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ABSTRACT

Future jet engines with shorter and thinner intakes present
a greater risk of intake separation. This leads to a complex tip-
low total pressure distortion pattern of varying circumferential
extent. In this paper, an experimental study has been completed
to determine the impact of such distortion patterns on the oper-
ating range and stalling behaviour of a low-speed fan rig. Un-
steady casing static pressure measurements have been made dur-
ing stall events in 11 circumferential extents of tip-low distortion.
The performance has been measured and detailed area traverses
have been performed at rotor inlet and outlet in 3 of these cases -
clean, axisymmetric tip-low and half-annulus tip-low distortion.
Axisymmetric tip-low distortion is found to reduce stall margin
by 8%. It does not change the stalling mechanism compared to
clean inflow. In both cases, high incidence at the tip combined
with growth of the casing boundary layer drive instability. In
contrast, half-annulus tip-low distortion is found to reduce stall
margin by only 4% through a different mechanism. The distor-
tion causes disturbances in the measured casing pressure sig-
nals to grow circumferentially in regions of high incidence. Stall
occurs when these disturbances do not decay fully in the undis-
torted region. As the extent of the distorted sector is increased,
the stability margin is found to reduce continuously. However,
the maximum disturbance size before stall inception is found to
occur at intermediate values of distorted sector extent. This cor-
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responds to distortion patterns that provide sufficient circumfer-
ential length of undistorted region for disturbances to decay fully
before they return to the distorted sector. It is found that as the
extent of the tip-low distortion sector is increased, the circumfer-
ential size of the stall cell that develops is reduced. However, its
speed is found to remain approximately constant at 50% of the
rotor blade speed.

INTRODUCTION

Future turbofan engine designs aim to increase propulsive
efficiency by reducing the fan pressure ratio and increasing the
bypass ratio [1,2]. This leads to larger diameter fans. To alleviate
the detrimental increase in engine weight and drag, shorter and
thinner intakes are installed. At off-design conditions, such as
crosswind and high angle of attack, intake separation may occur.
Thus, the fan could experience complex tip-low total pressure
inflow distortion patterns of varying circumferential extent [3].
NASA tests in the 1970s demonstrated that radial tip-low total
pressure distortion reduces the stability margin and causes a ra-
dial flow redistribution [4]. Prior work on the impact of varying
the circumferential extent of distortion has focused on quantify-
ing its impact on fan performance and stability margin [5, 6].

Compressor stall has been studied extensively in recent his-
tory [7]. The most common stall mechanism in aero-engines, in-
cluding in the rig considered in this paper is the spike-type stall.
It originates from the growth and propagation of small length
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scale disturbances [8, 9]. Both axisymmetric and circumferen-
tially varying inlet distortion are known to reduce stability mar-
gin. Analytical attempts to model this, using well-known paral-
lel compressor [10, 11] and alternative methods [6, 12], typically
overpredicted the reduction in stability margin. More recent ex-
perimental and computational studies have shown that circumfer-
entially varying distortion causes a three-dimensional flow redis-
tribution upstream of the fan [13—15]. An experimental study on
stall in a low-speed, boundary layer ingesting (BLI) fan rig was
recently completed [16]. In this study, unsteady casing pressure
measurements were used to link the growth in amplitude of large
pressure fluctuations to regions of high local incidence in a cir-
cumferentially varying inflow distortion pattern. Stall was found
to occur when these disturbances became sufficiently large that
they did not decay in the undistorted region. However, the pre-
cise link between the circumferential extent of tip-low distortion,
the growth of unsteady pressure fluctuations and fan stability re-
mains poorly understood.

This paper aims to experimentally determine the impact of
tip-low total pressure distortion patterns of varying circumfer-
ential extent on the operating range and stalling behaviour of a
low-speed fan. Although the use of a low speed fan does not
permit compressible flow effects to be characterised, it allows
detailed measurements to be taken without significantly chang-
ing the flow-field. The approach taken considers three inflows
in detail: clean, radial tip-low distorted and half-annulus tip-low
distorted. Although these patterns are simplified compared to the
inflow distortion generated by intake separations, they are useful
to isolate the key impacts of axisymmetric and circumferentially
varying tip-low total pressure distortion on the steady and un-
steady aerodynamics of the fan.

