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Computational Study of Rotating-Stall Inception
in Axial Compressors

L. He*
University of Durham, Durham DHI 3LE, England, United Kingdom

Rotating-stall inception in axial-flow compressors has been studied computationally using a quasi-three-
dimensional time-marching Navier - Stokes method with a mixing-length turbulence model. Of particular
interest was the effect of external circumferential disturbances corresponding to inlet stagnation pressure
distortions and rotor/stator blade interactions. The present results show that rotating stall onset patterns
in terms of number of stall cells and rotating speeds were influenced by small external circumferential
stationary or rotational disturbances. First mode circumferential disturbances had the most destabilizing
effect, resulting in a single-cell pattern rotating in the absolute frame at about 50% rotor speed, as is
observed in most experiments. Short-scale multiple-cell patterns rotating at a higher absolute speed could
also be excited by a disturbance with the same circumferential length scale. Short-scale multiple-cell
patterns tended to be more persistent in an isolated blade row than in a stage. In the latter case, a short-
scale pattern initiated by a rotor-stator interaction would quickly change into a long-scale single-cell
pattern, associated with a distinct change of the rotating speed.

Nomenclature

nondimensional amplitude of inlet stagnation

pressure perturbation

= blade chord length

= differential length element with unit
outward-pointing normal vector

= internal energy

flow fluxes across unit area in x direction

streamtube height

number of rotor blades

number of stator blades

unit vector in x direction

inlet stagnation pressure

relative inlet stagnation pressure

exit static pressure

static pressure

radius

temperature

time

primitive flow variable

rotation speed of rotor blades

flow velocity in x direction

¢ mesh grid velocity in x direction

flow velocity in y direction

axial coordinate

circumferential coordinate

viscosity coefficient

= flow density
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Subscript
i =

circumferential mesh point index

I. Introduction

HE development of computer hardware and numerical
methods has resulted in the wide application of compu-
tational fluid dynamics (CFD) to the field of turbomachinery
aerodynamics. Although the accuracy of a numerical calcula-
tion is still subject to turbulence modeling, meshing, and the
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basic numerical scheme adopted (which are areas of current
and future research), the usefulness of CFD calculations in
compressor/turbine design has been well demonstrated. It is
probably equally important to recognize that the development
of CFD methods has resulted in very useful analysis tools that
are able to provide detailed information to enhance the under-
standing of complex flow physics at design and off-design con-
ditions. The objective of the present computational study was
to examine the onset of rotating stall in compressor/fan blade
rOWS.

Rotating stall is seen as a transient intermediate stage be-
tween normal flow and complete flow breakdown leading to
engine surge. Because of the complex and transient nature, it
is difficult to either understand or model the onset of rotating
stall. Previous work has been devoted mainly to machine de-
sign based on extrapolation of experience. In the recent years
there has been revived interest in the research of rotating-stall
inception, driven mainly by the new development of active
suppression of flow instabilities (rotating stall and surge) in
compressor systems (e.g., the work by Epstein et al." and
Day”). To implement effectively techniques for active control
of rotating stall, our current understanding and modeling of
the inception mechanism needs to be improved.

Most conventional methods for modeling rotating stall fol-
low the lumped-parameter approach.>® The basic assumption
is that the length scales of disturbances are much larger than
one blade pitch, so that a given blade row characteristic may
be used locally in both a spatial and temporal sense. This ap-
proach predicts the existence of long-scale modal waves lead-
ing to rotating stall. The prestall modal waves have been ob-
served in some experiments, however, it has been found in
other experiments (e.g., those by Day,” that a short-scale spike
disturbance can also be responsible for rotating-stall incep-
tion). It has been suggested® that the short-scale spike behavior
initiating rotating stall might have to be explained in a three-
dimensional context.

