represent the tip clearance
flow in a rudimentary manner appear to capture much of the
basic behavior (Storer and Cumpsty, 1991; Adamczyk et. al,
1993). Based on this information, it would be expected that
one could decrease the computational resources required by
treating the tip clearance as an inviscid region, with little
or no effect on the overall objective of the study, and this
was the approach taken.

Explicitly, what is sought is more nearly conceptual than
numerical. We wish to obtain physical conclusions which are
firmly grounded in the demonstration that the method cap-

tures the experimentally observed trends, i.e., that the over-
all behavior, from both steady and unsteady view points,
is consistent with experiment. Metrics for the calculation
thus include not only steady state behavior (rotor loss de-
pendence having approximately the same shape as exper-
iments) but also unsteady flow features (computed short
wave length disturbance with the same length-scale, propa-
gation speed, radial profile, and growth rate as seen in the
measurements). In summary there have been a number of
deliberate, and end objective driven, decisions taken about
where to put the 'interface' between computation and mod-
eling to best attack this computationally intensive problem.

Specific Issues to be Resolved

The physical features that need to be addressed are as
follows: (i) There are multiple blade passages involved in

a rotating stall cell and thus a potentially larger range of
length-scales to be captured by the numerical method than
in the computation of flow in periodic blade passages (He
(1997) has discussed unsteady 3-D Navier-Stokes simula-
tion of 10 blade passages of NASA rotor 67.) (ii) The phe-
nomenon is wave-like and the large range in length-scales
therefore implies a similar range of time-scales. The wave
behavior of this unsteady flow needs to be appropriately re-
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solved. (iii) The compressor operating regime is off-design
and the viscous effects which give rise to separated flow must
be included. A related consideration was the division of the
flow into regions of viscous and inviscid flow, as well as the
amount of resolution needed for the boundary layers. (iv)
As mentioned previously, the three-dimensional flow struc-

ture associated with the tip clearance must be included.

The most challenging aspect of the problem is dealing
with the range of length and time-scales. A numerical in-
tegration method for dealing with this aspect of the simu-
lation, known as a Dispersion Relation Preserving scheme,
has been developed by Tam and Webb (1993). This method
was created for wave propagation problems in which accu-
rate representation of dissipative and dispersive behavior is
critical. The method is a finite difference approach using an
explicit time integration scheme, which possesses a factor
of two improvement (in the range of wave lengths that can

be propagated accurately) compared to a four-stage Runge-
Kutta scheme.

To include the effects of viscosity, a k-e turbulence model
was incorporated with a Navier Stokes solver to compute the
flow within the compressor. Inclusion of viscous effects near
the blades is clearly necessary, but away from the blades
viscosity plays little role. The viscous procedure was thus
only applied in the near-blade region (sized to include the
boundary layers), and outside of this region Euler equations
were used.

The most important aspects of the upstream and down-
stream flow fields in this problem are the pressure and veloc-
ity relationships. These can be well described on the basis
of an inviscid flow. Put another way, the details of wake
mixing in the downstream region would not be expected to
have a dominant effect on the unsteady blade row behavior,

and it is the latter which is critical in this problem. An
Euler representation was therefore also used upstream and
downstream of the blades. To further reduce the computa-
tional resources required, three-dimensional non-reflecting
boundary conditions were developed, allowing shortening of
the computational domain by over a factor of two.

The aspects of the code development presented here serve

to illustrate how the features of the rotating stall problem
have been utilized to guide the balance between modeling
and detailed numerics. Detailed description of the develop-

ment and validation of the code, including comparison with
cascade data, is given by Hoying (1996).

FEATURES OF THE NUMERICAL EXPERIMENT

The computational investigation was based on the low
speed version of the E3 compressor (Wisler, 1981), which
had been experimentally observed to exhibit the short
length-scale type of stall inception (Silkowski,1995; Park,
1994). This compressor has a set of inlet guide vanes fol-
lowed by four geometrically identical stages with a hub-to-
tip radius ratio of 0.85. The rotors have a blade aspect
ratio of 1.2 (compared to 1.34 for the stators) and a max-
imum tip Mach number of 0.2. In the experiments cited,

stall inception location was in the first stage rotor with the
strongest indications near the tip. Thus, although the ac-
tual compressor consisted of four stages, because the initial
development of rotating stall was confined to the first rotor
in the experiment, the single blade row geometry could be
used to analyze the initial phase of the rotating stall devel-

opment. The computational domain is a portion of the first
rotor consisting of eight blades out of the 54 blades present.
The number of eight compressor blades was selected based
on (two-dimensional) numerical experiments with the same
geometry, which showed that eight blades were capable of
also exhibiting a modal stall inception (Hoying, 1996). It is
important to have the capability for exhibiting both types
of stall inception so as not to prejudice the results.

