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loss are functions of the axial location of the foam metal. Particularly, the SMI maxima appears at 95
CT7 with a certain amount of aerodynamic efficiency loss. In analyzing the results measured over 96
and downstream of the rotor, it is suggested that the release of rotor tip loading may be a stability 97
improvement mechanism of FMCTs. Furthermore, comparison in the stall inception process of the axial 08
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solid-wall casing condition, the compressor experiences a spike-type stall inception, however in CT7, the 100
compressor goes through a modal-type process. Finally, conclusions and suggestions are given based on
the findings. 101
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1. Introduction increase in stall margin was achieved by controlling variable vanes 107
or fast-acting air jets [5-7]. However, due to the elusory stall in- 108
Recent development trends in aero-engine include increasing  ception patterns and sophisticated control system, active control 1?3
thrust-weight ratio and decreasing noise emission. As a result, technology is far from ready for practical applications [8,9]. On 111
there are at least two pro.blems ?hOUId be con§1d§red: F;rst, de- the other hand, casing treatments, originally proposed by NASA, 1o
mand on higher thrust-weight ratio leads to a significant increase  have received steady interest for more than 50 years [10]. Initially 3
of stage aerodynamic loading for reduced numbers of compressor  attention was focused on finding perfect casing treatment con- 114
stage, which will result in a higher tendency of rotating stall, i.e. figurations which were beneficial to stall margin improvement. A
the stall margin is reduced. Second, dero-engine nacelles are ex- quantity of configurations involving slots, grooves, straight holes
pected to be shortened to reduce weight and drag. However the 354 honeycombs were experimentally tested in both low-speed 117
Shorteneg nacelles will Sul?plyfless t_relatrrlle;nt area for aCOUStéC_ 1”11' and high-speed compressors [3,11]. It was found that different o
Srs. So tde noise attenuation from inlet liners 1s correspondingly casing treatment configurations imposed various effects on com- g
ecreased. . pressor performance. Generally, slot-type casing treatment config- 5,
Historically, the two problems mentioned were solved sepa- . . . . -
. . urations are highly regarded for generating significant stall margin  ;,,
rately. In terms of stall margin improvement, many attempts in- . . .
: . Lo . improvement. At the same time, a common conclusion drawn from 45,
cluding active control [1] tip air injection [2] and casing treatment . o . .
. . . numerous investigations was that those casing treatments which 53
[3,4] have been made to address this issue. In particular, continu- . . . .
: : successfully improved stall margin were always associated with 154
ing researches on active control technology have been performed Ity in effici 12131 Th e hani ;
for many years since it was reported by Epstein et al. [1]. A useful some penally in ethiciency [12, ]j € WOIKIng Mechanism of cas- 125
ing treatments has therefore received lots of attention around the 106
world. Takata and Tsukuda [14] experimentally measured the flow 127
* Corresponding author. through the blade passage as well as in the slots of the casing 128
E-mail address: buaadongxu@buaa.edu.cn (X. Dong). treatments. They found that in general the static pressure at the 129
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Nomenclature

Cax Axial chord of rotor tip

Cp Casing pressure coefficient
Cpe Total pressure coefficient

Cyx Axial velocity coefficient

CT* FMCT with foam metal at location * in the casing
FM Foam metal

FMCT Foam metal casing treatment
IL Insertion loss

PPI Pores per inch

PSD Power spectrum density

Pr Reference pressure

Ppafe Shaft power

Psw Casing static pressure

APy Total-to-static pressure rise
AP Total-to-total pressure rise
Qy Volume flow rate

