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The performance of gas turbine engines is often limited by compressor stall. Steady tip-injection stall control

technologies have demonstrated their effectiveness to increase the stable operating range of gas turbine engine

compressors. To help understand the fluid mechanic processes of stall with and without stall control and how stall is

mitigated by stall control technology, the establishment of a capability to simulate the flow details leading to stall

would be extremely helpful. This paper presents results of the simulations of a high-speed single-stage axial

compressor. These simulations show the evolution of rotating spikes and range extension as a result of tip injection.

The simulations are time-accurate simulations of the three-dimensional Navier–Stokes equations encompassing the

full-annulus grid and are executed using high-performance parallel computing. Computed compressor

characteristics are compared to experimental data. The general flow features of the compressor with and without tip

injection at the onset of stall are presented using time-accurate pressure traces and visualized using a novel

disturbance cell concept.

I. Introduction

R OTATING stall control technologies have been demonstrated
to extend the stable operating range of axial compressors [1–6].

Upstream of a compressor rotor, high total pressure (relative to the
rotor) air is injected at discrete locations through the casing into the
rotor tip region. This injected air alters the three-dimensional
flowfield above the rotor tip causing the clearance flow tomove aft in
the rotor passage locally increasing the streamwise momentum
(relative to the rotor). This increase in the streamwise momentum is
responsible for delaying the onset of rotating stall. Injection not only
improves stability margin but also reduces tip losses as the injected
jet reduces the blade incidence and therefore partially unloads the
rotor tip.

These stability enhancement technologies have been developed
through parametric experimental studies. Their effectiveness is
based on altering the unsteady flowfield near the compressor blade
tips. However, there is a lack of fundamental understanding of the
fluid mechanic processes of stall onset and how these stall control
technologies mitigate the onset of rotating stall to achieve increased
compressor stability. Improved understanding of the stall onset
process, with and without tip injection, will guide further devel-
opment of stall control devices and of compressor blading with
increased tolerance to stall, which could lead to an expanded
operational envelope of gas turbine engines.

Most of the research on rotating stall has been experimental
focusing on understanding its onset. The events leading to rotating
stall have been traditionally classified according to two different
types of wave disturbances rotating around the annulus: long-length
(modal) and short-length (spike) waves [7]. Modal disturbance is
associated with the characteristic frequencies of the compression
system; the axial length of the disturbance can extend over the entire
length of the compressor. Modal disturbances are essentially a two-
dimensional phenomenon and they are not an early form of stall cell
but instead represent harmonic oscillations of the flowfield. The
second form of stall inception is the spike. These are disturbances in
which length scale is on the order of a blade passage breadth. Flow
instabilities within blade passages initiate the spike disturbances.
Spikes can be viewed as embryonic stall cells with flow breakdown
in local regions [7]. Spikes are inherently three dimensional whose
development depends on the flow structure within the blade passage.

In addition to traditional experimental approaches to understand
the development of rotating stall, numerical simulations have been
shown to provide another means to shed light on this complicated
fluid process. Because of the complex flow structure of the rotating
stall, which is characterized by the unsteady, 3-D separated flows,
detailed measurement of the flow is difficult if not impossible
because of problems with placement and limitation of the measuring
devices. Numerical simulation, on the other hand, can provide a
higher degree of flow resolution, thus providing deeper insight into
the complex flowfield at the onset of stall.

During the last 10 years, steady-flow computational simulations
have provided an increasingly accurate prediction of the flow up to
the point of compressor stall. Attempts to study stall through
unsteady simulations of a subset of the blades in a compressor blade
row [8–10] or through reduced-order unsteady flow models [11]
have resulted in valuable findings of the flow structure leading to
stall. Numerical studies of air injection on compressors were also
done with single passage models [1,12,13]. However, because the
temporal flowfield variations that occur during stall inception are not
necessarily harmonics of blade passing frequency, the unsteady flow
in every blade passage within a blade rowmust be simulated in order
to study the transition from a stable flow state to the unstable state at
the onset of stall. This is necessary to resolve flow features of the
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length scale on the order of the rotor circumference. Such simulations
have been done two dimensionally [14,15], but spike instabilities
which lead to stall are inherently three-dimensional unsteady
phenomena. Modeling the route to stall via a spike instability may
require a 3-D unsteady full-annulus simulation, which is a daunting
computational endeavor requiring considerable computational re-
sources. Because of the rapid advance of high performance
computing in the past decade, advanced computational fluid
dynamics codes have benefited from the almost unlimited computing
potential of parallel computing. Recently, full-annulus, three-
dimensional unsteady computations of a compressor stage [16,17]
and an isolated rotor [18] demonstrated the feasibility of using high-
performance computing to simulate the development of rotating
stall.