Radial and full annulus traverses were used to resolve the
steady flow-field upstream and downstream of the rotor at near
stall operating points in each case. Unsteady casing pressure
measurements were then used to determine the differences in the
development of spike-type disturbances around stall inception in
each case. From these measurements, the effects of axisymmet-
ric and a circumferentially varying tip-low inflow distortion were
analysed. Unsteady pressure measurements around stall incep-
tion were completed for a further 8 circumferential extents of
tip-low distortion (A). These were used to analyse the effect of
varying A on the maximum spike-type disturbance size observed
at the last stable operating point. For all values of A tested, Kiel
probe rakes were used to measure constant speed characteristic
lines, and estimate the change in stability margin and rotor pres-
sure rise.

It is shown that increasing the circumferential extent of tip-
low inflow distortion (A) reduces the stall margin and rotor total
to static pressure rise coefficient. In all cases tested, stall incep-
tion is linked to regions of high incidence and casing boundary
layer separation. Circumferentially varying tip-low distortion is
shown to change the stalling mechanism to one in which dis-

turbances (regions of instability) grow and decay as they move
around the annulus. Furthermore, the fan is shown to remain sta-
ble despite the presence of large disturbances at intermediate ex-
tents of tip-low distortion (120° < A < 280°). The fan is shown
to be stabilised by undistorted regions, where the incidence and
radial extent of casing boundary layer separation are reduced,
and the disturbances decay. Stall is only found to occur when the
disturbances reach a sufficient size that they do not fully decay
in the undistorted region.

EXPERIMENTAL METHODS

The experimental rig used for this study is a low-speed
single-stage fan, known as the BLI rig. This rig was originally
commissioned for the analysis of low hub-to-tip radii ratio BLI
fan aerodynamics [14—17]. This facility was recently updated for
the analysis of aft-section BLI fuselage fan aerodynamics [18].
The experiments described in this paper were conducted in the
latter configuration, which is characterised by the design point
parameters presented in Table 1.

Figure 1(a) depicts the meridional view of the BLI fan rig.
The rig has a long intake duct which enables the free interac-
tion of the rotor blades with the incoming distorted flow. The
annulus geometry resembles the CENTRELINE aft-section fuse-
lage fan [19]. Figure 2 presents three sections of the rotor blades
used in this study. These blades were designed for a continuous
and severe hub total pressure distortion [18]. A mid-span loaded
work profile along with controlled leading edge alignment was
chosen to improve the blade distortion tolerance. The low-speed
nature of the rig does not allow full-scale compressibility effects
to be replicated. However, the velocity triangles of the full-scale
transonic fuselage fan [20] are reproduced by matching the full-
scale flow coefficient and stage loading coefficient presented in
Table 1. A variable circumferential extent (A), defined in Fig.
1(b), of tip-low distortion could be generated with a set of distor-
tion gauzes.

TABLE 1: Design point parameters for the BLI fan rig.

Flow coefficient ¢ 0.69
Stage loading coefficient ¥, 0.44
Rotor inlet tip Mach number 0.16
Rotor tip Reynolds number 2.1-10°
Rotor hub-to-tip radii ratio 0.51

Running tip clearance (% span) 0.35
Number of rotor, OGV blades 20, 30
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FIGURE 1: Experimental setup: a) Meridional view of the
BLI fan rig indicating locations of measurement stations b)
Distortion gauze sketch indicating the distortion extent, c)
Schematic of the location of unsteady pressure transducers.
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FIGURE 2: Rotor blade sections.

Steady-state measurements were used to resolve the time-
averaged flow-field at the rig inlet, rotor inlet and rotor outlet
planes. They were carried out using a five-hole pneumatic probe
mounted on an area traverse system at measuring stations 1, 3
and 4, respectively. The diameter of the head of the probe was
2.0% of the rotor inlet span. The probe measured the time-
averaged values of stagnation pressure, static pressure, swirl an-

gle and radial flow angle. The uncertainties of probe measure-
ments were of the order of £0.5% and £1.0% of the dynamic
head for the stagnation and static pressure fields; and of the or-
der of £0.5° for flow angles. For clean and tip-low axisymmet-
ric inflows the traverse was reduced to radial, with 21 endwall
clustered radial positions. However, full annulus area traverses
were required for non-axisymmetric inflows. For these measure-
ments, the traverse system operated in a 36° sector with 29 end-
wall clustered radial positions and 37 equally spaced circumfer-
ential positions. Rotating the distortion gauze ten times relative
to this sector enabled the measurement of the full annulus flow
field. Station 1 is equipped with 6 rakes of Kiel probes equally
spaced in the circumferential direction. Each rake comprises 5
probes clustered radially to measure equal area. The rakes are
used along with standard hub and casing static pressure taps to
estimate the overall performance of the fan.