RMS Root-mean-square

SC Solid-wall casing condition
SPL Sound power level

SMI Stall margin improvement

TLV Tip leakage vortex

Un Mid-span blade tangential speed

Vi Axial velocity at inlet

X Axial distance between foam metal rear surface and

leading edge of rotor

X/ Cax Normalized location of foam metal
n Efficiency

1) Flow coefficient, ¢ = Vy/Up
Jo Air density

W Pressure rise coefficient

An Efficiency loss

Subscript

d At the design point

s At the stall point

CcT FMCT condition

Ne Solid-wall casing condition

rear of the blade was higher than that in front part. When cas-
ing treatment was installed, the flow near the rear part of the slot
was pushed into chamber and in turn penetrated main flow as a
high speed jet at the front end, which resulted in the transfer of
the momentum between the moving wall and the low momentum
flow near the casing (in relative coordinate system). They further
concluded that the momentum interchange plays an essential role
in delay of rotating stall. Detailed measurements of flow phenom-
ena were also performed between the blade passage, behind the
rotor and inside the slots by Smith and Cumpsty [15]. They noted
that the rapid growth of the blockage appeared near the pressure
surface accounts for the initiate instability. The stabilizing effect of
casing treatment they observed is the extraction of the blockage.
Another encouraging work was concentrated on a vaned recessed
casing treatment applied in a low-speed fan with aerospace type
loading [16-18]. Results from parametric study presented that in
some configurations significant improvements in stall margin were
obtained without any loss in efficiency [16]. Further research car-
ried out by Ziabasharhagh et al. [17] demonstrated that these
casing treatment configurations were capable of strengthening the
inlet distortion tolerance. Kang et al. [18] made a more detailed
measurements of flow behavior near the casing wall as well as
in the casing treatment. Based on measured results, they hypoth-
esized that casing treatment modifies the leakage flow by elim-
inating the tip vortex, which is the main stall delay mechanism.
More emphasis has recently been put on the blade tip flow which
is believed to be closely related to the stall inception process in
turbomachinery [19,20]. Vo et al. [21] proposed two necessary cri-
teria for the spike-type inception, one is spillage of tip leakage flow
at the leading edge and the other is backflow at the trailing edge.
Stall delay mechanism of circumferential grooves is mostly thought
to be associated with modifying behavior of the tip clearance flow
[22-25]. A basic conclusion made from numerical and experimen-
tal studies is that groove delays the upward movement of the tip
leakage flow. This is consisted with the analysis made by Shabbir
et al. [26] that groove augments the wall shear stress to tolerate
the higher blade loading. However Houghton and Day [27] argued
that mechanism goes different in locations near the leading edge
and mid-chord over the blade. Especially at mid-chord the stall
margin improvement is resulted from the fact that the tangential
velocity of near-casing flow is increased. More recently, another
casing treatment mechanism based on suppression of stall precur-

sor was proposed and validated by Sun et al. [28-30] and Dong
et al. [31]. In general, flow disturbances appear in pre-stall process
are believed to play an important role in stall onset. And these dis-
turbances which actually trigger the final rotating stall are called
stall precursors [32-34]. They designed a casing treatment consists
of a backchamber and a perforated plate (the open area ratio is
usually less than 12%). The casing treatment is thought to create
an unsteady boundary to influence the generation and develop-
ment of stall precursors.

On the other hand, in solving the problem of decreased noise
reduction caused by shortened nacelles, plenty of projects includ-
ing lip liner, active noise control and over-the-rotor (OTR) liner
have been explored over the recent decades [35-39]. The lip liner
technology is an attractive option to improve noise attenuation
efficiency [35]. It is reasonable to expect this technology to be
applied in industries after overcoming the challenges from icing
protection and aerodynamic consideration. The OTR liner is an
acoustic treatment integrated into the fan casing near the rub strip
area. Sutliff et al. [36,37] first proposed and evaluated foam metal
OTR liners in both low-speed and high-speed fan rigs, respectively.
Research results suggested a 4 dB broadband noise reduction in
low-speed machine. Based on the measurements they concluded
that the noise reduction mechanism of OTR was a combination of
acoustic attenuation and source modification. In subsequent inves-
tigations the OTR liner was designed employing perforated groove
for aerodynamic purposes [40]. More recently, experiments were
also conducted in a grazing flow impedance tube to determine the
acoustic characteristic of the grooved OTR liner [41] and an analyt-
ical model [42] was also deduced to predict the sound attenuation
with OTR liner. We believe that more encouraging works will be
further reported with more understanding of OTR acoustic liners.