Notable progress in the use of CFD-type techniques for the
calculation of rotating stall has been made by Sisto et al.” and
Jonnavithula et al.* The basic flow model adopted is a two-
dimensional discrete vortex model with the separation point
being obtained by an integral boundary-layer method. The ev-
olution of rotating stall is well predicted when compared with
their experiment,”® although only up to six blade passages are
used in the computation.
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In the present work, a computational study has been carried
out aimed at identifying the feasibility of simulating rotating
stall inception using a two-dimensional (quasi-three-dimen-
sional) time-marching Navier- Stokes solver and improving
the understanding of the stall inception mechanism. A two-
dimensional calculation method was regarded as a natural first
step towards building up a full three-dimensional simulation.
In addition, it seems that much could still be learned by using
a two-dimensional method capable of resolving short-scale dis-
turbances. In the light of the current research interest in the
long-length-scale prestall modal wave mechanism against the
short-length-scale spike mechanism, it would be useful to iden-
tify if short-length-scale spikes could possibly exist in a two-
dimensional context.

II. Numerical Method

A. Governing Equation and Discretization

For convenience in dealing with unsteady flows in multiple
blade rows, an absolute cylindrical coordinate system is
adopted. This simplifies the treatment of the interface between
meshes attached to relatively moving blade rows and the eval-
uation of the extra terms resulting from rotating of the coor-
dinate system is not needed. The integral form of the quasi-
three-dimensional unsteady Navier- Stokes equations over a
moving finite area AA is

d
—ff dedy+§[(FngVX)nX
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The quasi-three-dimensional effect is introduced by allowing
specified variations of r and / in the axial direction. Both u,
and v, are the moving mesh grid velocities, to accommodate
the rotation of the mesh attached to rotor blades and blade
vibration.”'” In this article only the former is considered, thus
u, is zero and v, is equal to the blade rotation velocity. V, and
V, are the viscous terms:
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where

The coefficient W is obtained from the Sutherland’s law with
a reference viscosity coefficient being calculated from a fixed

Reynolds number at the inlet flow condition. The coefficient
of heat conductivity k is related to the viscosity coefficient
through a Prandtl number.

For laminar flows, the previous set of equations together
with the equation of state is readily solvable. For turbulent
flows, the equations, in the widely used Reynolds-averaged
form, require a turbulence model to close extra stress and heat
flux terms. In the present work, the standard Baldwin- Lomax
mixing length model is adopted.

The governing equations are discretized in space by the fi-
nite volume method and integrated in time by using a four-
stage Runge-Kutta scheme." The second- and fourth-order
blended smoothing is adopted in both the streamwise and cir-
cumferential directions for numerical damping.

To relax the time-step limitation on the explicit temporal
integration, a time-consistent two-grid technique” is employed.
Spatial accuracy is controlled by the basic fine mesh, an ac-
curacy of the temporal integration is controlled by ensuring
that the size of the coarse mesh is much smaller than the short-
est physical length scale of interest. Typically, an increase of
time-step length by a factor of 10 could be realized with ade-
quate temporal resolution.

B. Computational Domain Arrangement and Boundary
Condition

The computational domain is a quasi-three-dimensional
stream surface consisting of multiple blade passages and mul-
tiple blade rows. As intended, the domain should cover a
whole annulus, the direct repeating (periodic) condition is ap-
plied between the upper and lower boundaries.

For each blade row, an H mesh is fixed to the blades. At an
interface between two adjacent rows, relatively moving meshes
are patched together, with two coincident mesh lines sliding
on each other (Fig. 1). At each stage of the time-marching
solution, all vertex points at the interface are updated by dis-
tributing residuals from their interior adjacent cells in a one-
sided manner. The numerical smoothing for these points is also
treated in a one-sided manner, similar to that for points on a
blade surface. Then, the information is transferred across the
interface by a correction method. The correction is devised to
ensure the following:

1) Any flow variable at a mesh nodal point on one side of
the interface must equal that at a dummy point on the other
side of the interface.