In this study the time-evolving development of rotating spike with
andwithout tip injection in a transonic axial compressor is simulated.
The simulations are of a full annulus of an axial flow compressor
stage. They are three dimensional, and unsteady. The goal of this
study was to further the understanding of the onset of rotating
stall and its underpinnings. Specifically, this study established a
numerical procedure to model the entire flowfield at the onset of
rotating spike and ameans to analyze the fluid dynamics bywhich tip
injection enhances the operating range of an axial compressor.
Compressor speed lines and samples of the unsteady pressure field
are presented. The flowfield with tip injection is analyzed in detail.
This analysis uses a simple visualization technique to identify
disturbance cells that resemble stall cells. Two quantitative mea-
surements, angle of attack and diffusion factor (DF), are correlated
with the onset of disturbance cells. Together, these metrics are used
as a measure of flow stability and to quantify the impact of tip
injection on flow stability.

II. Computational Methodology

The parallel turbomachinery flow solver TURBO [19] was used in
this work. The code is a physics-based simulation tool for multistage
turbomachinery. It solves the fluid conservation laws without ad hoc
modeling of any flow phenomena other than models required for
turbulence. This code solves the unsteady Reynolds-averaged
Navier–Stokes equations and accounts for turbulence using a k–"
turbulence model. The parallel implementation employs domain
decomposition and supports general multiblock grids with arbitrary
grid-block connectivity. The solution algorithm is aNewton iterative
implicit time-accurate scheme with characteristics-based finite
volume spatial discretization. Because all of the fundamental fluid
mechanics are computed, the code is capable of capturing the
nonlinear characteristics of the flowfields of interest. With the actual
modeling of blade rows in relative motion, this code is capable of
computing the unsteady interactions between blade rows. Details
of the flow solver can be found in [20] and the approach to
parallelization for large-scale, complex problems is discussed in
[19]. The code has been validated extensively in the past with various
compressors and turbines [21–30] and is considered adequate for this
study.

III. NASA Stage 35

This transonic compressor stage consists of 36 rotor blades and 46
stator blades (Fig. 1). When running at design speed of 17,194 rpm,
it delivers a total pressure ratio of 1.82 at the design flow rate
(20:2 kg=s). To facilitate comparison of simulations with and
without tip injection, the simulations used a three-blade-row grid as
shown in Fig. 2. The grid consists of an injector, rotor, and stator
blade row. The injector row has 12 injectors that are equally spaced in
the circumferential direction and each of these injectors is treated as a
“blade passage.” The injectors penetrate 5.1 mm (6% span) from the
casing into the flowfield (Fig. 1). They are 57 mm wide (12.9 deg of
arc) and located at 1.75 rotor chord upstream of the rotor leading
edge.Measurements by Suder et al. [1] indicated that the jet fills only
75%of thewidth of the injector. In this study the injection ismodeled
by source terms uniformly distributed over the injector face of 75%

width (10 deg arc). The injection model is identical to that of
Hathaway and Strazisar [31] (also Suder et al. [1]) and has been
shown to capture the essentials of the injection.

The grid size of each passage of the injector is 51�x�, 71�r�, and
166���; the rotor is 151�x�, 71�r�, and 56��� with 81�x� and 61�r�
points on the blade; and the stator is 141�x�, 71�r�, and 79��� with
81�x� and 53�r� points on the blade. The rotor tip clearance is 1%
rotor tip chord. The grids are replicated around the annulus to
generate a full-annulus grid with a total of 67million points. The grid
is then partitioned into 328 blocks that use 328 CPUs. The
computation time is 24 h for one rotor revolution. In the simulation of
the rotating spike, 10–30 revolutions were needed.