With eight blades, if one wishes to preserve the three-
dimensional shape of the blade, only a fraction of the cir-
cumference can be included. The maximum wave length of

any non-axisymmetric disturbance is thus limited to eight
blade spacings, rather than to the full circumference. The
hypothesis put forward, however, is that the short wave
length type of stall inception is a local phenomenon, so that
beyond a threshold number of blades, the actual fraction
of the circumference included should not be critical. With
eight blades, the length of time over which periodicity is
imposed will not be the same as the amount of time for a
revolution of the actual rotor. To keep the distinction clear
in what follows, the time it takes for the eight blades to tra-
verse the computational domain once will be referred to as
a period rather than a revolution.

The steps in the overall computational procedure involved
computing the "axisymmetric" performance using a single

periodic blade passage calculation with no throttle tran-
sient, followed by the multiple blade passage computation
with a throttle-induced transient to allow for the presence
of asymmetric flow. The single passage computation was

performed to define the flow regimes of interest as well as
to permit a comparison between axisymmetric and non-
axisymmetric flow fields. In the multiple blade passage cal-
culation, no asymmetries were imposed as the small devia-
tions arising from numerical precision errors were sufficient
to induce non-axisymmetric flow during the multiple blade
computations. The details of the stalling process were then
analyzed much as experimental information had been pre-
viously.

Clearances of 1.3% and 3.0% (of chord) corresponding to
those examined experimentally were numerically simulated.
In the computations, as in the experiment, the results were
qualitatively similar between the small and large clearances.
Only the results from the 3.0% case will be presented here
for clarity. The blade Mach number in the computations
(0.2) and in the experiments were much less than unity
(— 0.2) so the flow could be considered incompressible for
both. Before the compressor was throttled to stall, a steady
state solution was obtained near the peak of the character-
istic given by the single blade passage computation. The
compressor mass flow was then reduced by a throttle tran-
sient from this steady solution, at a flow coefficient of 0.335,
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Figure 1: Pressure rise characteristic for the E3 rotor.
Point 1 is the stall point in the single blade passage calcu-

lation. Points 2 and 3 are the corresponding results with

throttle closed beyond stall. The speedline for the eight

blade calculation shows temporal fluctuations in pressure

rise at stall.

to a value of 0.300 in 3 periods, with conditions then held at
a constant throttle setting while the rotating stall pattern
developed. The large throttle change was made to avoid the

long computational time required from performing multiple
small throttle changes.

Figure 1 shows rotor pressure rise versus flow coefficient
(based on a stream thrust average) for both the steady-

state single blade configuration and the transient eight blade
computation (following a single blade passage ). The num-
bered points shown correspond to axisymmetric flow be-
havior at and past stall, as obtained from the single blade
passage calculation. The substantial difference in the behav-
ior near point 1 which represent the quantitatively different
flow fields between the blade-to-blade periodic solution and
the eight blade calculation is evident. Prior to stall, the dif-
ference lies in the unsteadiness in the multi-blade passage
calculation, where pressure fluctuations are accentuated by

the axially longer flow domain (higher fluid inertia) required

in the computation. Since the points on the multi-blade
passage speedline represent snapshots in time, they include
both the high and low points of the fluctuations and are thus

above and below the mean speedline from the single-blade
passage calculation. The stall point, characterized by a dis-
continuity in the slope of the single blade passage speedline

and by a temporal fluctuation in pressure rise (at approxi-
mately constant overall flow coefficient) of the multi-blade
passage speedline, matches in both calculations. However,
flow behavior at and after stall is substantially different as
explained later.
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Figure 2: Traces of the inlet axial velocity at 10% radial
immersion from the outer case for the E3 rotor during a

transient to stall. Points A, B, C and D represent four

different times in the stall development process.

