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ABSTRACT

This paper addresses a comparison of numerical stall
simulations with experimental data at 60% (subsonic) and 95%
(supersonic) of the design speed in a modern transonic fan rig.
The unsteady static pressures were obtained with high
frequency Kulite transducers mounted on the casing upstream
and downstream of the fan. The casing pressure variation was
clearly visible in the measurements when a stall cell passed
below the transducers. Numerical stall simulations were
conducted using an implicit, time-accurate 3D compressible
RANS solver. The comparisons between the experiment and
simulation mainly cover performance curves and time-domain
pressure traces of Kulites during rotating stall. At two different
fan speeds, the stall characteristics such as the number and
rotating speed of the stall cells were well-matched to the
experimental values. The mass flow rate and the loading
parameter under the fully-developed rotating stall also showed
good agreement with the experiment. In both numerical and
experimental results, a large stall cell was eventually formed
after stall inception regardless of the fan speed. Based on the
validation, the detailed flow has been evaluated to understand
rotating stall in a transonic fan. In addition, it was found that
the mass flow measurement using casing static pressure might
be wrong during transient flow if the Kulites were mounted too
close to the fan blade.

INTRODUCTION

Avoiding rotating stall in operation is one of the most
important issues for fan designer. Since rotating stall can cause
a performance reduction and it is potentially a very serious
threat to engine integrity, attention has been focused on
understanding the physical mechanisms of it. Due to modeling
difficulties, much of the stall research is experimental and
focuses on stall inception and its suppression [1-5]. Based on
these experimental results, it was found that rotating stall
follows either long-length (modal) or short-length (spike)

waves depending on compressor operating conditions. In
particular, Camp and Day [3] found that a spike-type stall
inception is connected to a three-dimensional local flow
instability while a modal oscillation is a two-dimensional
disturbance; they proposed a simple model based on the slope
of the characteristics to explain the type of stall inception. In
computational research, most rotating stall simulations are
conducted using simplified or partial geometries [6-10] but
large-scale numerical simulations, including whole geometries,
are beginning to emerge and give an understanding into
rotating stall [11-15]. As an example, based on their numerical
results, Vo et al. [10] proposed two criteria for the occurrence
of spike-type rotating stall, namely tip clearance flow spillage
at the leading edge and tip clearance back flow at the trailing
edge. Vahdati et al. [11] have successfully simulated the
unsteady flow and aeroelasticity behavior of a core compressor
during rotating stall and surge. However, although these
numerical results can provide some intuitive understanding of
rotating stall characteristics, there is a shortage of reliable
experimental data for validating stall simulation results. Most
researchers use steady experimental data for validating their
numerical results and assume their flow solver to perform
reasonably well under rotating stall (In fact, calculation appears
to be reasonably good at predicting number and speed of stall
cells). Recently, Gourdain et al. [15] published a paper
comparing their numerical results to the experimental ones in a
subsonic compressor. They correctly estimated the stall-margin
but obtained a different stall pattern (number of cells, cell speed
and flow blockage) from the experiment, and also failed to
obtain the correct mass flow rate under rotating stall. They
suggested methods that can improve the accuracy of stall
simulations based on their numerical results.

Choi et al. [13-14] have been trying to simulate rotating
stall as realistically as possible. The present work is a
continuation of their stall studies. Therefore, this paper focuses
on a comparison of rotating stall between experiment and

Copyright © 2011 by Rolls-Royce plc



numerical simulation and evaluates the capability of numerical
methods and boundary conditions for stall simulations.

TEST FACILITY AND DATA ACQUISITION

A research fan was tested in a 34-inch diameter fan rig
with an engine-representative bypass ratio. The rig had separate
throttles for the bypass and core streams; each stream had
stators to remove the swirl from the fan. The fan blade tested
was a typical wide chord fan blade at 26-off with a relative tip
Mach number of 1.4. The facility is typically used to measure
steady state performance data and to map the stall drop-in and
drop-out boundaries of the fan.