2) Any flux across a computational cell boundary on one
side of the interface should equal that across a dummy bound-
ary on the other side of the interface.

Stator INTERFACE Rotor

I+1 b

I-1

Fig.1 Slidinginterface between patched rotor and stator meshes.



Consider a general situation, as shown in Fig. 1. I and I +
1 are vertex mesh points of the upstream blade row with their
dummy points at the boundary of the downstream row being
a and b, respectively. Similarly, i and i + 1 are the mesh nodal
points of the downstream row with their upstream dummy
points being A and B, respectively. For the mesh points / (up-
stream row) and i (downstream row), the following simple
corrections on the primitive variables are used:

Upstream row:

U™ = 0.5(U, + U)o (2a)
Downstream row:
Uf(wxrected - OS(U, + UA)unconected (2b)

where, for example, U, is the variable at point a, the dummy
point of I across the interface; U, is that at point A, the dummy
point of i (Fig. 1). The flow variables at the dummy points are
obtained by a linear interpolation in the circumferential direc-
tion, consistent with the second-order accuracy of the spatial
discretization. Numerical tests showed that the simple correc-
tion given in Eq. (2) provided an effective way of communi-
cation across the interface. Certainly, if the circumferential
mesh spacings are the same on both sides of the interface and
the meshes move to a position so that the mesh points on either
side coincide with each other, then both requirements 1 and 2
will be satisfied.

To make the flow fluxes fully conserved across the interface
for all relative positions and nonequal mesh spacings, the fol-
lowing corrections on the fluxes are employed:

Upstream row:

(F 1Ay peoresed = 0.5[F 11 1AY11e1
+ (FiiByai + Fi+1.i+2Ayi+1.b)]unmﬁeCted (3a)

Downstream row:

(F 1Ay 1)Comxted = 0.5[F ;i Ay
+ (FroAya; + F1.1+1Ay1.3)]unm“emd (3b)

where, for instance, F;;.; is the unit flux across the cell bound-
ary defined between y, and y,, ;, and Ay,;., = Ay, — y.

Numerical results show that use of the flux corrections, as
given by Eq. (3), ensures the conservation of the total summed
fluxes across the interface to an accuracy subject only to com-
puter machine error.

Two types of conditions are used on blade surfaces. The first
is the no-slip wall condition in which the velocities are set to
zero on the wall and the wall shear stress is evaluated accord-
ing to the local derivatives. The second method is to set the
wall shear stress from the log-law and to allow the velocities
to slip. For attached boundary layers the slip-wall condition
needs fewer mesh points in the near-wall region than the no-
slip condition. If the flow is separated from a surface, the no-
slip condition is specified.

At the inlet and outlet boundaries, ideally a nonreflecting
boundary condition should be used. However, the implemen-
tation of such a condition seems to be difficult because current
nonreflecting boundary condition methods are all based on a
linear analysis.”” When parameters at the boundary change in
a monotonous (nonperiodic) manner, for example, a continu-
ous outlet static pressure rise caused by throttling, it is not
apparent how to define an equilibrium state on which the linear
perturbations are to be based. On the other hand, nonperiodic
variations of parameters at the far-field boundaries can be eas-
ily introduced in the conventional reflecting boundary condi-
tions with specified inlet stagnation pressure, inlet stagnation
temperature, inlet flow angle (or tangential velocity), and exit
static pressure. By adopting long inlet and outlet far-field do-
mains (typically with the length of the annulus corresponding
to the wavelength of the first circumferential mode), spurious
reflections should be minimized.

33

III. Results and Discussions

As far as compressor rotating stall inception is concerned,
there is a certain amount of published experimental results that
show the rotating-stall patterns with regard to the number of
stall cells and the rotating speed during stall inception.>® The
first task was to identify if the present numerical method would
be able to predict the features experimentally observed.