CHARACTERIZATION OF THREE-DIMENSIONAL

STALL INCEPTION

In analyzing the computations, the primary focus was
on characterizing the flow features which participate in the
development of short length-scale stall. We can divide dis-
cussion of the results into the following steps: (i) demon-
strate that the computed stall inception is the same phys-
ical event as that observed in experiment, (ii) identify the
flow structures which are important in defining this process,
(iii) analyze the development of these structures to provide
a physical description of the inception of rotating stall.

Direct indication of the evolution of the rotating stall dis-
turbance can be seen from the velocity distribution ahead

of the compressor. Figure 2 shows traces of axial velocity
parameter (Cx/U = 0) versus time, in units of rotor periods,

at eight evenly spaced circumferential locations across the

eight blades, at 10% radial immersion from the outer case,
1/4 chord ahead of the rotor. An offset has been added to
all of the traces except the bottom one to allow them to
be viewed together. The traces show the rapid growth of a
large amplitude short wave length disturbance in the time
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Figure 3: Entropy contour at the leading edge of the E 3

compressor (Time = -4.1, S =-0.15 to 2.24).

interval from time = —5.34 periods to time = 0 and the two
straight lines indicate the disturbance propagation speed.
Points A, B, C and D represents four time samples dur-
ing the growth of the disturbance. The corresponding flow
fields are plotted and discussed later in Figures 7 through

10. The shape and development of these disturbances in the
inlet axial velocity are qualitatively the same as the distur-
bances measured by Day (1993).

Two important features of this evolving flow field are il-
lustrated in Figure 3, which shows entropy contours on the
leading edge plane of the compressor, at time = -4.1; the
scale goes from -0.15 to 2.24, with entropy nondimension-
alized by 2 yM^R. Thus, an entropy increase of one unit
corresponds to a loss of one relative (to the rotor) dynamic
head. First is the presence of flow spilling forward of the ro-
tor blade locally, evidenced by the high entropy (maximum

AS = 2.39) fluid in the blade passage at the leading edge.
Second is that the reversed flow region is confined to the
tip of the compressor. These features imply that the stall
is associated with the spilling forward of the tip clearance
flow.

The defining characteristics of the short wave length dis-
turbances are small circumferential extent, high rate of ro-
tation, high growth rate, and localization near the tip (Day,
1993; Silkowski 1995). The position of the disturbance at
the tip of the blades has already been demonstrated in Fig-
ure 3. To compare the size and shape of the disturbance, the
upstream velocity near the tip is shown in Figures 4 and 5 for
the computations and for the experiment (Silkowski, 1995)
respectively. The figures show local axial velocity coefficient
versus time. Both the numerical and the computational re-
sults show a disturbance approximately three blade pitches

Figure 4: Trace of the inlet axial velocity from computa-
tions for the E3 rotor at 10% immersion during transient

to stall. (Origin of time scale is arbitrary).

Figure 5: Trace of the inlet axial velocity stall disturbance
for the E3 compressor tested by Silkowski (1995) at 20%

immersion. (Origin of time scale is arbitrary. Total time

scale is four periods, the same as that of figure 4).
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wide, although the numerical results indicate several sub-
sidiary disturbances rather than a single spike. Other ex-
periments, however, have shown the development of more
than one short length-scale stall cell (Day, 1993), and this
difference in the number of stall cells is therefore not con-

sidered a key item in the comparisons. The shape of the
disturbances shown in Figures 4 and 5 are similar, and the
computed rotational speed of the disturbance (70% of rotor
speed) also matches the experimental result. One point that
should be mentioned is that because the numerical compu-
tation does not represent the full compression system used
in the experimental investigation, comparison must be done
for times when the stalling disturbance is relatively small in
axial extent. As the disturbance extent grows, the effect of
other blade rows on the disturbance in the rotor will become
stronger.

We can also compare the early growth rate of the distur-
bance. The data of Silkowski (1995) show that the axial ve-
locity disturbance takes roughly one rotor revolution to grow
from small amplitude to the value shown in the computed

results of Figure 4. In the computation, the correspond-
ing growth takes roughly four periods, which corresponds
to 0.6 rotor revolutions, which is on the order of but smaller
than the experimental value. On the basis of disturbance
shape, radial location, propagation speed, and growth rate,
the computations do reproduce the key features of the initial
stages of the stall inception development observed in exper-
iments. We emphasize that this isolated rotor calculation
would not reflect the development of the instability in the
multi-stage environment in the long-time limit.