During operation of the facility, constant speed
characteristics were mapped out by throttling the bypass to the
stability boundary while the core stream was set to a fixed
throttle position. Three rings of Kulites were mounted on the
casing approximately half an axial chord upstream and
downstream of the fan leading and trailing edge, and in the
bypass duct downstream of the outlet guide vane. Unsteady
data were acquired during each stability event: a complete stall
hysteresis at 60% and 95% speeds including stall inception,
development and recovery. Data from the Kulites were sampled
at a frequency of 2.5kHz, so only the bulk fluctuation
generated by the stall cell could be captured, but not those
produced by the blade passing. These data were also used to
calculate the overall performance of the test rig during stall
cycles. At each axial location, 6 Kulites were used to measure
unsteady pressure; the exact circumferential position of the
Kulites upstream and downstream of the fan is shown in Table
1. A more detailed description of experimental setup can be
found in Anderson and Smith [16].

NUMERICAL METHOD

Flow Model

An implicit, time-accurate 3D compressible RANS solver
was used throughout the study. This flow solver is based on a
cell-vertex finite volume methodology and mixed-element
unstructured grids. The mesh is characterized using an edge-
based data structure and the grid is presented to the solver as a
set of node pairs connected by edges. The central differencing
scheme is applied with a mixture of second- and fourth-order
matrix artificial dissipation for stabilization. In addition, a
pressure switch, which guarantees that the scheme is total
variation diminishing and reverts to a first-order Roe scheme in
the vicinity of discontinuities, is used for numerical robustness.
The resulting semi-discrete system of equations is advanced in
time using a point-implicit scheme with Jacobi iteration and
dual time stepping. Solution acceleration techniques, such as
residual smoothing and local time stepping, are employed for
steady-state flow calculations. For unsteady computation, an
outer Newton iteration procedure is used where the time steps
are dictated by the physical restraints and remain fixed through
the solution domain. Within a Newton iteration, the solution is
advanced to convergence using previously-mentioned

Table 1 Location of Kulites

Axial location 50% Cy upstream  50% C, downstream
of fan of fan

Circumferential 30°, 90°, 131°, 7.5°,61°, 122°,
position 207°, 306°, 353° 152°, 222°, 304°
Fan OGV
Intake domain
;,' Variable Area
: Nozzles i
L ©ESS

Fig. 1 Computational domain

acceleration techniques. Further details can be found in Sayma
et al. [17]. For reference, 1200 time steps per fan revolution
were used in the stall simulations.

Computational domain and Boundary Conditions

Based on the real geometry of the fan rig, the
computational geometry was reconstructed as shown in Fig. 1.
The domain includes a whole-annulus fan assembly with one
mis-staggered blade, outlet guide vanes (OGVs) and engine
section stators (ESSs); the fan is also modeled with a typical rig
tip clearance. To enable the use of atmospheric boundary
conditions, a large upstream region and two variable-area
nozzles are also included in the computational domain. The
variable-area nozzle, placed downstream of the OGVs, is
adjusted to move the fan operating point, while the nozzle
behind the ESSs is not changed in this study. All interface
boundaries between moving and stationary bladerows were
modeled using sliding planes. The whole computational domain
has about 20 million nodes.

It is usual to specify the total pressure, total temperature,
and flow angles at the inlet and the static pressure at the exit.
However, for flows under rotating stall, obtaining reliable and
accurate boundary conditions is difficult: Since the compressor
is operating far from its design point, the flow upstream and
downstream is non-uniform and the downstream boundary
condition must be far form the fan. Moreover, the imposition of
time-invariant exit static pressure is not valid, because the flow
becomes unsteady during stall. An alternative way is to include
a large intake domain for inlet and variable-area nozzle for
outlet. Hence, only the ambient air conditions need to be
specified at the inlet. A downstream variable-area nozzle allows
the pressure behind the fan to adjust automatically, while the
pressure behind the nozzle is fixed, as discussed in Vahdati et
al. [18]. The nozzle area determines the equilibrium operating
point between the mass flow and the pressure into it. For a
choked nozzle, the solution is independent of the prescribed
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boundary conditions at the nozzle exit and, for an unchoked
nozzle, a uniform steady static pressure will suffice. With such
an approach, no flow quantity is fixed at the exit and a
powerful natural boundary condition is provided for stall
simulations.