Fast response pressure probe transducers were used to mea-
sure unsteady casing static pressure fluctuations around the an-
nulus. A total of 18 equally spaced pressure probes were flush
mounted in the casing at a plane 10% of axial chord upstream
of the rotor leading edge. The circumferential position of each
pressure transducer is presented in Fig. 1(c) in terms of the an-
gle 6. The signal was sampled at 50f;, and low-pass filtered
to reduce noise. The filter, characterised by a cutoff frequency
of 16.7f},,, was applied at the amplifier. The sampling frequency
was sufficiently higher than the Nyquist frequency to avoid alias-
ing. An additional once-per-revolution signal generated by an
optical sensor was acquired at the same sampling frequency to
track the position and speed of the rotor shaft.

Flow conditioning gauzes were installed at the intake of the
rig to generate different inlet flow patterns. Each gauze com-
prises a large number of small-scale circumferential and radial
vanes with precisely controlled geometry. These were designed
using the method proposed in [21] and additively manufactured
as a single thick sheet. The full annulus gauze was composed
of 10 independent 36° annular sector gauzes. Each of these sec-
tors could be a clean or tip-low gauze, shown in Figs. 3(a) and
3(b). The clean gauze was designed to provide an axial uniform
flow across the span. The tip-low distortion gauze was designed
to match the clean gauze below 60% span and to produce the
highest feasible stagnation pressure drop above 80% span. The
resulting axial velocity profiles, as measured at station 1 for ax-
isymmetric inflow conditions at near stall, are presented in Fig
3(c). The circumferential extent of the distortion A could be var-
ied by adjusting the number of tip-low gauze sectors included in
the annulus.

Unsteady Data Analysis

Spectral analysis was used to investigate the frequency con-
tent of the pressure signals at different times and locations. The
key measure used here was the energy spectral density S(f) of a
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FIGURE 3: Flow conditioning gauzes, a) Clean, b) Tip-low
distortion, ¢) Radial profiles

signal p(t), which was found from the magnitude of the Fourier
transform, i.e.

2

S(f) = ‘ [ poemrar (1)

This was used to determine the energy content of each frequency
in a signal. It was also used to evaluate the fraction of the total
energy contained within the frequency range f; < f < fa,
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E i s(rar

The measured pressure signal of a given probe p can be split into
its time average component p and the unsteady fluctuation p’,
i.e., p= p+ p'. The average magnitude of the fluctuation can be
quantified using the standard deviation, given by

o=\ =" 3)
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FIGURE 4: Schematics of key distortion cases tested
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FIGURE 5: Measured constant speed characteristic lines

Distortion Cases Tested
Steady flow-field measurements were completed for three
inlet flow conditions to the fan:

1. Clean (CL): uniform axial flow.

2. Radial tip-low (TL): axisymmetric deficit of total pressure
near the tip.

3. Half annulus tip-low (HA): 180° of total pressure deficit
near the tip, uniform flow elsewhere (A = 180°).

Figure 4 shows these cases schematically. Figure 5 shows
constant speed characteristic lines for these cases in terms of the
rotor inlet flow coefficient and total-to-static pressure rise coeffi-
cient across the rotor (y;,). These were calculated using the Kiel
probe rakes. At the indicated near stall (NS) operating points,
steady-state area traverses were completed. The point NSya is
further from the stall point in this case to maintain stability while
a full-annulus area traverse was completed over a long time pe-
riod. Constant speed characteristic lines were measured for a
further 8 circumferential extents of tip-low distortion to locate
the stall point (ST), and determine the stall margin, defined as
the percentage change in flow coefficient between the design and
stall point (Fig. 6). The different extents were created by varying
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FIGURE 6: Variation of stall margin with circumferential ex-
tent of tip low distortion
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FIGURE 7: Variation of maximum total to static pressure rise
coefficient with circumferential extent of tip low distortion