DESCRIPTION OF SHORT LENGTH-SCALE STALLING
PROCESS

Using the results, we can now examine the stalling pro-

cess in more depth. We observed that the motion of the tip
clearance vortex was a prominent feature during the devel-
opment of the stall inception process. It was found that at
the operating condition where asymmetry began to develop,
the tip clearance vortex trajectory was located at the lead-
ing edge cascade plane, i.e., was perpendicular to the axial
direction. As rotating stall developed, the vortex moved
upstream of the compressor and approximately formed the
forward boundary of the reversed flow region of the stall
cell.

To view the vortex motion during the development of
rotating stall, a sequence of contour plots of the vorticity
magnitude at the 92% span radial station are presented in
Figures 6-9. (This radial station was used because it gave a

clear view of the process.) The different figures correspond
to the different times during the stall development process
indicated by A, B, C and D in Figure 2.

Just before stall, (Figure 6) the tip clearance vortex
stretches from the leading edge of each rotor blade to the
leading edge of its nearest neighbor. Figure 7 shows the
state 1.8 periods later when non-axisymmetric flow has be-
gun to develop. At this point, as can be seen from the

Figure 6: Vorticity contour at 8% immersion of the E 3

compressor (Time = -5.9, point A in Figure 2).

Figure 7: Vorticity contour at 8% immersion of the E3

compressor with (Time = -4.1, point B in Figure 2).
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Figure 8: Vorticity contour at 8% immersion of the E3

compressor (Time = -1.9, point C in Figure 2).

corresponding view in Figure 3 which is at the same time,
the flow in the lower 3/4 span of the compressor shows no re-
versal, even though there is reversed flow near the tip. Two
to three short length-scale incipient stall disturbances can
be seen developing, as evidenced by the presence of the tip
clearance vortex forward of the leading edge of the compres-

sor. At a later time, (Time = -1.9) one of these disturbances
becomes dominant, as shown in Figure 8, where the clear-

ance vortex is evident at the leading edge of this disturbance.
In Figure 9 the dominant disturbance has propagated far-
ther upstream and its width has increased. Later than this,
the flow situation is qualitatively similar to Figure 8, but
the stall cell grows both axially and circumferentially. Al-
though these pictures are from a single immersion location,
corresponding features were evident throughout the outer
10-15% of the span.

The focus has so far been on the motion of tip vortex tra-
jectory. We can also examine quantitatively the two other
characteristics of the tip vortex, circulation and blockage,
and how they relate to the motion of the tip vortex tra-
jectory during the stall inception process. Blockage can
be viewed as the reduction in effective flow area associated
with the velocity defect introduced by the low-momentum
tip leakage flow forming the vortex (Khalid, 1995). As the
throttle is closed toward stall, blockage increases and it is
this increase that has been previously linked to rotating stall
onset. The connection between tip vortex circulation and
stall onset, however, may be more fundamental and it is thus

useful to examine the tip vortex circulation and the blockage
versus time for a blade passage, shown in Figure 10.

As the nonaxisymmetric flow begins to develop, the cir-
culation of the tip clearance vortex begins an oscillatory
motion of increasing amplitude. (Because the data in this
plot follows a single blade, the disturbance moves past the
blade. If the observer moved with the disturbance it would
appear to grow, but not oscillate.) The motion of the vortex

is such that when the vortex circulation increases above the
pre-stall level, the vortex is forward of the blade row, and
when the circulation is less, the vortex is behind the blade
row leading edge. The blockage, which has been found to
be associated with the vortex core fluid (Adamczyk et al.,
1993; Khalid, 1995), at the rotor trailing edge also undergoes
a corresponding oscillation. The blockage variation tracks
the vortex circulation (and motion), but the blockage lags
the vortex strength by approximately 2 blade passing times

(0.26 period). This indicates that blockage and tip vortex
circulation are linked, although the mechanism responsible
for the dynamic behavior of the tip vortex has not yet been
resolved.