NUMERICAL RESULTS

Performance Curves

Before analyzing flow data, it is worth noting there are
some differences in triggering rotating stall between the
experiment and computation. In the experiment, the on-set of
the rotating stall was achieved by throttling the bypass duct at
constant speed, resulting in the fan operating further up its
characteristic. The throttle was continually closed until the fan
dropped into rotating stall; once data had been captured, the fan
was recovered by quickly opening the bypass valve. In most
numerical stall simulations, the exit pressure is increased to
move the operating point over the stall line. However, the exit
pressure increase, achieved by closing the nozzle, can cause
large non-physical overshoots in the performance curves (Choi
et al. [13]). In order to remedy the numerical overshoot, they
suggested a two-step procedure for stall triggering [14]. It is
important to obtain the near-stall conditions as close to the stall
line as possible. Thereafter, a blade is mis-staggered by opening
it by 0.5 degree and the stall computation begins with a
minimal closing of the nozzle. The flow is impaired by the
introduction of the mis-staggered blade and stall initiates. In
this study, the same procedure was used to get an initial
asymmetric disturbance for triggering rotating stall.

The mass flow rate versus pressure characteristics for the
fan are shown in Fig. 2, during rotating stall at 60% and 95%
speed. The abscissa represents the normalized mass flow rate
divided by the choked mass flow rate at the design speed. The
loading parameter is Ak/U° in the ordinate. If we assume the
process is isentropic after starting from the thermodynamic
relationship, then the following equation can be obtained.

MU = T (o B 1102 (D
The mass flow rate in the experiment was indirectly calculated
using the isentropic relation with the casing static pressure and
inlet total pressure, assuming that the flow field is uniform.
However, in the numerical simulation, the mass flow rate (m,)
is computed directly by using mass flux upstream of the fan.
With m,, the steady calculation results show a good agreement
with the experimental data. The near-stall condition at 95%
speed coincides with the experimental point, although the last
stable point at 60% speed doesn’t reach the near-stall point of
the experiment. The near-stall points are used as initial
conditions, and unsteady stall simulations commence by mis-
staggering one of the fan blades in the assembly by 0.5 degree.
It can be seen from Fig. 2 that, at 95% speed, the mass flow
and Ah/U? decrease simultaneously and reach minimum values
of 0.7 and 0.01 respectively. From this point, two values
increase until they converge to their quasi-stable point

02r o Exp. (unstalled, m )
—— Exp. (stalled, m)
- —®— Cal. (real, m)

r —— Cal. (stalled, m)
0.15 ... Cal. (stalled, m )
» Stable stall point

0.05F

. 0.8 1
Nomarlized mass flow rate

Fig. 2 Performance curves

(indicated by a black, dotted circle). The numerical locus of
AR/UP for the transient flow from the near-stall condition to the
quasi-stable stall point is different from the experiment,
although both mass flow rate and Ak/U” have a good agreement
with the experimental values at the beginning and at the end.
This is due to fact that, during the stall simulation at 95%
speed, a strong reversal flow appears near the casing just after
stall initiation and disappears quickly (in two fan revolutions),
resulting in an excessive decrease of Ak/U° during this transient
period. It is unclear whether this reversal flow arises from a
physical phenomenon or a numerical instability, and the authors
have not succeeded in removing this phenomenon from their
numerical simulations. However, as will be seen later, only a
weak reversal flow appears just after stall inception at 60%
speed where the flow is subsonic. This opens the question of
whether the strength of reversal flow is related (physically or
numerically) to the existence of shock waves. It should be
noted that the fan is still capable of producing total pressure
rise, about 88% of its peak value in mass-averaged total
pressure ratio, during its transient although AA/U° approaches
zero. This implies the stall region remains very close to the
casing.