the number of 36° tip-low gauze sectors. Increasing the distorted
sector extent consistently reduces the stall margin. Axisymmet-
ric tip-low distortion reduces the stall margin by 8%. Half an-
nulus tip-low reduces the stall margin by 4%. Increasing the
distorted sector extent also consistently reduces the rotor total
to static pressure rise coefficient (Fig. 7). Axisymmetric tip-low
distortion reduces it by 12%. Half-annulus tip-low distortion re-
duces it by 9%. The rate of decrease is greatest at intermediate
distorted sector extent (45° < A < 200°). At high distorted sector
extent (A > 240°), the rate of decrease reduces significantly.

EFFECT OF AXISYMMETRIC TIP-LOW DISTORTION
Steady Flow-Field Near Design Flow Coefficient

The impact of axisymmetric tip-low distortion on the mass
flow distribution at near design point flow coefficient is presented
in Fig. 8(a). Upstream of the fan, reduced axial momentum is ob-
served in the distorted region. To keep the same flow coefficient
as the clean case, the deficit of axial velocity found above 70%
span is balanced by an excess of axial velocity below the same
span section. The reduced axial velocity near the tip is linked
to reduced total pressure in the distorted region. Thus, the ra-
dial flow migration towards the casing that takes places upstream
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FIGURE 8: Rotor radial flow profiles near design point, a)
axial velocity, b) relative swirl angle, c) outlet specific angular
momentum, d) total pressure
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FIGURE 9: Rotor blade velocity triangle changes due to stag-
nation pressure distortion.

and across the fan is intensified. The ultimate effect is the ho-
mogenisation of the axial velocity profile at the rotor outlet (Fig.
8(a)). This intensified radial flow redistribution in radial inflow
distortion has been reported in previous studies [4, 18].

The rotor blade incidence distribution, shown in terms of
the inlet relative swirl angle (Fig. 8(b)) is primarily driven by
the axial velocity distribution in each case (Fig. 9), as the inlet
absolute swirl angle in each case is small. In the distorted case,
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the tip operates in a region with reduced axial velocity. Thus, the
incidence there is increased. Despite the off-design incidence,
the blade deviation remains fairly constant across the span. This
is shown in Fig. 8(b) in terms of the outlet relative swirl angle.

The non-dimensional version of the Euler work equation is
given by

Ah U (U} UsVuV, v
20223(‘;+4Mﬁtanﬁ4—ﬁtana3> 4)
Unia ~ Unia \Uy U3 Vi3 Us Us

For this type of distortion the dominant term is the local flow
coefficient V,3/Us. The velocity deficit found in the tip-low dis-
torted region results in increased loading (as B4 < 0). The rest of
the blade operates at a higher flow coefficient, leading to reduced
blade loading. In the absence of absolute inlet swirl, the specific
outlet angular momentum is equivalent to the non-dimensional
work defined in Eq. (4). Thus, the changes in loading are
reflected by the specific outlet angular momentum distribution
(Fig. 8(c)). The design intent mid-span loaded work distribution
can also be seen in both cases. The extra work applied to the flow
in the upper part of the span results in higher pressure rise across
the rotor (Fig. 8(d)). This balances the deficit of total pressure
caused by the distortion. Reduced pressure rise takes place else-
where. Overall, tip-low distortion leads to a consistent increase
in pressure rise coefficient along the characteristic line (Fig. 5).

Unsteady Measurements During a Stall Event

To measure the unsteady pressure fluctuations during stall
events, the rig was initially started near design conditions. The
throttle was then closed gradually until stall took place. The mea-
sured pressure traces were low pass filtered at 0.9}, to remove
the dominant blade passing frequency component.

Figure 10 compares the pressure traces from two flow con-
ditions: clean and axisymmetric tip-low distortion. The traces
are almost identical in both cases. There are small fluctuations
from -10 revs. Larger spikes develop from r =~ 0. These spikes
travel around the annulus and grow rapidly in magnitude to form
a rotating stall cell. The stall cell’s angular extent is reduced by
40° in the distorted inflow, but its speed does not change. This is
unexpected as numerous previous studies have found that larger
stall cells rotate more slowly. In both cases, a single stall cell
rotating at about 0.5 was observed.