The numerical boundary conditions are briefly discussed here. At
the inlet, an isentropic subsonic inflow condition is used, in which a
radial profile of total pressure and total temperature is applied
uniformly over the circumference. A time-accurate sliding interface
is used to exchange flow information between blade rows. This
interface allows unaltered pressure waves in all directions (axial,
radial, and circumferential) to pass the blade rows. The tip gap is
modeled using the model of Kirtley et al. [32]. This model conserves
both mass and momentum through the tip gaps without the need of
gridding the actual tip clearance gap. A gridding strategy suggested
byVanZante et al. [33] is adopted here,with 10 radial points in the tip

Fig. 1 High-speed single-stage axial compressor stage 35 (NASA

rotor 35 and stator 37).

Fig. 2 Three-blade-row grid model for the stage 35 simulation.
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gap region. Although the detailed physics of the development of
the leakage vortex are not captured, this tip clearance model was
considered adequate for predicting the strength of the leakage vortex,
its size, and direction [34].

At the exit, the traditional choice of radial equilibrium exit
condition, in which a preset exit pressure level is frozen throughout
the simulation, is not suitable for near-stall or during-stall conditions.
This is because the exit pressure drops during stall and a preset exit
pressure cannot match the drop. This problem is relieved by the use
of a “choked” throttle model that specifies corrected mass flow at the
exit.¶ This boundary condition allows the variation of exit pressure
through the specification of a corrected mass flow based on the
evolving exit stagnation condition.

Constrained by the computational resources for the full-annulus
simulations, the axial extent of the computation domain upstream
and downstream of the stage is short, which prevents the devel-
opment of modal instabilities. The present study is restricted to
capturing events leading to the spike instabilities and how the
inception of these spikes is impacted by tip injection.

IV. Stall/Control Simulations and Discussion

The stage isfirst runwithout tip injection to show the development
of rotating spikes. This process is then repeated with the application
of steady tip injection. The intent is to show sufficient evidence
that the computational model reasonably captures representative
behavior of compressors as they are throttled into stall rather than
assuring that the model faithfully captures the exact operational
characteristics of the tested compressor. It is fully recognized that
some features of the flowfield of the simulated compressor are not
captured by the current computation. For example, in this study the
leakage gaps and actual blade geometry at the running conditionmay
not be the same as the tested compressor. Also, the geometry of the
upstream and downstream ducting is not included in the simulation.
As a result, the computation is not expected to accurately predict the
flowfield of the tested compressor, but rather to model the essential
flow physics of compressor stall with and without tip-injection stall
control. The underlying unsteady flow perturbations (e.g., modal
waves, blade row interactions, manufacturing tolerances, vortex
shedding, shock/vortex unsteadiness, etc.) that precipitate short
wavelength “spike” instabilities that coalesce into stall cells are
specific to every compressor. Although these features are relevant to
predict how or when the actual test compressor stalls, they are not
believed germane to understanding the fundamental spike inception
stall characteristics of compression systems. In this study, the
approach is to let the unstable flow develop without purposely
introducing an artificial disturbance.

A. Stage 35 Without Injection

This simulation was undertaken to document the development of
spike instability without the presence of tip injection. A detailed
analysis of this result was reported in [17] and will not be repeated
here. A compressor speed line at design speed is generated by
incrementally decreasing the exit corrected mass flow. The com-
parison of the computed results with the experimental data is shown
in Fig. 3. In this figure, for the no-injection case, point A is the last
stable point and point B is a point which developed into a rotating
spike.

The computed total-to-static pressure ratio is higher than the
experiment with the largest discrepancy occurring at a mass flow of
20:3 kg=s where the computed value is 1.41, compared to the
experimental data of 1.33. This discrepancy is likely caused by the
modeling limitations as well as the differences between the geometry
of the tested compressor and that which was simulated, as mentioned
before. The computed no-injection speed line near the peak pressure
(point A) has a negative slope and is similar to the experimental no-
injection speed line. Because the focus of this study is on the

characteristic features associated with spike inception, we judged the
current simulation to be reasonable for this purpose.

In the simulation, eight numerical pressure probes were dist-
ributed around the circumference. The probes are located 44% chord
upstream of the rotor leading edge at 98% span. They are arranged
in 4 groups of 2 in order to fit outside the 12 injectors. The
circumferential locations are 10, 70, 100, 160, 190, 250, 280, and
340 deg. These probes are fixed in space. Pressure time traces are
shown in Fig. 4, in which the pressure level is offset by the probe
circumferential location.