Figure 9: Vorticity contour at 8% immersion of the E3

compressor (Time = 1.0, point D in Figure 2).

ROLE OF THE TIP CLEARANCE VORTEX IN SHORT

LENGTH-SCALE STALL

Insight into the mechanism of short wavelength stall de-
velopment can be obtained by considering the behavior of
the vortex trajectory. Figure 11 shows the stable trajectories
at four different flow coefficients from high flow (0 = 0.38)
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Image
i Vnrtax

1.8 — Tip vortex circulation
Blockage at exit plane

1.s

1.4

12

0.8	freeze throttle

0.6

	,,	1 _
02	approximate flow convection	 -,

time through rotor
0

Time (Periods)

Figure 10: Tip vortex circulation and trailing edge block-
age associated with tip leakage vortex for the E3 rotor

during stall development. An increase in tip vortex circula-

tion corresponds to a movement of the tip vortex trajectory

forward of the blade row and vice versa.

x.38

X0.32

FLOW

Figure 11: Trajectories of the tip clearance vortex for the
E3 rotor for different flow coefficients.

FLOV

Figure 12: Velocity induced by image vortex (meridional
view).

to near stall (0 = 0.32). At the higher flow coefficients the
vortex trajectory lies further back in the blade passage. As
the flow coefficient is reduced the clearance vortex trajectory
becomes closer to perpendicular to the axial direction.

The behavior of the vortex equilibrium position can be
understood from vortex kinematics, as illustrated in Fig-
ure 12 which shows a side view of the vortex in the blade
passage along with its image across the casing wall. Be-
cause the distance of the vortex from the wall is much less
than the span of the vortex along the passage, the local
'self-induced' velocity can be approximated from the local
orientation of the vortex, and the velocity field associated
with the vortex-boundary configuration can be represented

by the vortex and its image. As indicated, the induced ve-
locity of the vortex pair is in the upstream direction.

For a given clearance vortex circulation and mean flow,
there will, in general, be an angle for the vortex trajectory
at which this self-induced velocity is balanced by the com-
ponent of the mean flow normal to the vortex. At operating
conditions near design, the trajectory will be in an equilib-
rium position like that shown in Figure 13(a). Consider a
displacement of the vortex from this position. If the vortex
moves forward, the mean flow vector becomes more closely
aligned with the perpendicular to the vortex, resulting in an
increased value of velocity component normal to the vortex.
The result is that the vortex tends to be returned to the

original position. From these considerations, the position is
stable.

As the compressor is throttled towards stall, computa-
tional results show that the strength of the clearance vortex
increases and the mean flow velocity decreases. As the flow
coefficient decreases (Figure 13(b)), the equilibrium vortex
trajectory swings closer to perpendicular to the axial direc-
tion. A stable equilibrium cannot exist when the vortex tra-
jectory becomes perpendicular to axial because the ability of
the flow to respond to perturbations through an increased
normal component of the axial velocity is lost; if a small
perturbation occurs, there is no corrective action associated
with the mean flow component normal to the vortex which
will restore equilibrium. (For the case studied here, this
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(a) Design
Point

Flow

Induced

Stalling 
Ve locity

Disturbance	r ^^ Vortex ce

FLOW

ROTATION

Figure 14: Development of localized disturbance.

(b) Stall
Point

Flo

ROTATION

Figure 13: Trajectory and induced velocity for the tip clear-
ance vortex at different loading conditions. (a) Design

point; (b) Stall point.

point was reached at the peak of the pressure rise charac-
teristic.) The vortex will thus tend to propagate forward of
the rotor passage and as noted, the computations show the
subsequent growth in displacement out of the blade passage.

Although this description by itself does not explain why
the flow breaks down into a nonaxisymmetric short length-
scale stall cell, further considerations of the vortex motion
are helpful in addressing this aspect. Vortex lines cannot
end in the fluid so that when the vortex begins to propagate
forward of the compressor, it must do so by bowing forward.
The portion of the vortex in the center of the bowed region
will remain perpendicular to the flow direction, but the rest
of the vortex will be turned away from the main flow direc-

tion and will therefore have a locally reduced self-induced
upstream velocity. The shape of the upstream propagat-
ing vortex will alter as indicated qualitatively in Figure 14,
promoting the development of the type of localized distur-
bance with characteristic length of a blade spacing shown
in experiments (Day, 1993).

