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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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