Small, but periodic pressure variations caused by the rotor blade
passing can be seen in the first two revolutions of Fig. 4. The
instability, identified as the larger disturbance on top of the periodic
variation, first shows up at t� 0:5T (T � time for one rotor
revolution). It then grows as itmoves around the annuluswith a speed
indicated by the slope of the lines connecting the location of the
disturbance at various probe locations. Initially the disturbance
travels at 100% rotor speed. It then slows to 84% and eventually 43%
in five revolutions as the compressor stalls.

In Fig. 5, the entropy on a surface of revolution near the casing is
shown at t� 3:8T, the early phase of the development of the
instability. The full-annulus surface is illustrated by two half-annulus
surfaces. Three separate high entropy regions can be seen with the
axial extent covering from one chord upstream to just aft of the
leading edge of the stator. The evolution of the instability is similar to
the spike stall inception in that localized, three-dimensional pockets
of instability inmultiple rotor passages erupt to first form small-sized
multicell rotating spikes. These spikes initially travel at near rotor
speed, merge, and slow to about half of the rotor speed [35].

B. Stage 35 with Injection

Tip injection is used in the present simulation to show
improvement of the compressor operating range. The computed
speed line with steady injection is compared to the experimental
measurement in Fig. 3, where the total mass flow is the sum of the

Fig. 3 Stage 35 predicted and measured performance.

Fig. 4 Time history of static pressure variation at eight locations

around the annulus located 44% chord ahead of the rotor of stage 35

without injection, point B.¶Adamczyk, J. J., private communication, 2004.
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inlet and injection flow, corrected to the inlet condition. Three points
were computed for the injection case beyond which the no-injection
case stalls. These are denoted by points C, D, and E. Each of the
points used a steady, 3.6% design flow rate through the 12 injectors.
The computed characteristic compares reasonablywell with the data,
with D being the last stable point. Comparing point A (without
injection) and D (with injection), the simulation shows an im-
provement of 6.3% in the operating range, compared to 4.3% for the
experiment.

To examine the effect of the tip injection on the unstable flow, the
flowfields without injection (B) and with injection (C) are compared.
These two points were run with the same throttle setting with the
corrected exitmassflow set at 13:6 kg=s. Point B developed into stall
but point C was stable. Excluding the regions of the low entropy
injector flow the overall entropy level of the case with injection as
shown in Fig. 6 is lower than that of the no-injection case in Fig. 5.
More important, the high entropy regions associatedwith the rotating
spike in the no-injection case of Fig. 5 no longer exist in Fig. 6. The
tip injection effectively removes the rotating spike at this throttle
setting.

C. Characteristic Features for Flows with Injection

The simulations with tip-injection flow control were analyzed to
understand how tip injection affects the onset of stall. Three different
operating points were run, one of which (point E) stalled, and two of
which (points C and D) were stable. The throttle setting (corrected
exit mass flow) is 13:6 kg=s for point C, 13:2 kg=s for point D, and
12:8 kg=s for point E. Point Dwas considered a stable case due to the
fact that it ran for for 28 revolutions without dropping into stall.
Point E stalled after 14 revolutions. Point D will be analyzed first to
observe the general flow characteristics that hold true for both stable
and unstable cases. This is followed by a discussion of point E on the
general flow features at the onset of stall. The flow will be analyzed
by the visualization of disturbance cells and two quantitative metrics
diffusion factor and angle of attack. The three approaches are
discussed in the following.

1. Disturbance Cell

Because a stall flow relates closely to an axially reverse flow, an
isosurface of zero axial velocity provides a useful means to construct
three-dimensional representation of the stall cell. Several three-
dimensional “pockets” are visualized in Fig. 7. These pockets are
defined as the disturbance cells. Each of these cells is a closed volume
composed entirely of negative axial flow. This can be seen clearly in
Fig. 8 which shows the relative velocity vectors inside and outside a
disturbance cell on a radial cutting plane. The disturbance cell is
represented by the light-colored region. In this view, it is clear that all
of the velocity vectors contained within the disturbance cell have
a negative x component of velocity. The direction of the velocity
vectors is also verified in Fig. 9, which is a relative velocity vector
field near the suction side of the blade.