Note that stall inception in compressor experimental studies
is normally detected by hot-wire probes located in an absolute
system upstream of the first rotor blade row that are equally
spaced around the circumference of the machine. The time-
space information about formation and evolution of stall cells
can be clearly seen by the axial velocities measured by these
hot-wire probes. In the present computational study, four nu-
merical axial velocity probes were circumferentially equally
spaced in the stationary system at a location 25% chord up-
stream of the rotor blade row, as shown in Fig. 2. Since the
mesh around the rotor was moved with the rotor blades, the
probes would effectively be moved at the blade rotation speed
in the opposite direction in the rotor relative frame. At any
instant, the values of axial velocity at these probes would be
obtained from adjacent mesh points by interpolation.

A. Single-Blade-Row Calculation

The present study considers a generic annulus cascade sec-
tion of an isolated rotor blade row. The blades are of the dou-
ble circular arc profile with a chord length of 0.035 m and
relative thickness of 10%. The stagger angle is 33 deg and the
chord-to-pitch ratio is 1.2. The Reynolds number based on the
inlet flow parameters is 10° and the flow is assumed to be
turbulent, starting from the leading edge. The absolute inlet
flow angle is O deg, and the relative inlet tangential velocity
(i.e., the blade rotation speed) is specified to be 90 m/s.

The blade row consists of 20 blade passages. The compu-
tational mesh is shown in Fig. 3. For this case, the blade pas-
sage region (the near field) is covered by relatively fine mesh
(500 X 70). Reasonably far from the blade passages, distur-
bances with short length scales would normally decay quite
quickly; only those with long length scales would be of sig-
nificance. For this reason, the inlet and outlet far fields are
covered by a coarse mesh (2 X 250 X 25) with its circum-
ferential mesh spacing being twice that of the near field. The
total number of mesh points is 47,500. The number of time
steps to march one rotor revolution (20 blade passing periods)
is 2500, for which a CPU time of 2.1 hours on an IBM 380/
3AT workstation was consumed.

The inlet conditions of stagnation pressure, temperature, and
the tangential velocity are fixed and the outlet static pressure
is continually increased to simulate a process approaching stall
along a constant rotor-speed line on the compressor perfor-
mance map.
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Fig. 2 Location of numerical axial velocity probes: a) cascade
and b) equivalent frontal axial views.
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Fig.3 Computational mesh (single rotor blade row, 20 blade pas-
sages).

A preliminary computation with a uniform inlet stagnation
pressure (clean inlet) showed that a calculated rotating-stall
pattern typically had multiple stall cells with a length scale
covering two or three blade pitches. Time traces of axial ve-
locity from the four upstream numerical probes with the rel-
ative outlet static pressure being increased from P./Poz =
0.9600 to 0.9604 are shown in Fig. 4. For clarity, the time
traces shown in Fig. 4 are shifted vertically by a constant in-
terval. It is noticed that this calculated rotating-stall pattern
seems to be very different from that commonly observed in
experiments, where a single rotating-stall cell almost always
comes into existence during a stall inception process.>>® From
the modal-wave point of view, the single-cell pattern should
be associated with the first-order modal wave with its wave-
length being the circumference. In the present case, the cal-
culated flowfield was very axisymmetrical and no indication
of the first-order modal wave was observed, even when blade
boundary layers became considerably separated. The reason
seems to be that the background noise in the calculation was
not big enough to trigger the first-order modal wave to grow.
The background noise in the calculation could only derive
from computer machine error, which was expected to be much
smaller than typical background noise in experiments. As a
result, although surface boundary layers became separated, a
stable (nonrotating) flow pattern could be obtained under a
higher loading condition, compared to that in a real situation.
However, when the surface boundary layers on all blades over
the whole annulus were fully separated, the flowfield became
much more sensitive to a slight irregularity/noise, and a simple
communication between a passage and its immediate neigh-
boring passages would be able to develop into rotating-stall,
resulting in a short-length-scale multiple-cell pattern such as
that shown in Fig. 4.