Although considerable studies of the stall margin-improving
technology as well as the fan/compressor noise-reducing technol-
ogy have been performed for decades, there has been little ex-
perimental evidence of an alternative treatment method which
works in these two aspects. The dual-effect technology mentioned
may be of great concern due to the increasing desire for higher
thrust-weight ratio. This motivated the present work. In this work,
we propose a kind of foam metal casing treatment (FMCT) and
experimentally evaluate its effects in stability enhancement and
aeroacoustic noise reduction in a low-speed compressor. This pa-
per is organized as follows: Firstly, the experimental apparatus and
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Fig. 1. Test compressor TA36 and measurement setup.

Table 1
Design specifications of TA36.
Rotor Stator

No. of blades 20 27
Stagger angle at tip (°) 60 7
Aspect ratio 118 1.40
Hub-to-tip ratio 0.577  0.669
Casing diameter (mm) 600
Design flow coefficient 0.24
Design pressure rise coefficient ~ 0.48
Design operation speed (rpm) 2930

Rotor tip axial chord (mm) Cgx 50

measurement device are introduced. Secondly, a parametric study
is carried out to find the optimum location of the foam metal
in casing in terms of SMI, efficiency loss and noise attention. A
mechanism is also proposed and discussed. Thirdly, conclusions are
drawn based on experimental measurements.

2. Test rig and measurement setup
2.1. The test compressor

The experimental investigation was performed on a single-stage
axial-flow compressor, the TA36. A schematic view of the TA36 is
shown in Fig. 1. It was driven by a servo motor embedded in the
hub and the rotor speed can be continuously varied up to the value
required. The air was drawn into the compressor from a large room
at a steady atmosphere conditions. The mass flow through the
whole compressor was controlled by an annular sleeve which was
powered using a stepping motor. The rotor tip tangential speed in
the present experiment was 90.8 m/s indicating that the flow can
be considered as incompressible. The design characteristics of the
compressor are summarized in the Table 1.

2.2. Experimental equipment and definition of key parameters

Both time-averaged and fast-response transducers were adopted
to evaluate the steady characteristics as well as unsteady features
of the TA36 compressor. Specifically, the atmospheric temperature
was measured using a mercury thermometer and the atmospheric
pressure was given by a standard mercury barometer. Steady
pressures were measured by Honeywell pressure transducers and
unsteady pressures were obtained by Kulite 190 high-frequency
pressure transducers.

To measure steady characteristics, two radial rakes of five total
pressure probes were used, one was mounted in the compres-
sor’s inlet duct (Plane A) to provide the averaged total pressure of

0.6 T T T T T
4196
0.5 0«“\
a -
P — oA A
== 490
—
04 F 5
> N
——EXP 1 °©
03 F —=—EXP2 —o—EXP2
—e—EXP3 —0—EXP3
. 478
{ Stall point
02F 4 +
Design point (DP)
L L L L L 7
0.20 0.22 0.24 0.26 0.28 0.30

Flow coefficient

Fig. 2. Repeated characteristics of TA36 in solid-wall casing. (For interpretation of
the colors in the figure(s), the reader is referred to the web version of this article.)

the upstream air and the other one was placed at 50 mm down-
stream of the stator (Plane D) to measure the total pressure of the
outflow. Additionally at both locations, there were four casing tap-
pings equally spaced around the circumference to obtain the static
pressure. In particular, static pressure measured in the inlet bell-
mouth provided the input for calculating the flow coefficient and
the downstream measurements were used to determine the pres-
sure rise characteristics ¥ which is defined as

AP
1/20U%
where the AP is the total-to-static pressure rise over whole
stage, p is the density of the air and Uy, is the tangential speed
at the blade midspan. In the present experiment, the efficiency n
was calculated from the total pressure rise over the stage and the
shaft torque power, which is expressed as
e @
Pshaft
Repeated total-to-static pressure rise and efficiency character-
istics of TA36 compressor are plotted in Fig. 2. The solid orange
diamond refers to the design point (DP) and the hollow diamond
represents the stall point. Note that the stall point here refers to
the last stable operation point of the compressor along the charac-
teristic curves. The measurements present a good repeatability.
The compressor stability was evaluated using the comprehen-
sive stall margin (SM) in terms of pressure rise and flow coefficient
at design point and stall point, respectively. The SM is defined as

(1)
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(1) circumferential array

(2) chord-wise array

Fig. 3. Schematic layout of high-frequency transducers.