In addition to the negative x velocity shown in Fig. 8, this view
shows that the relative velocity vectors have a positive radial
component as well. This phenomenon will be discussed further in a
later section. A great deal of circulation can be seen at the tip of the
disturbance in Fig. 9, which reflects the instability (separation,
swirling) in the flow surrounding the disturbance.

2. Diffusion Factor

The diffusion factor is a parameter used to indicate the magnitude
of the adverse pressure gradient for a given airfoil/flow situation, as
well as the amount of turning induced on theflow as it passes over the
airfoil. The diffusion factor values were calculated as outlined by
Hathaway and Strazisar in [31]:

DF � 1:0 �Wout

Win

� abs�Rin �Wt;in � Rout �Wt;out�
�Rin � Rout� � � �Win

(1)

Fig. 5 Entropy of stage 35 without tip injection, corrected exit mass
flow� 13:6 kg=s, t� 3:8T, point B.

Fig. 6 Entropy of stage 35 with tip injection, corrected exit mass

flow� 13:6 kg=s, point C.

Fig. 7 Isosurface of zero axial velocity on suction surface of rotor
blade a for point D. L.E. � leading edge; T.E. � trailing edge.

Fig. 8 Intersection of disturbance cell with radial-plane velocity vector

surface at �65% span, point D.
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where Win and Wout are the mass-averaged inlet and outlet relative
velocitymagnitudes, respectively,R is the radial location of the point
of interest, Wt;in and Wt;out are the inlet and outlet mass-averaged
tangential velocity values, and � is the solidity of the compressor.
The inlet and outlet parameters are pitch-averaged values at axial
locations of the blade leading edge and trailing edge, respectively.

The second term on the right-hand side of Eq. (1) reflects the outlet
to inlet velocity ratio. The DF value goes up as this term gets smaller,
indicating that the flow is diffusing. Thiswould also reflect a stronger
adverse pressure gradient as the flow travels along the length of the
blade, which would increase the likelihood of boundary-layer
separation. The last term in Eq. (1) reflects the change of angular
momentum (turning) of the flow as it passes the airfoil. The more
flow turning, the more work added to the flow, and consequently the
higher the DF value would be, again increasing the likelihood of
boundary-layer separation.

3. Angle of Attack

The angle of attack of the inlet flow to the blade was computed
using the same data point distribution implemented for the diffusion
factor analysis. Mass-averaged values were found in the same
manner, with the angle of attack value for each point calculated as the
difference between the flow angle of a given point and the stagger
angle of the rotor blade at the same radial location. The idea behind
choosing this particular metric was that the angle of attack should be
a good indicator of the blade loading and thus the susceptibility of a
given blade to boundary-layer separation.

D. Radial Migration of Disturbance Cells

As mentioned earlier, when investigating the direction of the
velocity vectors within the disturbance cells, it was found that the
vectors on the suction surface of the blades tended to have a positive
radial component. This observation is consistent with the fact that the
motion of the disturbance cells on the blades was, for the most part,
moving downstream and radially outward. Figure 10 shows this
phenomenon at four time steps. The interval of time between the
figures corresponds to the time taken for the rotor to travel 0.4 rotor

pitches. This figure shows the migration of the disturbance on the
suction surface of one blade for the stable point D. The radial
migration of the disturbance cells is also observed when the flow
stalls.

The disturbance cell was initially quite small (T1), expanding as it
moved toward the casing, resulting in a concentration of low-
momentum flow on the casing (T4).

This radial motion is attributed to the radial, centrifugal force
exerted on the fluid in the rotor due to the rotation. This force is
present for the fluid both inside and outside of the disturbance cells.
This is seen clearly in Fig. 9 as the vast majority of the relative
velocity vectors have a strong radially outward component. Because
the fluid within the disturbance cells would have a longer residence
time in the passage than the flow outside of the disturbance cell, due
to the low axial velocity, the centrifugal force would have a longer
period to act upon it, forcing it to migrate to the casing. The
expansion of the disturbance cells will be explained later.

E. Leading-Edge Spillage of Stall Flows

In the case that stalled, point E, it was found that the disturbances
occupied the full circumferential breadth of the passages in the
vicinity of the rotor tipwhen the simulation began to stall. This can be
seen in the enclosed section in Fig. 11. This has been observed by
Hathaway in unreported steady-state averaged passage simulations
of several different compressor geometries both with various forms
of tip injection and without. Inspection of when the rotor tip axial

Fig. 9 Disturbance cell with relative velocity vector near the suction

surface, point D.