Spectrograms of a single casing pressure trace for both cases
are shown in Figure 11. In both cases, prior to stall, all the spec-
tral energy is contained in the blade passing frequency and its
harmonics. There is a clear change in frequency content at the
stall point. The blade passing frequency and its harmonics al-
ways have the highest energy. After stall, the frequency content
at all other frequencies increases significantly.
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FIGURE 10: Filtered unsteady casing pressure traces during

a stall event in clean and radial tip-low distorted inflow
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FIGURE 11: Spectrograms of the casing pressure signals at
6 = 350° in clean and radial tip-low distorted inflows during
a stall event

Linking the Steady Flow-Field to Stalling Behaviour

To further characterise the stall behaviour under different ax-
isymmetric inflows, the onset of stall is linked to the steady flow-
field at the near stall operating point. In both cases, a sudden
change in frequency content is observed at the stall point (Fig.
11). This is associated with a rapid disturbance development.
Regions of high incidence levels have been previously linked to
disturbance growth [16]. The operation at a reduced flow coef-
ficient results in increased incidence levels across the span, with

Copyright © 2021 by ASME



—e—Clean - 8-Radial Tip-Low
¢ Station 3 ¢ Station 4

1.00
0.75
w 0.50
0.25
0.00
01 03 05 07-5 0 5 10 15
‘/;:/U!Ilid 1 [deg]
a) b)
1.00
0.75
= 0.50 §q ----DPcp
0.25 °
0.00 D&
5 10 15 20
¢ [deg]
c)

FIGURE 12: Rotor radial flow profiles near stall, a) axial ve-
locity, b) incidence onto blades, c) radial flow angle

the highest values located in both cases near the tip (Fig. 12(b)).
The velocity deficit associated with the distorted region, shown
in Fig. 12(a), leads to a further increase in incidence (Fig. 12(b)).
However, the fan is able to operate stably with these increased
levels of incidence. Thus, the high levels of incidence at the tip
section alone did not drive the onset of stall.

Figure 12(c) compares the spanwise distributions of outlet
radial flow angle near stall with the corresponding clean distri-
bution at near design. Below 75% span no significant difference
is observed between near design and near stall. However, in the
upper part of the span, a reduction in tipwards flow is observed
near stall. This can be associated with the growth of the casing
boundary layer within the rotor blade passages. The increasing
casing blockage was confirmed by CFD simulations.

The growth and separation of the casing boundary layer
caused a partial blockage of the rotor blade passages near the
tip. At the last stable operating point, the rotor outlet axial veloc-
ity profiles overlap above 75% (Fig. 12(a)). Despite the different
inlet axial velocity, the outlet properties in this region (7 > 75%)
are highly similar. This suggests that the radial extent of the cas-
ing boundary layer blockage is similar for both cases. Thus, stall
inception in tip-low distortions is also linked to the radial extent
of the rotor blade passage blockage at clean near stall. There-
fore, stall was driven by a combination of high rotor tip incidence

and the blade passage blockage associated with casing boundary
layer separation. Distortion was found to increase the incidence
near the tip and produce an earlier onset of the casing boundary
layer separation, reducing stall margin by ~ 8%.

EFFECT OF HALF-ANNULUS TIP-LOW DISTORTION
Unsteady Measurements During a Stall Event
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FIGURE 13: Measured, filtered unsteady casing pressure
traces during a stall event in half-annulus tip-low distortion

Figure 13 shows the measured, low-pass filtered unsteady
casing pressure traces from all 18 transducers during a stall event
in half-annulus tip-low distortion. Note that in this and subse-
quent figures, the location of tip-low total pressure distortion is
shown by a red shaded area. At A, a small disturbance develops
in the tip-low sector. As it moves across the undistorted sector it
decays. By the time it reaches 8 = 350°, it has almost completely
disappeared. As the disturbance travels across the distorted sec-
tor it grows again, being visible at around 6 = 170°. This growth
and decay cycle repeats as the throttle area was further reduced.
At B, the size of the disturbance is enough that it does not fully
decay before growth begins again in the distorted sector. Over
each revolution, this cycle continues, promoting growth until a
rotating stall cell develops. The fully developed stall cell wave-
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FIGURE 14: Spectrograms of casing pressure signals at 4 cir-
cumferential locations during a stall event in half-annulus
tip-low distortion
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FIGURE 15: Circumferential variation of casing pressure sig-
nal properties at the last stable operating point

form is similar to that of the stall cell in both clean and axisym-
metric tip-low distorted inflows.

