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Introduction
The unsteady aerodynamic analyses intended to turbomachinery

aeroelastic and aeroacoustic predictions must be applicable over a
wide range of blade row geometries and operating conditions and
unsteady excitation modes and frequencies. Also because of the large
number of controlling parameters involved, there is a stringent require-
ment for computational efficiency. To date these requirements have
been met only to a limited extent. As a result, aeroelastic and aeroa-
coustic design predictions are for the most part still based on the
classical linearized unsteady aerodynamic analyses.

During the past decade, significant advances in unsteady aerody-
namic prediction capabilities have been achieved. In particular,
researchers have developed efficient linearized analyses that account
for the effects of important design features, such as real blade geom-
etry, mean blade loading, and operation at transonic Mach numbers,
on the unsteady aerodynamic response of the blading to imposed
structural and external aerodynamic excitations. The improvements in
physical modeling that such linearizations allow are motivating their
current implementation into aeroelastic and aeroacoustic design pre-
diction systems. Also, considerable progress has been made on devel-
oping time accurate Euler and Navier-Stokes simulations of non-lin-
ear unsteady flows through blade rows. Although not yet suitable
for design use, such analyses offer opportunities for an improved
understanding of the unsteady aerodynamic processes associated with
blade vibration and noise generation. These, recent advances in the
theoretical and computational modeling of turbomachinery unsteady
flows are reviewed in the present survey.

Blade vibration and noise generation are both undesirable conse-
quences of the unsteady flow processes that occur within an axial flow
turbomachine and are, therefore, important concerns to the designer.
Of the two, vibration problems have received more attention because
they can lead to structural failure of the blading and, possibly, exten-
sive damage to the engine. Although excessive noise can be disturb-
ing, the associated pressure fluctuations rarely threaten structural
integrity. 

Aerodynamically induced blade vibrations are usually classified
into two categories: flutter and forced vibration. In the former, the
aerodynamic forces that sustain the blade motion are regarded as
being dependent solely on that motion, whereas in the latter, the aero-
dynamic forces that excite the blade motion are independent of that
motion. In both circumstances the vibratory motion of the blading can
lead to fatigue failure. In modern fans and compressors flutter can be
encountered over a wide range of operating conditions. The common
types have been designated as classical supersonic (un-stalled) flutter,
sub-sonic/transonic high incidence (or stalled) flutter, supersonic pos-

itive incidence flutter, and negative incidence or choke flutter.
Classical supersonic flutter can occur at design operating conditions;
the other occur at off-design conditions, with subsonic/transonic pos-
itive-incidence flutter having the highest frequency of occurrence.(1-
3) Because of performance trends toward higher flow velocities, tur-
bine flutter has also become an important concern. Destructive forced
vibrations can occur in fan, compressor, or turbine blading when a
periodic aerodynamic excitation, with frequency close to a structural
system natural frequency, acts on the blades in a given row. Such exci-
tations are usually generated at multiples of the engine rotation fre-
quency and arise from a variety of sources, including inlet and exit
flow non-uniformities and the aerodynamic interactions that between
a given blade row and neighboring blade rows or structural supports
that move at a different rotational speed. The two principle types of of
such interaction are usually referred to as potential flow and wake
interaction. The former is associated with pressure variations that
impinge on a given array from upstream and/or downstream and is of
serious concern when the axial spacing between neighboring blade
rows are small or flow Mach number or excitation frequencies are
high. Wake interaction is the effect on the flow through a given row of
the wakes shed by one or more upstream rows and can persist over
considerable axial distances. 

Unsteady Aerodynamic Problem 
A typical example of a two-dimensional cascade is shown in Fig.1. 

Fig.1 Two-dimensional Transonic Compressor Cascade 

The unsteady fluctuations in the flow arise from one or more of the
following sources: blade motions, upstream total temperature and
total pressure disturbances, and upstream and/ or downstream static
pressure disturbances that carry energy toward the blade row. In the
absence of unsteady excitation, the flow far upstream from the blade
row is assumed to be at most a small steady perturbation from a uni-
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form free-stream. If the underlying mean flow is essentially uniform,
then any arbitrary unsteady aerodynamic excitation of small amplitude
can be represented approximately as the sum of independent entrop-
ic, vortical, and acoustic disturbances that travel toward the blade
row, as indicated in Fig.2.