In view of the previous observations, the effect of back-
ground disturbances would need to be considered. This was
introduced by a perturbation to the inlet stagnation pressure.
Here we only simulated a stationary nonuniformity (distortion)
in space. The perturbation is of a sinusoidal form in the ab-
solute frame, whereby the resultant instantaneous stagnation
pressure for mesh point i at the inlet is in the form of

Py, =P, [1 + Amp, sin (21'rn u)} 4)

pitch

where Y is the circumferential length of the multiple pas-
sage domain at the inlet; n is an integer that defines the spatial
length scale of the perturbation, for example, n = 1 gives the
first-mode perturbation with its wavelength being equal to the
circumference; and n = 2 gives the second mode perturbation
with its wavelength being equal to half of the circumference.

The calculations were carried out with either the first mode
(n = 1) or the second mode (n = 2) perturbation, at the same
amplitude, Ampo = 0.003. This perturbation in stagnation pres-
sure corresponded to about 5% of the inlet dynamic head and
was intended to be sufficiently large to overwrite the influence
of the computer machine error and still small enough to be
comparable to typical irregularities in a real compressor situ-
ation. The time-traces of the axial velocity from the four
probes subject to the first mode inlet stagnation pressure per-
turbation are shown in Fig. 5, corresponding to the exit static
pressure increased from 0.9570 to 0.9577. Those subject to the
second mode perturbation with the exit static pressure in-
creased from 0.9581 to 0.9589 are shown in Fig. 6. It is very
clear that a single-cell rotating-stall pattern is triggered by the
first mode perturbation, also shown by an instantaneous en-
tropy contour (Fig. 7). The entropy contour is a good indica-
tion of separated vortical flow structures, because of the con-
vective nature of entropy. Furthermore, when the flowfield is
subject to the second mode P, perturbation, a two-cell pattern
is triggered (Fig. 6). The results for these three cases are sum-
marized in Table 1.

It can be seen that the first mode P, perturbation had the
most destabilizing effect, the single-cell pattern being triggered
at the highest flow coefficient. Using the modal wave argu-
ment, the present results might be interpreted as implying that
the first-order modal wave is the most unstable, and should be
seen first when all modes are equally excited.
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Fig. 4 Time traces of axial velocity from four upstream probes
(P,/Por= 0.96 — 0.9604, clean inlet).
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Fig. 5 Time traces of axial velocity from four upstream probes
(Po/P o= 0.9570 — 0.9577, first mode P, perturbation).
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Fig. 6 Time traces of axial velocity from four upstream probes
(P,/P o= 0.9581 — 0.9589, second mode P, perturbation).

Fig. 7 Entropy contour showing a single-cell rotating-stall pat-
tern under the first mode inlet stagnation pressure perturbation.

As far as the rotating speed of the stall cells is concerned,
multiple cells clearly have higher absolute rotating speeds than
a single cell. It might be more meaningful to interpret the
results as that the shorter the stall cell scale, the higher the
rotating speed. To understand the dependence of the cell speed
on the length scale, it might be helpful to look at the situation
in a rotor relative frame. For a blade passage, the time scale
between the moment when the suction surface boundary layer
is initiated to separate and the moment when the passage is
fully stalled would depend largely on local development in
terms of diffusion and convection of shear layers. This time
scale could be considered independent of whether the rotating
stall pattern had single or multiple cells. Consider an instant
in time when a reference passage is fully stalled. The rotating
speed of this stalled pattern would be effectively determined
by how far the influence of this stalled passage could reach to
cause a neighboring blade boundary layer to start to separate.
The further the influence of the fully stalled passage could
reach, the higher the relative rotating speed of the pattern
would be. From this point of view, a stalled pattern with a
longer spatial length scale would have a higher relative rotat-
ing speed.