Fig. 10 Radial migration of the disturbance at 0.4 rotor pitch steps per

frame in the rotor, point D.

Fig. 11 Three-dimensional view of reverse flow pockets indicating

spillage of disturbance, point E.
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velocity is less than or equal to zero across the rotor pitch as an
indicator of incipient stall was first suggested by Adamczyk.∗∗ In
addition, there was a great deal of spillage of the disturbances around
the leading edge of the rotor blades. Figure 12 shows the spillage of
the disturbances around the leading edge of the blades.

Because the velocity field of the transient flow evolves smoothly,
streamlines match path lines well and were generated to track the
particlemovement. Figure 12 shows the streamlines of theflow in the
vicinity of the tip along with the negative axial velocity contour
(shaded dark) on a radial plane at the blade tip. The streamlines were
seeded along the tip of the suction side of blade a. This view indicates
that a great deal of the flow is spilling around not only the leading
edge of the adjacent passage (blade b), but also around the leading
edge of the next passage (blade c). This spillage is instigated by the
presence of the reverse flow pockets. As the flow spills over the tip of
blade a, it is swept upstream by the reverse flow present in the
passage, which causes it to migrate forward of the leading edge of
blade b. This increases the angle of attack of the flow in the vicinity of
blade b and thus intensifies the disturbances. As it passes the leading
edge of blade b, the reverse flow present in this passage once again
pushes the flow upstream causing it to flow around the leading edge
of blade c. This is continued until the flow enters a passage without a
reverse flow pocket (that spans the entire pitch). The disturbance is
then swept downstream.Within the passage in which the disturbance
was initiated one observes that some of the flow is pulled
downstream but is then reverted back upstream. This spillage
allowed the disturbances in the individual blade passages to merge,
which led to a slow down of the migration of the disturbance around
the annulus.

The observed slowdown could be due to the following hypothesis:
As the disturbance cells merge, the size of the merged cell increases
in both the axial and spanwise directions. Because the disturbance
cell represents low-momentum flow with high inertia, the blades
move through it as they would stagnant flow, causing the relative
motion of the disturbance to be in the opposite direction of rotation,
producing a slow down in the absolute frame.

F. Correlation Between Diffusion Factor, Angle of Attack, and

Disturbance Cells for Stable Condition D

The instantaneous flowfield at point D, see Fig. 3, is examined in
this section to study the flow characteristics for stall onset based on
disturbance cells, angle of attack, and diffusion factor profiles. The
results in Figs. 13–19 are separated into three groups, each
corresponding to an identical position relative to the injectors. The
passage numbers are identified in Fig. 13. The locations of the
injectors are indicated by the black circumferential segments just
outside the blade tips.

The simulation results show that there is a definite correlation
between angle of attack and the evolution of disturbances. The plots
for each of the passages exhibited almost identical angle of attack
values from the hub to approximately 20% span. It is also clear that
each passage exhibits a drastic increase in angle of attack above 90%
span. The major differences between passages could be found from
20% span to the tip. Upon inspection of Fig. 13, it can be seen that on
blades 2, 20, and 24 disturbance exists along their leading edge. This

Fig. 12 Streamline view of disturbance spillage from upstream of rotor

leading edge, point E.

Fig. 13 Blade number references for diffusion factor and angle of

attack figures (Figs. 14–19), point D.

Fig. 14 Angle of attack values (point D) for blades 1, 4, 7,. . ., 34.

Fig. 15 Angle of attack values (point D) for blades 2, 5, 8,. . ., 29.

∗∗Adamczyk, J. J., private communication, 2000.
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is reflected in the angle of attack values in Figs. 15 and 16. It appears
that if the angle of attack between midspan and 90% span attains a
value greater than approximately 13 deg, leading-edge separation
will occur.