Figure 14 shows the measured frequency content at 4 cir-
cumferential locations around stall inception. Prior to the stall,
coming out of the distortion (6 = 210°), disturbances with all
frequency content are present before stall occurs. By 68 = 270°
most of the disturbances are at low frequencies (f < 0.5f3,). At
6 = 90° almost no disturbances are visible. At the end of the
distorted sector (6 = 150°), high frequency (0.6f;, < f < fp)
disturbances are observed before the stall point. After the stall
point, all positions exhibit similar frequency content driven by
the large rotating stall cell.

Two types of disturbance develop: long length-scale and
short length-scale disturbances. The circumferential variation in
amplitude of each type was estimated by calculating the energy
content of the signal in each relevant frequency range (Eq. (2)).
Frequencies below 0.05f;,, were excluded to avoid d.c. effects.
Frequencies above 0.9f;, were excluded to eliminate the blade
passing frequency. Figure 15 shows the results of this analysis.

The fractions of energy in each frequency range in both
clean inflow and axisymmetric tip-low distortion are approxi-
mately equal. This is consistent with the spectrograms, where
minimal disturbances were observed before the first spike ap-
peared and stall occurred (Fig. 11). In half-annulus tip-low
distortion, disturbance growth across all frequencies starts at
6 = 50° until the disturbance magnitude reaches a maximum at
190° < 0 < 230°. Disturbances decay to below the NS¢, level by
6 = 320°. The standard deviation of the signals (Eq. (3)), which
is an alternative measurement of the energy of disturbances of all
frequencies, shows a similar evolution. Short length scale distur-
bances are observed to grow and decay faster than long length
scale disturbances. This is consistent with the spectrograms at
6 = 150° and 8 =270° (Figure 14), where mostly short and long
length scale disturbances respectively are observed.

Linking the 3D Flow-Field to Stalling Behaviour
Half-annulus tip-low distortion creates a circumferentially
varying steady flow-field. It creates 2 distinct regions of different
rotor inlet axial velocity profiles - an undistorted sector (left) and
a distorted sector (right) (Fig. 16(a)). This is linked to a change
in stalling mechanism compared to the axisymmetric cases.
Regions of high incidence onto the fan blades are linked to
stall inception, as in the axisymmetric cases. Figure 17 shows
the circumferential variation of the local flow properties at 85%
span section. At this location, there is a step change in axial
velocity from approximately 0.48U,,;; in the distorted sector to
0.58U,iq in the undistorted sector (Fig. 17(a)). The local inci-
dence onto the rotor blades is driven by the axial velocity and
absolute swirl angle via the inlet velocity triangles (Fig. 9). The
increased incidence in the distortion is primarily driven by the
reduction in axial velocity in the distorted sector (Fig. 17(c)).
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Thus, the resulting incidence distribution is almost uniform and
below the NS¢ level, except in the distorted region, where it
is locally increased (Fig. 16(c)). The measured operating point
NSpa is further from instability than NS¢cp. Thus, at the last
stable operating point in half-annulus tip-low distortion the inci-
dence is expected to increase further above the NS¢, level in the
distorted region. Disturbances grow in the distorted sector and
decay in the undistorted sector (Fig. 17(e)). Thus, high incidence
onto the fan blades is linked to the growth of disturbances, which
were previously associated with stall inception. However, in the
undistorted sector, the incidence is below the NS¢y, level, which
is linked to disturbance decay, promoting stability. Hence, stall
did not occur immediately after large disturbances appeared in
half-annulus tip-low distortion, unlike in the axisymmetric cases.