SM = (Vs/Ps/yg/pq — 1) x 100% 3)

where the subscript d and s indicates the design point and the
stall point, respectively.

A total of 16 high-frequency flush-mounted transducers were
employed to measure unsteady static pressures near the casing
wall. In particular, the first set of eight transducers were positioned
0.4Cqx (Fig. 1, Plane C) ahead of rotor leading edge and spread
equally along the circumference of the annulus to detect the pre-
stall process. Additionally, for measuring the casing wall pressure
distribution over the rotor tip, the other eight transducers were
mounted on the casing covering the measure points from 9 mm
(0.18Cgx) upstream of the rotor leading edge to 7 mm (0.14Cqy)
downstream of the trailing edge axially (shown in Fig. 3). The Pho-
toelectric Switch Sensor was used for phase locking when acquir-
ing the dynamic data and the ensemble averaged measurements
at the same spatial position during every rotor revolution can be
taken. The sampling frequency was 50K Hz resulting 51 sample
points per blade passage.

Flow conditions behind the rotor were measured by a five-hole
pressure probe. The probe was 2 mm in diameter and fixed on a
traverse gear. Radial traverse contains 30 points with 3 mm inter-
vals. Generally, circumferential-averaged flow angle, three dimen-
sional velocity, static pressure and total pressure can be obtained
at the 0.33Cqy downstream of the rotor trailing edge (Fig. 1, Po-
sition T). The probe was calibrated with a wide range angles of
Mach numbers, which is enough to cover the operating conditions
considered in the present experiments.

In order to evaluate the acoustic benefits of the FMCT, a cir-
cumferential array of twenty equally spaced 1/4 inch microphones
(G.R.A.S type 40BH) was flush placed 605 mm upstream of the ro-
tor face (Fig. 1, Plane B). And sound energy obtained from these
microphones were averaged to reduce the random signal. The
acoustic signals were measured at the design point of the compres-
sor in solid-wall casing condition (SC). In particular, the insertion
loss (IL) was used to evaluate the noise reduction quantitatively.
The IL is calculated from

IL=SPLsc — SPLct (4)

the subscript SC and CT refers to conditions in solid-wall casing
and FMCT, respectively. The SPL in the formula is the sound pres-
sure level and defined as

SPL=20log (P/p,) (5)

in which the reference pressure p, is 2x107> Pa.

[M5G; v1.306] P4 (1-10)
Aerospace Science and Technology eee (eeee) seeeee

Table 2
Foam metal location for eight FMCTs.

FMCT CT1 CT2 (CI3 (T4 (CI5 CT6 CT7 CT8
X/Cax 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

2.3. The foam metal casing treatment (FMCT)

Foam metal is a foam-like substance which is widely applied
in flow control, vibration damping and acoustic absorption mainly
based on their physical properties [43]. Figuratively, the foam
metal resembles a sponge material with a plenty of small inter-
linked cavities. It is characterized by PPI (Pores Per Inch). The ad-
vantage of using foam metal as a casing treatment is obvious: low
density with good shear and fracture strength, good fire resistance,
self-supporting due to its rigidness and strength, low moisture ab-
sorption, and so on. These advantages allow foam metal to survive
near or over the rotor, which is a very harsh pressure and tem-
perature environment. In the present experiment, the foam metal
used is made using ferronickel and its PPI is 35.