At 60% fan speed, there is no strong reversal flow so mass
flow rate and Ah/U° decrease steadily to the stable stall point.
However, there seems to be a big difference in the mass flow
rate between experimental and numerical results at 60% speed.
However, this difference is only due to fact that the approach
used to extract the mass flow rate from experimental data is
different to the one used in numerical computations. If the mass
flow rate (m,) is calculated from the numerical data using the
same method as in the experiment, the fully-developed stall
point at 60% fan speed becomes well-matched with experiment
(as indicated with a red dotted line in Fig. 2). At 95% speed, m,
at stall point is similar to m, with errors less than 10%. The
difference between m, and m, during stall process will be
discussed later.
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Pressure Histories

The static pressure time history on the casing will be used
to compare numerical results with experimental data and to
check the stall characteristics. There are six upstream Kulites
that measure the unsteady pressure in the experiment. The
calculations were used to create the equivalent of six numerical
sensors on the casing at the same axial and circumferential
positions as the experimental Kulites. It should be noted that
the numerical data have been smoothed to remove high-
frequency fluctuations caused by the blade passing.

Figure 3 shows static pressure time histories on the casing
at 50% axial chord upstream of the fan for 60% speed. Here,
the revolutions in the computation start from the beginning of
the unsteady calculation, while those in the experiment were
shifted for the histories to look similar to the numerical ones. In
the experiment, a growing stall cell is clearly visible around 5
revolutions and several cells appear around 7 revolutions. After
10 revolutions, a stable rotating stall with a large cell is formed
which keeps its pattern for another 100 revolutions. Even
before the stall cell’s emergence, small asymmetric
disturbances are clearly seen in the histories and are rotating
with nearly the same speed as the fan rotor. The pressure
histories extracted from the numerical data look similar to the
experimental ones. For the first five revolutions, small ticks
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Fig. 3 Static pressure time history at six numerical
sensors located 50% axial chord upstream of fan for
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with small length scales (of a few blades), which are generated
by the mis-staggered blade, exist in the flow. After 5
revolutions, a stall cell grows from the mis-staggered blade and
propagates along the fan blade row, with a decreasing rotational
speed in an absolute frame. Due to the movement of the first
cell, several small cells appear at around 10 revolutions, and
the rotating stall changes to a single large stall cell after 12
revolutions. After rotating stall is fully-developed, the shape of
the time histories is well-matched to those in the experiment,
and a specific pattern variation appears. As a stall cell passes
the sensor, it causes a high-pressure peak followed by a low-
pressure trough. The speed of the stall cell and the amplitude of
pressure fluctuations are also comparable to each other.

At 95% speed as shown in Fig. 4, stall inception and
development are similar to the 60% speed case. Some small
disturbance appears for the first three revolutions in the
experiment, followed by a growing stall cell. Just after stall
initiation, many stall cells are found at around 5 revolutions
which develop to a single large stall cell. In the numerical
simulation, a stall cell originates from the mis-staggered blade
at around 3 revolutions which has a similar shape to the
experimental one at inception. There are some small
disturbances present even before stall initiation. After another 5
revolutions, the rotating stall with a single stall cell is formed,
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Fig. 4 Static pressure time history at six numerical
sensors located 50% axial chord upstream of fan for
95% speed
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Table 2 Flow quantities under fully-developed rotating
stall

60% 95%
Exp Cal Exp Cal
m, 0.28~0.38  0.32~0.37 0.77~0.83 0.69~0.77
m, - 0.45~0.47 - 0.77~0.80
AWU? 0.08~0.10  0.08~0.095 0.107~0.117 0.08~0.115
No. of
stall cells ! 1 ! 1
Rotating
speed of 62.5% 68.7% 58.1% 59.4%
cells

and the shape of pressure histories is well-matched to the
experimental ones. At 95% speed, the rotating speed of the stall
cell in the computation has a good agreement to the
experiment, and the fluctuation amplitude is also comparable.