Fig.2 Unsteady Excitations

The mean or steady state positions of the blade chord lines coincide
with the line segments, 

,
where and d are coordinates in the axial flow and cascade
circumferential directions, respectively, m is a blade number
index, is the cascade stagger angle, and G is a cascade gap
vector that is directed along the axis with magnitude equal to
the blade spacing. The entropic, , vortical, ,
and acoustic, , excitations, where the subscripts -
and + refer to regions far upstream and far downstream from
the blade row, respectively are also prescribed functions of x and
t. The conditions at inlet and exit must be compatible with the flu-
id dynamic field equations, and the prescribed pressure distur-
bances must be of the type that carry energy toward the blade row

Numerical Simulations 
Extensive research has been conducted in recent years to develop

time accurate Euler and Reynolds-averaged N-S solution procedures
for unsteady flows through turbomachinery blade rows. These pro-
cedures build on schemes developed earlier for steady flows in which
a sequence of iterative solutions are marched forward in "pseudo-
time" until a converged steady state is determined. The calculations
for periodic unsteady flows are marched forward in real time from an
initial steady state to a converged periodic unsteady state. Existing
algorithms invariably treat the conservative forms of the non-linear
field equations in which the unknown variables are , v and E.
The field equations are solved subject to boundary conditions at the
blade surface, e.g., the no-slip conditions for viscous flows or the
flow tangency conditions for inviscid flows. However, shock- and
wake-jump conditions are usually not imposed in inviscid calcula-
tions. Instead, shock and wake phenomena are "captured" by approx-
imating the conservative forms of the field equations across surfaces
of discontinuity. This tends to smear shock and wake behavior but

considerably simplifies the numerical effort. The governing equa-
tions are approximated using finite volume, finite difference, or finite
element spatial discretizations, and the numerical solutions are
advanced in time using single or multistage explicit or implicit time-
marching procedures. Explicit schemes are favored for invscid flows
and implicit schemes for viscous because the high mesh densities
required impose stringent constraints on the stability of explicit time
marching schemes. To simulate blade motion, the meshes are made to
deform so that the computational boundaries coincide with the phys-
ical blade boundaries at all instant of time. In viscous flow calculations
the effects of turbulence are represented by the inclusion of a turbu-
lence model. 

For unsteady flows the incoming disturbances must be prescribed
as a functions of x and t that are compatible with the non-linear equa-
tions of motion. The inlet and exit conditions must also allow distur-
bance waves that leave the solutions domain, i.e., pressure response
waves, and entropy and vorticity waves at exit, to pass through the
boundaries without producing artificial reflections. At present, lin-
earized, one-dimensional, characteristic theory is usually applied to
provide inlet and exit conditions for non-linear unsteady flow condi-
tions. In general, the unsteady flows produced by circumferentially
and temporally periodic unsteady excitations must be computed over
many, and in some cases all, blade passages. The number of passages
needed depends on the inter-blade phase angle  of the
excitation. However, because multi-passage calculations involve enor-
mous computing times, a restrictive assumption is usually introduced
to limit the computational domain to a single passage. Most investi-
gators impose a phase-shifted periodicity condition. This condition
implies that an unsteady excitation at wave number
and frequency will produce a response at the same wave number
and frequency, which is a valid consequence only for linear systems.

In the present review work the results reported by Giles is used as
an example. Giles applied a time-marching Euler analysis to predict
the response of a flat-plate cascade to a sinusoidal wake (vortical)
excitation. This cascade has a gap-to-chord ratio G of 0.5 and a stag-
ger angle of 30 deg and operates at an inlet Mach number of 0.7 and
flow angle of 30 deg. The frequency of excitation is 13.96 and inter-

,...,2,1,0,cos0,tan ±±=≤≤+= mmG θξθξη
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-pI,-∞(x, t)