The FMCT consists of a foam metal ring and a casing configu-
ration. Specifically, the foam metal ring was manufactured in three
identical segments, each of which was a one-third arc of the whole
circumference. The axial length and the radial thickness of the
foam metal ring are 25 mm (0.5Cg) and 20 mm (0.4Cqy), respec-
tively, resulting an aspect ratio of 0.8. The location of the foam
metal in casing is defined as the axial distance from the foam
metal rear face to the rotor tip leading edge. As depicted in Fig. 4,
the farthest location numbered as 8 was at 0.7Cgx (35 mm) down-
stream of the rotor leading edge. The FMCTs tested in the present
experiment are summarized in Table 2. Axial location change of
the foam metal ring at the interval of 0.1C4, was achieved by em-
ploying a set of resin shims, which allows to investigate the impact
of single foam metal ring at different locations on compressor sta-
bility and noise.

3. Parametric study of the FMCT
3.1. Stability enhancement

This section investigates the impact of the foam metal’s axial
location on FMCT’s performance. For brevity, each configuration
is distinguished by the combination of CT and location number.
For example, CT1 refers to a FMCT configuration with foam metal
placed in location 1 defined.

The compressor characteristics were measured by throttling the
operating point slowly from choke point up to the stability limit
and setting back quickly from the rotating stall. Every step can be
considered as the quasi-steady behavior during the entire period.
Back-to-back tests were also performed to ensure the reliable data.
Basically, two characteristic parameters are of great concern: one is
the stall margin improvement (SMI) and another is the efficiency
loss (An). To note that the efficiency loss is the percentage reduc-
tion caused by the FMCT at the design point of the compressor.

The pressure rise and efficiency characteristics measured with
and without FMCTs are presented in Fig. 5. For clarity, only two
typical characteristics obtained with SC and CT7 are given, re-
spectively. The design point and stall points in two cases are also
marked. No distinctive change can be seen until to reaching the
stall point in SC. As shown in pressure rise characteristics, with
CT7 the compressor is capable of operating at a lower flow rate
but higher pressure point and the calculated SMI is 36.1%. In effi-
ciency characteristics, two features should be noted. First, at some
larger flow rates, efficiency loss caused by FMCTs are negligible.
Second, at the design point, efficiency is reduced by 1.5% with CT7.

The SMI as well as the efficiency loss as functions of foam metal
locations are summarized in Fig. 6. The upper graph is the SMI
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Fig. 4. Configuration of FMCT with foam at different locations.

T T T T T T T 100
'M1:36.1%
06l SMI:36.1%
490
05F
180 s
S-04F >
X
03k 470
—o— CT7
—e— SC —s— SC
02F \a(0] n—o 160
0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30
Flow coefficient ¢
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Fig. 6. SMI and efficiency loss at each foam metal location.

versus locations and the lower one is related to the efficiency loss.
Generally, the SMI tends to increase when the foam metal is in-
stalled at a place more downstream of the leading edge and the
efficiency loss shares the same rule. There seems to be an opti-
mum foam metal location at CT7 that 0.6C4x downstream from the
rotor leading edge, but a little more efficiency loss is also found at
this location.

In the following sections, attention will be focused on CT7 to
find the mechanism accounting for the SMI and efficiency loss
caused by FMCTs.

3.2. Comparison in casing static pressure distribution

The first concern is put on the tip clearance flow due to the
fact that the flow behavior near endwall is believed to be greatly
related to compressor stability [32,33]. On the other hand, the
foam metal interacts directly with the flow field in this region. The
casing static pressure P, is nondimensionalized by the dynamic
pressure and presented as the casing pressure coefficient Cp:

R (6)
/2/0Um

Comparison of static pressure contours was made between con-
ditions with SC and CT7 at two operation points, one flow coeffi-
cient is 0.24 (the design condition, labeled by DP) and another is
0.21 (the near stall condition in SC, labeled by NP), respectively. In
the Figs. 7, 8 and 9, for clarity, the leading edge and the trailing
edge of rotor tip are labeled with LE and TE, respectively. Addition-
ally, the axial location of the foam metal was also marked using a
dashed box.