Figure 5 shows a zoom of the experimental time histories
at 60% speed at approximately 100 revolutions after stall
inception, where a distinct change in the fluctuations caused by
the rotating stall transitioning from one stall cell to two takes
place. This transition is unusual with previous fans typically
only showing a one cell pattern rotating at about 60% of the fan
speed. Here, after transition to two stall cells, the rotational
speed of the cells remains unchanged around 60% and the
fluctuation amplitude does not change significantly. The reason
for the dividing of the stall cell is unknown and work is now
continuing with the simulation to investigate whether this
division of the stall cell can be captured numerically or not. (It
may take two or three months with 48 CPUs to obtain
numerical results for another 100 revolutions.)

Table 2 shows the comparison of flow quantities in a fully-
developed rotating stall after the stall has had enough time to
develop to a stable pattern. The mass flow rate calculated from
the pressures (m,) is well-matched to each other at both fan
speed, although the mass flow rate calculated from the mass
flux (m,) at 60% speed in the computation is significantly
different from the experimental value, as mentioned above. The
values of Ah/U’ obtained from the numerical results show a

good agreement with the experimental values. There is also
good agreement in the number and rotational speed of stall
cells between the experiment and computation. This table
clearly shows that the numerical method, including boundary
conditions and stall triggering method, used in this study can
generate realistic flow data under rotating stall.

Internal flow

The instantaneous static pressure upstream of the fan is
shown in Fig. 6 during stall initiation and development for 60%
speed. Due to the mis-staggered blade, the flow is intrinsically
asymmetric from the beginning of the unsteady flow
simulation. It is evident that a small disturbance arises from the
mis-staggered blade, shown in Fig. 6(a), and it makes small
ticks in the static pressure histories in Fig. 3 even before stall
initiation. The disturbance grows bigger up to a critical size for
the first 4 revolutions, and it then starts moving in the counter-
clockwise direction along the annulus, appearing as a growing
stall cell around 5 revolutions in the pressure histories (Fig.
6(b)). After stall initiation, several other small disturbances
appear in the flow field, rotating along the annulus with
different rotating speed (Fig. 6(c)). Thereafter, these small stall
cells merge together to form a single large stall cell after 12
revolutions and the stall pattern does not change significantly
up to 24 revolutions, as shown in Fig. 6(d).

At 95% speed, the overall features are similar to the 60%
speed case, as shown in Fig. 7. A local disturbance is generated
from the mis-staggered blade, grows bigger at a fixed position

(a) 1 revolution

(b) 5 revolutions

(c) 8 revolutions (d) 24 revolutions

B T ] [T

95 96 97 98 99 10 10.110.210.3 10.4 10.5
Fig. 6 Static pressure distribution at 1.75 axial chord
upstream of fan for 60% speed
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(a) 1 revolution (b) 3 revolutions

(d) 20 revolutions

(¢) 5 revolutions

80 82 84 86 88 90 92 94 96 98 100
Fig. 7 Static pressure distribution at 1.75 axial chord
upstream of fan for 95% speed

around the mis-staggered blade, and starts moving in the
circumferential direction when it reaches a critical size. The
rotating stall changes to a large stall cell after small cells have
merged. The reverse flow region for both speeds is confined to
a region near the casing with the current high aspect ratio and
low hub-tip ratio of the fan.