It can be noted that a description of the entire multi-blade
row compression system was not required to demonstrate
this unstable flow situation, although the process does not
take place in isolation, and at some point the influence of
the remainder of the compression system will be felt. The
events described are originally local to the tip region of one
blade row, and thus not significantly affected by the rest
of the compression system during the initial development.
The single blade row results should thus apply to the initial
development of a short length-scale stall in multi-blade row
compressors. For compressors operating near the peak of
their characteristic, such disturbances have the potential to

induce rotating stall to occur in the entire compressor, as
described by Gong (1998).

TRANSIENT PERFORMANCE WITH BLADE-TO-
BLADE PERIODICITY

We have so far been focusing on the behavior of the tip
vortex in a multi-blade passage environment. It would be
of interest to assess its behavior in a single (periodic) blade

passage situation and determine the usefulness of such a cal-
culation. Single blade passage computations show that once
the tip clearance vortex reached the critical position at the
leading edge of the blade row at a point on the compressor
characteristic represented by point 1 in Figure 1, it would
remain there if the throttle were held fixed. If the throttle
were closed past this point, (points 2 and 3 in Figure 1),

the pressure rise dropped and the tip vortex settled into a
new stable position' slightly ahead of the blade row with a
bowed shape similar to Figure 14. This is different from the
multi-blade passage calculation which shows growing fluc-
tuations in pressure rise at the stall point. This behavior

is associated with the dynamic motion of the tip vortex al-
luded to previously. Thus, the single blade calculation can
simulate the behavior of the tip vortex up to the point of
instability. Beyond this point, the single blade computation

cannot simulate the dynamic behavior of the tip vortex be-
cause of the inherent assumption that each blade passage is
decoupled from the other blade passages.

Two important observations can be derived from the
single-blade calculation within its range of validity. First,
the stall point closely matches that of the multi-blade cal-
culations (see Figure 1). Second, the negative slope at stall
based on the single blade speedline is consistent with past
observations of short length-scale stall. (An accurate evalu-

'In contrast to the usual pressure exit boundary condition,
this computational procedure incorporates a throttle as the exit
boundary condition so that a stable solution can be obtained past
the stall point.
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ation of the slope cannot be made from the multi-blade un-
steady computation due to pre-stall oscillations in pressure
rise created by the throttle transient.) The above observa-
tions suggests that single blade computations may be useful
for predicting the stall point for compressor exhibiting short
length-scale rotating stall inception, from observation of the
tip vortex position.
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SUMMARY AND CONCLUSIONS

Computational experiments have been carried out to sim-
ulate the short length-scale rotating stall inceptions which
have been found to have fundamentally different behavior
from long length-scale modal stall. For the former, incep-
tion depends essentially upon local flow conditions, whereas
for modal stall inception there is a strong interaction with
the rest of the compression system.

The short length-scale inception process is linked to the
behavior of the blade passage flow field structure, specifi-
cally the tip clearance vortex. This is in contrast to the
modal stalling case where a description of the flow struc-
tures within the blade passages is not required for a useful
description of rotating stall inception and development.

A local stall inception criteria for the short length-scale
phenomena , namely tip vortex trajectory perpendicular to
the axial direction, has been identified for axial compres-
sors. This suggests that for tip-critical compressors (as is
the case here) single blade passage calculations, rather than
computations of the entire annulus, may be used to predict
the conditions at which a short length-scale disturbance can
occur.

The origin of this stalling process has also been described
in terms of the kinematics of the tip clearance vortex. Stall
inception is a result of the motion of the tip clearance vor-
tex moving out (upstream) of the blade passage; this occurs

when the vortex trajectory is aligned with the blade leading
edge plane which was shown to be an unstable condition.
The time evolution of the rotor exit blockage is a conse-
quence of this motion.

The process by which the short length-scale disturbances
develop is generic for axial compressors with tip-critical flow
fields and a similar breakdown in axisymmetric flow field
should be expected in any compressor which experiences a
spilling forward of the tip clearance vortex.

While the present set of calculations is for an isolated ro-
tor that is known to exhibit short lenght-scale stall, there is
a need to examine the instability behavior (including modal
stall inception) of the compressor rotor in a multi-blade row
environment.
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