In Fig. 7, generally speaking, two types of flow are of inter-
est. One is the incoming flow inpouring the blade passage. Another
concern is the tip leakage flow, driven by the pressure difference
between the pressure and the suction sides of the blade, leaks over
the tip gap and induces some reversed flow against the incoming
flow. The strongest tip leakage flow is thought to be formed at
the position of the maximum pressure difference between the two
sides of the blade. Mostly, the leakage flow, bounded by the casing,
will interacts with the incoming flow and some other secondary
flows, hence to roll up into a vortex [44]. The trajectory of the vor-
tex can be recognized by the pressure trough originating from the
core of the lowest pressure region near the peak suction side [45]
and is indicated by a red arrow in each graph. At DP, in SC, the tip
leakage vortex trajectory (TLV) originates at about 8% axial chord
of rotor suction side and extends towards the center of blade pas-
sage subsequently. However in CT7, the TLV is seen stay closer to
the blade surface than that in SC and turns to passage center at
a further backward position. It is known that the behavior of the
TLV is mainly resulted from the momentum balance between the
incoming flow and the leakage flow. Normally, as the flow coef-
ficient is reduced, the blade loading (pressure difference between
the two sides of the blade) increases and the momentum of the in-
coming flow decreases, resulting a forward movement of the TLV.
In the present case, data were measured at the same flow coef-
ficient. The different behaviors of TLV shown in SC and CT7 are
related to the different loading conditions near the rotor tip. The
reason could be found in regions circled by the blue oval, espe-
cially the area covered by the foam metal, the static pressure in
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Fig. 8. RMS of static pressure at DP for SC (up) and CT7 (down).

CT7 is lower than that in SC. It is the reduced loading that is re-
sponsible for the weakened leakage flow.

The distribution of the calculated RMS Cp is given in Fig. 8.
Generally, the RMS refers to the flow fluctuation and the highest
RMS is thought to be corresponding to the interface between the
incoming and the tip leakage flows [44]. In SC, the highest RMS
is concentrated near the blade leading edge as circled by the blue
oval, which indicates there exists a strong interaction between in-
coming and leakage flows. However in the same region of blade in
CT7, the RMS value is reduced. This is because the leakage flow is
reduced. Furthermore, in regions covered by foam metal, in both
blade tip and passage, the RMS value is higher than that in SC. It
is suspected that there may be a radial in and out movement of
flow and a cross movement of TLV near the foam metal surface.

At NP, the comparison in near casing pressure distribution be-
tween cases with SC and CT7 are given in Fig. 9. As the flow
coefficient decreases, the blade loading rises as shown in the fig-
ure. However, in comparison between the regions marked by the
blue ovals in two cases, one can draw the same conclusion as that
in DP, that the tip blade loading is reduced in CT7 situation.

This section confirms that the behavior of tip leakage flow is
influenced by the FMCT. Based on the results, a basic hypothesis is
that the foam metal may release the tip blade loading by allow-
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Fig. 9. Static pressure over rotor at NP for SC (up) and CT7 (down).

ing more flow immigrates towards the suction side or the adjacent
passage. To be specific, the flow entering the foam metal reduces
the pressure near the pressure surface, while the flow moving out
of the foam metal increases the pressure on suction surface. Com-
paring the pressure difference with that in solid wall condition, the
foam metal casing treatment reduces the loading of the blade. Fur-
ther more, this cross movement is naturally not in line with the
mainflow, which probably causes a certain amount of efficiency
loss.

3.3. Comparison in radial distribution

Radial distribution of outflow from rotor was measured by a
five-hole probe. This probe was traversed every 3 mm to record
the local flow information. In the present experiment, distributions
of total pressure and axial flow obtained at NP are presented and
analyzed to further explore the working mechanism of FMCTs. In
general, the total pressure represents the energy of the airflow and
the axial velocity is related to the incidence angle, further refers
to the blade loading. The total pressure coefficient was the nondi-
mensionalized total pressure using the dynamic pressure. The axial
velocity coefficient is defined as the ratio of the axial component
of the airflow velocity to the mid-span blade tangential speed.