η

ξ
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ζ-∞(x, t)
-

Fig.4 In-phase components of the first-harmonic unsteady vortici-
ty and unsteady pressure
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blade phase angle is -400 deg, corresponding to an incident wake to
blade count ratio of 10/9. The complex amplitudes p of the first
harmonic, unsteady pressure differences, i.e.
, , acting along the reference blade sur-
face, as determined by the classical linearized analysis are shown in
Fig.3. The real and imaginary parts of p represent the pressure dif-
ferences that are in and out of phase, respectively, with the normal
component of the vortical gust velocity at the leading edge of the ref-
erence blade. Excellent agreement was achieved between the numer-
ical predictions determined using 1-D non-reflecting, inlet and exit
boundary conditions, and the classical theory prediction shown in
Fig.3. 

Fig.3 Complex amplitude of the first-harmonic unsteady pressure
difference

Contours of the in-phase components of the first harmonic
unsteady vorticity and the unsteady pressure for this example, as
determined using the linearized analysis are shown in Fig.4. The
vortical gust is convected, without distortion, by the uniform mean
flow through the flat-plate blade row, but the interaction of this sim-
ple vortical field with the blading gives rise to a very complicated
pressure (acoustic) response. The latter contains two propagating
acoustic waves, at inter-blade phase angles of -40 and 320 deg that
persist in both the far upstream and the far downstream regions of the
flow. The strongest of these four waves travels upstream in a direc-
tion, that is approximately normal to the inlet boundary. The others
travel away from the blade row in directions, that are approximately
normal to or parallel with the inlet and exit boundaries.

Fig.5 In-phase components of first harmonic pressure

It is easy, however, to construct a more difficult test case. For
example, consider the same flat-plate cascade configuration, but
with an incident disturbance to the blade count ratio of 1.2, so that the

excitation frequency and inter-blade phase angle are 15.08 and -432
deg, respectively. The velocity contour pattern for this example is
similar to that indicated in Fig.4. Contours of the in-phase component
of the first harmonic unsteady pressure response are shown in Fig.5.
Very high unsteady pressure gradients occur within the blade pas-
sages, and three acoustic response disturbances at =-74,  -288, and
648 deg persist far upstream and far downstream of the blade row.
The far downstream disturbance at s = 648 deg is quite strong, and its
wave number vector, , is inclined at an angle of 64
deg measured counterclockwise from the axial flow direction.
Because of the high unsteady gradients within the blade passage
and the strong, oblique, propagating, pressure response downstream
of the blade row, the resolution of this "relatively simple" unsteady
flow would pose a very serious challenge to current time-marching,
unsteady, fluid dynamic analyses.

Recent Applications
In spite of the present limitations, very sophisticated, time-march-

ing, non-linear, unsteady aerodynamic analyses technique have been
developed and applied to realistic single and multiple blade-row
configurations. Procedures for isolated cascades of vibrating blades
have been developed for fan and compressor flutter applications. In
these analyses, the Euler or N-S equations are solved on grids that
deform with time to account for the blade-motion. Since strong
inviscid/viscid interaction effects are important in fan and compressor
flows, Reynolds averaged N-S solutions procedure has been devel-
oped to accurately account for the effects of viscous-layer separation
on the aerodynamic response to compressor blade vibrations. Perhaps
the most well-known solutions for coupled blade rows are those
reported by Rai for stator/rotor interactions in 2- and 3-D.  The
results of such computations helped to have a good understanding
about the propagation and reflection of the shocks that originate at the
trailing edge of the upstream stator. This effect can produce a 40%
variation in the lift on the downstream rotor. The above mentioned
time-accurate non-linear analyses have also been applied to very
challenging fan, compressor, and turbine flows. Reasonable unsteady
flow predictions that are in qualitative agreement with experimental
measurements have been determined.

Concluding Remarks 
A very encouraging sign, at present is that good agreement is

being achieved between the results of the non-linear time-marching
and linearized frequency domain analyses for cascade flows driven
by small amplitude excitations. Therefore it is essential to continue
research to provide time accurate numerical solutions for fully non-
linear unsteady flows. With the advancement of parallel computation
technique, in near term, research work need to be directed towards
providing a reliable "numerical test facility for unsteady flows.
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