Attempting to correlate diffusion factor with the presence of
disturbances proved considerably more difficult than correlating
angle of attack with the presence of disturbances. When looking at
individual passages, there does not appear to be any significant
correlation. The one useful result that came out of this attempt is that
with tip injection (at operating point D in Fig. 3), for the vast majority
of the blades there is an increase in magnitude of the diffusion factor
in the vicinity of midspan. This is clearly seen by the annulus-
averaged values in Fig. 20 where before stall (points C and D), the
midspan diffusion factor with tip injection is 0.61. This lends

evidence to the fact that, for this simulation with tip injection
suppressing tip stall, disturbances are generally formed in the
midspan before migrating to the tip region. This would not be
expected to occur for compressors wherein the midspan is lightly
loaded, such as that without tip injection (operating pointA in Fig. 3).
Figure 20 indicates that the stable cases, C andD, had diffusion factor
values which were lower in the tip region than that of the unstable,
E case. The results suggest that a diffusion factor value somewhere
between 0.68 and 0.73 in the tip region would indicate the
appearance of a rotating spike.

Annulus-averaged angle of attack indicates that there is an
increase in the overall angle of attack as stall is approached. From
Fig. 21, it can be seen that the unstable, E case has higher values for
the angle of attack across almost the entire span. This phenomenon is

Fig. 16 Angle of attack values (point D) for blades 3, 6, 9,. . ., 30.

Fig. 17 Diffusion factor values (point D) for blades 1, 4, 7,. . ., 28.

Fig. 18 Diffusion factor values (point D) for blades 2, 5, 8,. . ., 29.

Fig. 19 Diffusion factor values (point D) for blades 3, 6, 9,. . ., 30.

Fig. 20 Annulus-averaged diffusion factor distributions for three

cases.

Fig. 21 Annulus-averaged angle of attack distribution for three cases.
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consistent with the fact that the through-flow rate decreases as stall is
approached. At 50% span, the stable cases (C andD) have values less
than 9.5 deg. Using the conclusion from previous individual blade
correlation, it is speculated that an averaged midspan angle of attack
exceeding 9.5 degwould indicate the inevitability of instability. This
indicator would assume that the production of disturbance flow
which is prevalent in the midspan is one of the sources leading to the
rotating spike.

The reason for an overall increase of angle of attack values in the
tip region, besides the existence of reverse flow pockets, is that the
boundary-layer flow on the casing creates an axial velocity deficit in
the tip region, thereby reducing the axial component of the relative
flow angle, increasing the angle of attack. This increase in angle of
attack also helps explain the expansion of the disturbance cells as
they migrate toward the tip: a higher angle of attack moves the
boundary-layer separation point on the suction surface forward,
increasing the magnitude of the disturbance cell that is already
present by creating more separated/swirling flow.

With the general flow features identified in the previous section,
the same analysis procedures are used to examine how tip injection
mitigates instability onset. Thiswill be done by comparing the results
for stable point D to the results for unstable point E.

G. Stable Case (Point D)

The migration of the disturbances mentioned earlier lends a great
deal of insight into the functioning of the tip-injection cases. The first
characteristic of the stable case is that low-momentum flowmigrates
to and congregates in the tip region of the blade passages. The
introduction of the tip injectors provides high-axial-momentum
flow which alleviates the momentum deficit associated with the
disturbance cells. A few snapshots are given in Fig. 22, each
separated in time by the time it takes for the rotor to rotate through 0.8
of a rotor pitch.

The tip injectors are represented by the white streaks in the dark
region above blade tips in Fig. 22. This sequence of snapshots is
generated in the rotor framewhere the injectors are seenmoving over
the blades in the direction opposite to rotor rotation. As blade a in the
figure passes through one injector, the disturbance cell at midspan
has almost disappeared, as can be seen by the difference between T3
andT4. The disturbance on blade b, however, does not get cleaned up
after passage through only one injector. Its growth can be seen after it
passes through one injector from T1 to T2 and it continues to grow
from T2 to T3. The volume of the disturbance in the tip region is
reduced somewhat every time it enters a region of tip injection. This
can be seen at T1 and T4. A larger (by volume) disturbance, as seen
on blade b could pass through multiple injectors, successively

reducing the disturbance volume, before eventually being swept
downstream. This was observed from animations of the unsteady
results. The sweeping away of the disturbance is accomplished by the
addition of high-energy flow into the tip region which also increases
axialmomentum in the tip region, thereby reducing the volume of the
disturbance.