Numerical tests were also carried out at shorter inlet/outlet
duct lengths. It was found that if the inlet/outlet length was
much shorter than the circumference, the short-scale rotating-
stall patterns were always produced, whereas the long-scale
single-cell pattern could not be generated even when the first
mode of P, disturbance was applied at the inlet. It seems that
to allow the long-scale first circumferential unstable mode to
grow, the inlet/outlet duct length needs to be at least that sim-
ilar to the circumference.
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Table 1 Calculated parameters at stall inception
(single blade row)

Flow Cell rotating
coefficient speed (in
at stall Number absolute
Inlet condition inception of cells frame)
Clean inlet ¢ =0.763 5-7 75-80% Ux
Second mode perturba- ¢ =0.788 2 64-70% Up
tion (Ampo= 0.003)
First mode perturbation ¢ = 0.810 1 53-58% Upg

(Ampo= 0.003)

Table 2 Calculated parameters at stall inception
(two blade rows)

Number Cell rotating speed
Blade numbers of cells (in absolute frame)
Ten rotor passages and 1 50% Ux

nine stator passages
Ten rotor passages and
12 stator passages

2 (initial)
1 (final)

60% U (initial)
48% U r (final)

B. Two-Blade-Row (Rotor-Stator) Calculation

On the basis of the previous single-blade-row results, it is
clear that external disturbances in the form of inlet stagnation
pressure distortion can be influential in setting up a rotating-
stall pattern. This suggests that the effect of blade-row inter-
actions, inherent in turbomachines, should be examined. Here,
a compressor stage with a rotor-row followed by a stator-row
at a clean inlet (a uniform P,) condition is considered. The
rotor blades are the same as those used in the single-blade-row
calculations with an absolute inflow angle of 0 deg and a ro-
tating speed of 125 m/s. A double circular arc profile with 7%
relative thickness is used for the stator blades. The stator
blades are staggered to have a negative incidence to make sure
that the rotor blade row would go into stall first when loaded
by increasing the exit static pressure. The axial gap between
the two blade rows is 40% chord length. Two cases were cal-
culated with the parameters and the results summarized in Ta-
ble 2.

For the rotor blade row, 10 blade passages are used. The
number of blade passages for the stator row is chosen to pro-
duce a perturbation with a spatial length scale corresponding
to the first or the second circumferential mode. A computa-
tional mesh for the case with 10 rotor passages and 12 stator
passages is shown in Fig. 8.

The first calculation was for nine stator blade passages. The
difference in the blade counts of the rotor and stator results in
the two blade rows beating each other once per rotor revolu-
tion. Therefore, we should have a perturbation of the first mode
caused by the blade-row interaction (i.e., the wavelength
equals the circumference), as shown by a static pressure con-
tour (Fig. 9) at an instant well before stall inception. Again,
the four axial velocity probes were placed at a location 25%
chord upstream of the rotor blade leading edge. The time traces
during rotating stall inception when the exit static pressure was
increased from P»/P, = 1.0355 to 1.0370 are shown in Fig. 10.
The plot clearly indicates a single-cell rotating-stall pattern,
which is also shown by an instantaneous entropy contour in
Fig. 11. Notice that in this case, a prestall wave pattern is quite
visible from the time traces (Fig. 10).

A calculation was then performed with 10 rotor passages
and 12 stator passages. This difference in rotor/stator blade
numbers results in the second mode circumferential distur-
bance (i.e., a spatially periodic nonuniformity with its length-
scale equal to half of the circumference). This spatially peri-
odic disturbance is indicated by the instantaneous static
pressure contours downstream of the stator blade row at a sta-
ble operating condition, as shown in Fig. 12. The time histories
recorded from the four axial velocity probes are shown in Fig.
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Fig. 8 Computational mesh (NB,. = 10; NB, = 12).
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Fig. 9 Instantaneous static pressure contour at a stable flow con-
dition (axial gap of 40% C; NB,.= 10; NB,=9).
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Fig. 10 Time traces of axial velocity from four upstream probes
(axial gap of 40% C; P,/P, = 1.0355 — 1.0370; NB,. = 10; NB,
=9).