Regardless of the fan speed, the first stall cell grows from
the mis-staggered blade so rotating stall always initiates with a
small disturbance at the same rotor position. This finding is
consistent with the experimental work of Day [1]. In his
experiment, a spike-type stall inception started near the same
location. It is believed that the local disturbance caused by an
external disturbance, especially a blade with different stagger
or tip gap, may be connected to spike-type stall inception. In
order to prove this conjecture rigorously, a more sophisticated
numerical method like LES (large eddy simulation) with finer
grids and time steps is essential to resolve most of the small
disturbances existing in the flow fields of the whole fan.
However, this is a daunting task requiring huge computational
resources and it is beyond the current computational capability.
There is another thing to be noted. In this test rig, the final stall
pattern is the same, independent of the fan speed, with a single
large stall cell formed finally. In the previous study for a real
engine geometry [14], it was found that the stall pattern is
considerably speed-dependent (like a core compressor) so that
increasing the fan speed results in an increase in size and in a
decrease in the number of stall cells. It is unclear why

geometrical factors affect speed-dependency of the stall pattern
and more investigations are necessary.

Figure 8 shows entropy distribution and instantaneous
stream lines inboard of the tip (99% of span from hub) for 60%
speed. The high-entropy region in the figure coincides with the
tip leakage flow core and the interface between the tip leakage
and main flows, where axial velocity is usually below zero. The
instantaneous stream lines are used to check the spillage of the
tip leakage flow. At 1 revolution, a spillage of tip leakage flow
occurs around the leading edge of the trailing blade (as
indicated with a red-circle). This spillage causes a small
asymmetric disturbance in the pressure field of Fig. 6(a) and
appears as a small tick (like spike) in the pressure time histories
in Fig. 3(b). It is evident that the interface of the tip leakage
and main flows is locally perpendicular to the axial direction
just before this moment and this is consistent with the
observation of Hoying et al. [7]. The mechanism for the
spillage can be found in Choi et al [14] and is described as
follows. “The increased incidence of the mis-staggered blade
raises the blade loading and intensifies the tip leakage flow.
Then the strong tip leakage flow pushes the main flow forward
and causes a spillage.” In Fig. 8(b), the first spillage changes
the load distribution of the trailing blade and causes another
spillage, consequently the spillage being successively
transferred over the blade row. The disturbance covering the
trailing blades of the mis-staggered one grows bigger until it
reaches a critical size as shown in Fig. 8(c).

At 95% speed, the flow is supersonic and consequently,
due to the existence of the detached passage shock, some
different features occur (as shown in Fig. 9). At the beginning
of unsteady simulation, a strong detached shock is still present
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/

(a 1 rev (b2 rev

(c)3rev

Fig. 8 Entropy distribution and instantaneous stream
lines inboard of tip (99% span from hub) for 60%
speed

Copyright © 2011 by Rolls-Royce plc



=
7

5
/g/////

pmmmEE ...,
- ey

’

( E 13.0
10.5
> 8.0
(a) 1.5 rev (b) 2 rev (c) 2.5 rev
Fig. 9 Entropy distribution and instantaneous stream
lines inboard of tip (99% span from hub) for 95%

speed

WH A
[/ & -

13.5
12.0
10.5

9.0

13.5
12.0
10.5

9.0

(b) 2.5 rev
Fig. 10 Static pressure distribution inboard of tip
(99% span from hub) for 95% speed

at the leading edge of each blade which makes a high pressure
region at the leading edge of the pressure surface, pushing the
tip leakage flow backward, as stated by Chen et al. [12].
Instead of spilling, the tip leakage flow accumulates on the
pressure side of the trailing blade and increases the blade
loading, consequently intensifying the tip leakage flow of the
trailing blade. This process occurs successively, forming small
disturbances over the trailing blades as shown in Fig. 9(a). At 2
revolutions, the asymmetric disturbance grows over the trailing
blades to block the main flow but there is still no spillage, as
shown in Fig. 9(b). At this instant, the shock is still strong
enough to keep the leakage flow from spilling around the
trailing blade, as shown in Fig. 10(a). The disturbance grows
bigger as the mass flow rate decreases, weakening the detached
passage shock. When the shock is weak enough, the high
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Fig. 11 Static pressure variation across blade inboard
of tip for 95% speed

pressure region at the trailing blades disappear (at the white-
circle in Fig. 10(b)) and the spillage occurs at the same time
around the leading edges of several blades (indicated with the
red circle in Fig. 9(c)). At this moment, a growing stall cell
starts to appear in the pressure time histories of Fig. 4(b).
However, the shock on the leading blade is still strong enough
to avoid spillage in this region. It is clear that the spillage of tip
leakage flow occurs prior to spike-type stall inception,
regardless of fan speed, and this is consistent with observations
of Vo et al. [10].