A second characteristic, which correlates with the first, is the
increase and decrease in the intensity of disturbances which travel at
rotor speed. This behavior is shown by the pressure traces of Fig. 23.
Here, spikes of small disturbance persistently appear. At this
operating point without the presence of tip injection, the rotor would
drop into a rotating spike.

The life span of the disturbance is indicated in Fig. 23 by the length
of the dashed lines. Most disturbances are short lived and disappear
within one rotor revolution. All of them rotate at rotor speed. It
demonstrates that the injection stabilizes the otherwise unstableflow,
which, when left uncontrolled, will develop into a rotating spike.

H. Unstable Case (Point E)

Point E from Fig. 3 is unstable. This case ran for just under 14
revolutions before stalling as seen in Fig. 24. Figure 24 uses the same
probes previously mentioned for Fig. 23. As with the stable case,
disturbance cells were formed in the midspan of rotor blades which
then migrated to the tip region of the rotor. Unlike the stable case,
the disturbances in this case do not get swept downstream by the
injected fluid. Instead, they continue to propagate for approximately
5 revolutions.

The initial disturbance mapped by the dashed line travels at rotor
speed. A more dramatic disturbance developed during the ninth
revolution. This disturbance travels at approximately 49% of rotor
speed. This slow down is similar to the spike inception instability
observed in the no-injection case.

The slow down of the disturbance seems to be directly related to
the point at which it begins to occupy the entire pitch of a particular

Fig. 22 Disturbance reduction through the steady injectors at 0.8 rotor

pitch time increments per frame, point D.

Fig. 23 Time history of entropy variation at eight locations around the

annulus located 44% chord, point D.

Fig. 24 Time history of pressure variation at eight locations around the

annulus located 44% chord upstream of the rotor leading edge, point E.
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rotor passage (Fig. 11). Upon this occurrence, the disturbance
propagates upstream beyond the leading edge of the rotors. This
allows it to migrate to the adjacent passage, merging with the
disturbance already present in the adjacent passage. This process is
continued until the volumetric magnitude of the disturbance cell
(region of reverse flow) grows to such a size that the compressor can
no longer support the required mass flow.

V. Conclusions

Unsteady full-annulus simulations of a high-speed axial com-
pressor with and without tip-injection flow control have been
conducted. Because the simulation does not model every aspect of
the tested compressor, the conclusions made here may not be generic
and are relevant only to the extent modeled by the simulation.

As the compressor throttles to stall without tip injection, the
simulation shows that a disturbance first travels at the rotor speed. It
then transitions to a spike disturbance of 84% rotor speed consisting
of multiple disturbance cells. The disturbance eventually coalesces
into a single rotating cell of 43% rotor speed. The simulation
demonstrates that the code is able to simulate flow instabilities
and their subsequent growth into a fully developed rotating spike
disturbance. This simulation models the spike inception and
instability growth process without the use of an artificial disturbance.

With tip injection present as the compressor is throttled beyond
the noninjection stall point, the lower spans began to exceed
their loading capability (high angle of attack and diffusion
factor) resulting in local suction surface reverse flow pockets that
centrifuged out to the rotor tip. As they migrate, their volume
expands due to the increased angle of attack in the tip region. In the
stable (sufficient injection) case, the disturbance cells would be
washed away by the injectors. Some disturbance cells were swept
downstream after passing through only one injector while others
passed through multiple injectors before being swept downstream.

In the unstable (insufficient injection) case, the migration of the
disturbance cells from lower spans to the tip region caused a buildup
of reverse flow, due to the inability of the tip injection to offset the
production of disturbance cells at this unstableflowpoint, to the point
that the entire circumferential breadth of the passagewould bewithin
a disturbance cell. When this occurred, the disturbance cell would
begin to spill into the adjacent passage. This would increase the
overall size of the disturbance cell in both the axial and spanwise
directions. The disturbance cell would then continue this migration
around the annulus, absorbing the disturbance cells in the other blade
passages as it traveled. This migration was reflected in a slow down
in the speed at which the disturbance traveled around the rotor as
observed in the absolute frame of reference.

In summary, it was shown that numerical simulations can provide
valuable insight into the processes by which tip injection delays the
onset of stall. Insight gained from the present study can be used to
refine tip-injection control with the intent of reducing the amount of
fluid injected to achieve a given increase in the stall margin.
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