13. Note that for this case, a two-cell pattern is initiated by
the second mode perturbation, as also shown in the instanta-
neous entropy contours (Fig. 14). However, at a higher loading
condition, the two cells merged into a single cell. The change
of pattern was first indicated by oscillatory developments of
the two cells. Subsequently, one of the cells grew into a large
single-cell and the other disappeared. Associated with this
change of pattern, the rotating speed was observed to change

Single cell

Fig. 11 Instantaneous entropy contour after stall inception (axial
gap of 40% C; NB,.= 10; NB,=9).

the 2nd mode perturbation
(wave length of 0.5 circumference)

Fig. 12 Instantaneous static pressure contour at a stable flow
condition (axial gap of 40% C; NB, = 10; NB,= 12).
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Fig. 13 Time traces of axial velocity from four upstream probes
(axial gap of 40% C; P,/P, = 1.0345 — 1.0380; NB,.= 10; NB, =
12).

as well: the two initial cells rotated at an absolute speed of
60% Ug, whereas the final single cell rotated at about 48% Ukg.

For both cases, the calculated single-cell rotating speed
compares well with those observed in several experiments by
Longley et al.’

C. Discussion

Both the single-blade-row and multiple-blade-row results
demonstrate that stall inception is sensitive to external distur-
bances. A multiple-cell pattern with a short-length-scale can
be excited by a higher mode circumferential disturbance, al-



Two cells

Fig. 14 Instantaneous entropy contour at initial stage of stall
inception (axial gap of 40% C; NB, = 10; NB,= 12).

though a single-cell pattern is the most unstable one and, there-
fore, is most likely to come into being during stall inception.

As far as the rotor blade row is concerned, the temporal
length scale of the perturbation resulting from the rotor- stator
interaction is quite different from that caused from the station-
ary inlet stagnation pressure distortion in the single-row case.
For the blade-row interaction, the time scale seen by a rotor
blade is given by the stator blade passing frequency, whereas
in the single-row case the time scale is given by the rotor
revolution. In spite of the difference in the temporal length
scale by a factor of 10 or so, the results for both cases seem
to be consistent, indicating that the spatial length scale, instead
of the temporal length scale, is the most relevant.

Comparison of all the calculated results reveals a general
trend showing that a short-scale multicell pattern has more
difficulty surviving and developing into a dominant rotating
pattern in a two-blade-row situation than in a single-blade-row
situation. In the single-blade-row calculations, a short-scale
structure with a high rotating speed, once generated, would
persist as the exit pressure was being further increased. While
in a two-blade-row situation, all calculated results show that
the initial stall structure would soon evolve into a long-scale
single-cell rotating at a speed close to 50% blade rotation
speed, even if it was initiated with a short-scale multicell pat-
tern rotating at a higher speed.

The previously mentioned difference between single- and
two-blade-row situations is highlighted by an additional cal-
culated case. In this case, the rotor blade row with 10 blade
passages was the same as in the previous two cases. The stator
row had eight blade passages, so that the rotor-stator inter-
action resulted in a perturbation of the second-order circum-
ferential mode. The axial gap between the two rows was nar-
rowed to 20% chord. With this enhanced interaction of the
second mode, one would expect a more persistent two-cell
pattern. However, it turns out not to be the case. The time
traces of axial velocity from the four upstream probes are
shown in Fig. 15. It can be seen that a short-scale two-cell
pattern becomes only just visible before being merged into the
development of a single-cell pattern. Two different patterns are
clearly indicated by their rotating speed: 63% Uk for the short-
scale two-cell pattern and 48% Ux for the single long-scale
single-cell pattern. As discussed earlier, during a transition
from a two-cell pattern to a single-cell pattern, the two cells
would develop in an oscillatory manner, which was manifested
by one of the two cells being more visible than the other in a
certain period of time.