Figure 11 shows static pressure variation along the line
through the highest pressure region generated by the detached
shock at 95% speed on the pressure surface near the leading
edge. The high pressure peaks are on the pressure surfaces,
while the low pressure peaks are on the suction surfaces. At 2
revolutions, the detached passage shocks of the trailing blades
start weakening after an asymmetric disturbance is formed,
although their strength is still comparable to the others. As the
disturbance is growing, the high pressure peaks of the trailing
blades decrease very quickly (in 0.5 revolution), causing the
spillage of tip leakage flows (A), while those of the leading
blades do not change significantly. Especially, the shocks of the
diametrically opposite blades (B) to the spilled blades become
stronger than ever due to the displaced flow caused by the
blockage of the disturbance. These results show the detached
passage shock is closely related to the stall inception in a
transonic or supersonic flow regime. Based on this result, it
might be possible to detect stall inception (or spillage) in a
transonic compressor using static pressure tapping on the
pressure surface near the leading edge instead of upstream
Sensors.

Figure 12 shows spatial Fourier components of the
instantaneous static pressure around the annulus upstream of
the fan at three instants before stall inception. The mass flow
rate at all instants is slightly smaller than the value at the
beginning of the unsteady computation. The most dominant
harmonic in all cases is the 26™ mode, the blade passing
harmonic, caused by a periodic pressure variation which has
the same length scale as the rotor pitch. At 0.1 revolutions,
there are also weaker but recognizable modes present. At 60%
speed, the magnitude of the first 6 modes begins to increase
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after 2 revolutions, with the second mode being the most
dominant. The magnitude of these modes has increased further
at four revolutions. At 95% speed, the modes longer than the
18" increase simultaneously after 1 revolution, and thereafter
the first and second modes grow rapidly. At both speeds,
prevailing modes are the first and the second ones as the
disturbance grows bigger. This observation is also supported by
the results of Chen et al. [12] in which the first mode grows
persistently during the pre-stall stage.
The stall blockage effect can be defined as

B:J'(l—p”J-dA/Ae @
AT

where the integration is performed over the blocked region, in
which the mass flux (pu) is smaller than the area-averaged mass
ﬂux(ﬁ). The calculated blockage at each instant is shown in

Fig. 13. At 95% fan speed, the blockage increases rapidly for
the first 4 revolutions after stall initiation, and reaches a
maximum value at 6 revolutions and decreases slowly
thereafter. This blockage variation is closely connected to the

mass flow rate variation and the stall pattern. In the previous
study of Choi et al. [14], it was shown that the blockage has a
maximum value when the blocked region exhibits a thick band
near the casing after stall inception, and it decreases as the
small stall cells merge together to form larger cells at higher
rotational speeds. The blockage variation for 60% speed
exhibits different features from the 95% speed case. The
blockage increases slowly as the small disturbance grows from
the mis-staggered blade, to reach a maximum around 12
revolutions and remain unchanged thereafter because the stall
pattern does not change significantly after this moment. For
this fan, regardless of fan speeds, the blockage has nearly the
same value after rotating stall is fully-developed, as the stall
patterns are very similar.