The circumferential variation in inlet swirl angle also affects
the disturbance growth and decay pattern. The distortion loca-
tion is associated with a region of low static pressure. Conse-
quently, the flow migrates radially and circumferentially from re-
gions of high pressure (undistorted) to areas of low pressure (dis-
torted). This flow migration creates regions of co-swirl (& > 0)
and counter-swirl (¢ < 0) entering and leaving the distorted sec-
tor respectively (Fig. 16(b)). The disturbance growth rate is high-
est between 6 = 110° and 6 = 190°, where the local incidence
is highest. There, counter-swirl created by the flow redistribu-
tion increases the local incidence above the NSty level in the
distorted sector (Fig. 17(b)-(c)). The disturbance growth rate is
lowest between 6 = 10° and 6 = 70°. There, co-swirl reduces
the local incidence marginally, but not below the level at NS¢r.. It
does reduce the incidence below the level at NSty.. Thus, the ob-
served circumferential flow redistribution also affects the growth
and decay rates of disturbances prior to stall inception.

The increased radial extent of casing boundary layer sep-
aration is also linked to stall in half-annulus tip-low distortion,
as observed in the axisymmetric cases. Between 6 = 10° and
6 = 200°, the rotor outlet axial velocity at 85% span reduces by
0.1U,i4. This is due to the radial extent of the casing bound-
ary layer separation increasing gradually in the distorted sec-
tor, creating a partial blockage of the rotor blade passages (Fig.
16(e)). Between 8 = 200° and 6 = 250°, this axial velocity
increases rapidly, caused by a rapid decrease in the extent of
casing boundary layer separation. Furthermore, it is lowest for
125° < 8 < 205°. Noting that the full annulus mass flow aver-
aged circumferential particle displacement A@ = 15°, this region
corresponds to the location of the maximum disturbance growth
rate. Disturbance growth also continues after incidence is re-
duced below the NS¢ level at 8 = 180°, where the radial ex-
tent of casing separation remains high. Disturbances decay more
slowly between 6 = 210° and 6 = 280°, where incidence is re-
duced but the radial extent of separated flow remains high. Thus,
the circumferential variation in casing boundary layer thickness
and separation is linked to the growth and decay of disturbances
prior to stall inception.
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FIGURE 17: Circumferential variation of rotor flow-field at
85% span at NSy - a) inlet axial velocity, b) inlet absolute
swirl, ¢) incidence onto rotor blades, d) outlet axial velocity,
e) energy of casing pressure signals in range 0.05f,, < f <

0.9,

The above suggests that the initiation and growth of distur-
bances in regions of low momentum fluid is driven by a combina-
tion of high tip incidence (Fig. 16(c)-(d)) and partial blockages
of the rotor blade passages caused by casing boundary layer sep-
arations (Fig. 16(e)). Unlike in the axisymmetric cases, stall
only occurs in half-annulus tip-low distortion when these distur-
bances grow sufficiently large that they do not decay fully in the
undistorted sector. Following this, the disturbances grow with
each revolution around the annulus to form a rotating stall cell.
Thus, half annulus tip-low distortion does not change the factors
driving stall but does change the stall inception mechanism.

EFFECT OF VARYING THE DISTORTED SECTOR EX-
TENT ON STABILITY

Unsteady casing pressure measurements were made during
stall events in tip-low distortion of 8 additional values of A be-
tween 0° and 360° in 36° increments. The circumferential varia-
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tion of disturbance energy was quantified using the same method
as in the previous cases. Only the energy variation across all
disturbance frequencies (0.05f;, < f < 0.9f,) was considered
in this section, as this was related to the steady flow-field for
A =180°. For A = 36°,72°,180°,288°,324° the results of this
analysis are presented in Fig. 18.
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FIGURE 18: Circumferential energy variation of casing pres-
sure signals relative to NScr, level at the last stable operating
point in frequency range 0.05f,, < f <0.9f;,

Disturbances grow in distorted regions and decay in undis-
torted regions, as discussed for the half-annulus tip-low case.
Comparing A = 36° and A = 72° shows that increasing the
size of the distorted sector increases the proportion of the an-
nulus over which disturbances develop, increasing their maxi-
mum magnitude. These disturbances decay fully in the undis-
torted sector. For A = 180°, large disturbances develop in the
distorted sector and decay in the undistorted sector. Comparing
A =288° and A = 324° shows that reducing the size of the undis-
torted sector at high A reduces the proportion of the annulus over
which disturbances decay, reducing the maximum disturbance
magnitude that is observed prior to instability occurring.