Note that the scenario illustrated in Fig. 15 looks somehow
similar to that observed in some experiments in which a short-
scale spike appeared first rotating at high absolute speed
(~70% Up) for about one or two rotor revolutions before a
long-scale single-cell pattern rotating at 40-50% Uz was
formed.” In view of the present calculated results, it could be
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Fig. 15 Time traces of axial velocity from four upstream probes
(axial gap of 20% C; P,/P, = 1.0490 — 1.0505; NB,. = 10; NB,
= 8).

suspected that a short-scale single-cell spike might simply be
one of multiple cells in the oscillatory developments, which
was more developed than other cells before the multiple-cell
pattern changed into a single-cell pattern.

In most rotating stall experiments in which a single-cell
pattern was observed, test rigs with two or more blade rows
were used. To the author’s knowledge, one exception to this
was a case in which a persistent and well-developed multiple-
(three-) stall cell structure was observed.® In this case, the rotor
row was not followed by a stator row and the inlet guide vane
row was placed 4.5 chords upstream of the rotor row. As a
result, the effect caused by the stator-rotor interaction was
likely to be negligible. Hence, this experiment could be effec-
tively regarded as a test with an isolated rotor blade row.
Therefore, there seemed a greater likelihood that persistent
short-scale multiple-cell patterns could exist in an isolated
blade row.

Consider a cell rotating in the relative frame. In a two-blade-
row situation, a short-scale pattern would rotate in the rotor
frame at a slow relative speed (20-30% Uy), which means
that the same pattern would have to rotate at a high speed
(70-80% Uj) relative to the stator. This is apparently more
difficult if the relative rotating speed of a stall pattern is closely
associated with its spatial length scale, as argued earlier. On
the other hand, if both blade rows have similar relative velocity
triangles, a long-scale single-cell rotating at about 50% blade
rotating speed seems to be the most likely pattern to suit a
rotating stall development in both the rotor and stator rows.
Therefore, there would be a tendency toward a single-cell pat-
tern rotating at the speed compatible with both rotor and stator
rows. Of course, the exact value of the compromised rotating
speed might vary, depending on individual blade row geometry
and flow conditions at stall.

IV. Concluding Remarks

A numerical method with a quasi-three-dimensional time-
marching Navier- Stokes solver has been developed for cal-
culating rotating stall inception in axial flow compressors. The
following points can be made based on the present computa-
tions.

1) Rotating stall pattern during its inception is sensitive to
external disturbances in a form of a rotational or stationary
circumferential nonuniformity. The initial onset pattern of ro-
tating stall corresponds exactly to the spatial length scale of
the circumferential nonuniformities. The first-order mode with
the length-scale of the whole circumference is the least stable.

2) There is a close link between the rotating speed of a stall
cell and its spatial length scale. The shorter the length scale,
the higher the rotating speed in the absolute frame. A long-
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scale single cell would rotate at about 50% blade speed. While
a two-cell pattern with a shorter length scale has an absolute
rotating speed of about 65% blade speed.

3) It is shown that a short-scale pattern is more difficult to
survive in a multiple-blade-row situation than in an isolated
blade-row situation. This might be because of the conflicting
requirement that a short-scale pattern would have to travel in
a rotor frame and a stator frame at two very different relative
rotating speeds. In a two-blade-row situation, a transition from
an excited short-scale two-cell pattern into a long-scale single-
cell pattern is shown to be very likely. A hypothesis is pro-
posed to establish a possible link between the pattern transition
and the short-scale spike behavior as observed in some exper-
iments.

Finally, it should be commented that there are many mod-
eling aspects that need to be improved in the future. The main
limitation of the present work is the two-dimensional model.
The modeling of three-dimensional effects is expected to be
important in resolving the issue of the short-scale spike mech-
anism during stall inception.
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