Mass flow measurement accuracy

Figure 14 shows the difference between m, and m, and
both values are obtained from the numerical data. Before stall
initiation, the ratio of m, to m, is nearly one, implying that there
is no significant difference between the two methods of
calculation. At 95% speed, this ratio decreases very sharply in
three revolutions after stall initiation due to the strong reversal
flow caused by small stall cells (Fig. 7(c)), but it recovers
shortly after to 90% of its original value. However, at 60%
speed, the difference grows to be 30% between m, and m,, after
stall inception and keeps its value after stall development.
There are two things to be noted. Firstly, the mass flow rate
obtained by the casing pressure (m,) is incorrect in the transient
flow, especially at the higher fan speed. Secondly, after the stall
cell has had enough time to develop, the difference in two mass
flow rates is much larger in the lower speed than in the higher
speed. This is connected to the extent of upstream region
affected by stall cells and will be discussed next paragraph.

Figure 15 shows the non-dimensional entropy distribution
on the casing at 24 and 20 revolutions for 60% and 95% fan
speeds respectively. The black line indicates the location of the
static pressure measurement from the numerical data for the
mass flow calculation. Under fully-developed rotating stall, the
high-entropy region coincides with the reversal flow region. In
both cases, there is a single large stall cell dominating the flow
field in the fan blade row, causing a large loss. The axial extent
of the stall cell has extended 5.0 axial chord at 95% speed and
3.9 axial chord at 60% upstream of fan blades. In front of the
measurement plane, the high-entropy region at 95% speed has a
circumferentially narrow region (just over one-third of the
blade row), while the region at 60% speed spreads over two-
third of the whole annulus. This helps explain why if the mass
flow rate is calculated from the casing pressures at the
measurement plane, the stall cell at 60% speed affects the
results more significantly than the 95% case, causing 30%
difference between m, and m, in Fig. 14.

The problem in the experiment is the location of the
Kulites measuring the casing static pressure for the mass flow
rate calculation, which are positioned too close to the fan blade,
so that the stall cell has a significant effect on the pressure
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Fig. 14 Mass flow rate difference caused by calculation
method
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Fig. 15 Entropy distribution on casing

(b) 95% speed

measurement. The assumption of uniform flow field is not valid
in rotating stall. To avoid the error in the mass flow rate
measurement, the pressure sensors should be moved further
upstream of the fan, where the effect of stall cells cannot be
felt.

CONCLUDING REMARKS

Using an advanced numerical method, stall simulations
were conducted for two different fan speeds and the numerical
results were also compared to the experimental data for
validation. The following conclusions can be made from the
numerical and experimental results.

1. The flow variables obtained from the numerical results are
well-matched to the experimental values in the mass flow
rate, loading parameter, stall cell number and speed of
stall cells under fully-developed rotating stall. This
comparison definitely shows that the numerical method is
accurate enough to be used to predict the flow phenomena
under rotating stall.

2. In the experiment, pressure sensors for mass flow
measurement should have been placed further upstream of
the fan blade to avoid the effects of the transient flow. In

this work, a single large stall cell affects up to 5.0 axial
chord upstream of the fan. The pressure sensors mounted
close to the fan blade result in inaccurate mass flow rate
during stall experiments.

3. An initial small disturbance over few blades is originated
from the mis-staggered blade and appears as a small tick
(like spike) in the pressure histories. After growing to
reach a critical size, the disturbance starts to move in the
circumferential direction and becomes a rotating stall cell.
It is believed that the above scenario for stall inception
might be connected to the experimentally observed spike-
type stall inception.

4. At the lower speed (subsonic), tip leakage flow spillage
occurs successively in the trailing blades of the mis-
staggered blade and generates an initial disturbance
growing to be a stall cell. However, at 95% speed
(supersonic) the strong detached shock initially stops the
tip leakage flow spilling around the trailing blade. When
the passage shock becomes weak enough, the flow
spillage starts and develops into the stall cell.
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NOMENCLATURE

Ay Blocked region
A, Exit area

B Blockage

(oN Axial chord length
MS Mis-staggered blade

h Entropy

m, Mass flow rate calculated from casing static pressure
m, Mass flow rate calculated from mass flux
Py Inlet total pressure

p Static pressure

R Gas constant

Ty Inlet total pressure

U Tip rotational speed

u Axial velocity

% Circumferential position

y Specific heat ratio

P Air density
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