Thus, two factors drive the variation of maximum distur-
bance size with A (Fig. 19). When the distorted sector size is
small (A < 120°), only small disturbances can grow at the last
stable operating point. As the distorted sector size is increased to
120° < A < 280°, the largest possible disturbances grow. How-
ever, the fan is stabilised by the undistorted sector, so these large

Copyright © 2021 by ASME



disturbances do not lead to the immediate onset of instability.
For A > 280°, the undistorted sector is too small to reduce the
disturbance size sufficiently to prevent instability occurring.
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FIGURE 19: Variation of maximum energy of casing pressure
signals in range 0.05f;,, < f < 0.9/}, at last stable operating
point with A

The rotational speed and circumferential size of the fully
developed stall cell were estimated for each value of A tested.
Figure 20 illustrates the method used to estimate the circumfer-
ential extent. As the circumferential extent of tip-low distortion
increases, the size of the fully developed stall cell decreases (Fig.
21(a)), but its speed does not change, remaining at approximately
0.5Q (Fig. 21(b)). Numerous previous studies have found that
larger stall cells rotate more slowly, however this was not ob-
served here. The overall area of the stall cell may not change
significantly between cases because it is also affected by the ra-
dial extent of the blockage, which could not be determined. In
this study, therefore, the stall cell speed may not be expected to
change as its circumferential extent reduces.

Circ.
extent

®

t

FIGURE 20: Illustration of method used to estimate circum-
ferential extent of stall cell
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FIGURE 21: Variation of stall cell properties with A a) cir-
cumferential extent, b) angular speed

CONCLUSIONS

1. The stalling behaviour of a low-speed fan rig has been ex-
perimentally tested in clean inflow and tip-low total pressure
distortion of varying circumferential extent

2. Increasing the circumferential extent of tip-low distortion
(A) was found to reduce the stability margin and rotor total
to static pressure rise coefficient. Axisymmetric tip-low dis-
tortion reduced stability margin by 8% and the pressure rise
coefficient by 12% relative to clean inflow. Half-annulus tip-
low distortion reduced stability margin by around 4% and
the pressure rise coefficient by 9%.

3. Axisymmetric tip-low distortion was not found to change the
stall inception mechanism. Stall was found to be driven by a
combination of high tip incidence onto the rotor blades and
the separated casing boundary layer causing partial block-
ages of the rotor blade passages.

4. Half annulus tip-low distortion was found to change the
stalling mechanism. Large disturbances in the casing pres-
sure signals were found to grow in the distorted sector, in re-
gions of high tip incidence and casing boundary layer sepa-
ration. These disturbances were found to decay in the undis-
torted sector. Stall occurred when the disturbances became
sufficiently large that they did not decay fully in the undis-
torted sector enabling a rotating stall cell to develop.

5. When the circumferential extent of distortion (A) was var-
ied, the maximum disturbance amplitude at the last stable
operating point was found to be driven by 2 factors. At low
A, the small size of the distorted sector was found to limit
the size of disturbances that grew. At high A, the small size
of the undistorted sector was found to limit the area over
which disturbances decayed, so instability occurred almost
immediately. The fan remained stable despite the presence
of large disturbances at intermediate A, as they decayed fully
in the undistorted region.
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tt Total to total

x Axial coordinate

0 Stagnation quantity

1 Value just downstream of gauze (station 1)
3 Value at rotor inlet (station 3)

4 Value at rotor outlet (station 4)

bling the rig.

NOMENCLATURE
Symbols

E Energy
Frequency

h Enthalpy

i Incidence angle
p Pressure
r
S

—

Radius, radial coordinate
Energy spectral density
SM  Stall margin = (¢pp — ¢ns)/Pdpp
Time
Rotor blade speed
Velocity
Absolute swirl angle
Relative swirl angle
Radial flow angle
Circumferential coordinate
Circumferential extent of tip-low distortion
Air density
Standard deviation
Shaft angular velocity
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Abbreviations

BLI Boundary layer ingesting

DP Near design operating point

NS Near stall operating point

ST Stall point (last stable operating point)
revs Rotor revolutions

Non-dimensional Groups

¢ Flow coefficient = m/pAUpn;q

W, Stage loading coefficient = Ahy /U2,

Y Rotor pressure rise coefficient = (ps — po1) / O.SpUIf1id

Subscripts

bp Blade passing

CL Clean inflow

HA Half-annulus tip-low distorted inflow
mid Value at midspan

TL Radial tip-low distorted inflow

ts Total to static
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