The left part of the Fig. 10 shows the radial distribution of the
total pressure coefficient under two casing conditions. In compar-
ing the results with SC and CT7, what can be seen is that there
are some total pressure losses near the casing (about the regions
above 90% span of blade) and gain in the other span when the
CT7 is applied. The decreased total pressure at tip region may be
corresponding to the circulated flow in and out of the foam metal
surface as indicated in Fig. 7.

In the right part of the Fig. 10, differences are noticed near the
68% span of the blade, above which the axial velocity is larger than
that in SC and below which the axial velocity is smaller than that
in SC.

Taking these two indexes into consideration, one can conclude
that, in treated condition, first, blade loading is decreased in re-
gions upper than 68% of span and increased in the other regions.
Second, the loss is increased in regions upper than 90% of span and
decreased in regions from 68% to 90% spans of blade. Based on the
analysis above, it is suspected that the increased loss is caused by
the radial movement of flow and the decreased loss is correspond-
ing to that the blockage in this region is suppressed.

In addition, one can find that in treated cases, the radial distri-
bution of blade loading is shifted. Specifically, the loading in upper
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Fig. 10. Radial measurements downstream rotor at NP for SC and CT7.
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Fig. 11. Static pressures obtained from the circumferential transducers in SC to show
a spike-type stall inception process.

span is reduced however that in lower span is increased. It is thus
implied that the stall inception may be influenced by FMCTs. This
concern will be verified in the next section.

4. Stall inception analysis

Previous tests showed that the TA 36 compressor is a spike-
type stall inception machine (Fig. 11). When compressor was throt-
tled very close to the stall point, a spike emerged and rapidly
developed into a rotating stall cell. As shown in Fig. 11, a spike
grows into stall cell in a few revolutions.

As the same method used in SC, stall inception process of com-
pressor with CT7 was measured by eight high-frequency transduc-
ers equally mounted along the circumferential direction at the up-
stream of the leading edge. As shown in Fig. 12, a weak long-scale
precursor wave is observed before stall. To give a further evidence,
the power spectrum analysis for the first spatial harmonic of the
measured data during the period before 20 revolutions prior to
stall was performed and shown in Fig. 13. Clearly, a dominant wave
traveling at about 36% of the rotor speed is presented.

A clear stall inception comparison is given in Fig. 14. The gray
and blue curves represent the original and filtered data, respec-
tively. Note that the filtered data is obtained using Fourier 5-
800 Hz band-passing filtering method. The modal wave is seen
several rotor revolutions before stall as indicated by a dash box in

Time/rev

Fig. 12. Static pressures obtained from the circumferential transducers in CT7 to
show a modal-type stall inception process.
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Fig. 13. PSD results of the first spatial harmonic of the measured data during the
period before 20 revolutions prior to stall.

CT7 condition. As stated by Camp and Day [20] spike is a localized
flow separation at the rotor tip region while the modal wave is an
oscillation of the flow field. In treated case, the axial velocity near
the rotor tip is increased resulting in a reduced loading or inci-
dence. In consequence the critical incidence for the spike is loosed
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Fig. 15. A schematic view of CT7 (left) and G7 (right).

to a larger scale. Or from a system point of view, the spike-type
precursor is suppressed at these flow coefficients. In consequence,
at NP, the compressor with CT7 is operating stably.

Based on the results above, a stall scenario in CT7 can be pro-
posed. Started from NP, with further throttling, the loading of the
rotor blade (especially in the lower span) is increasing. Once the
new stability limit of the compressor system is achieved, modal
wave stall inception occurs.

5. Effect of the “left” groove on compressor stability

To go one step further, one may interest in such a situation
where the CT7 is replaced by a single groove, i.e., only a 20*25
empty groove is assigned at the location 7 as shown in Fig. 15.
If the effect of FMCTs on compressor stability is only to release
the rotor tip loading, the left circumferential groove is supposed to
generate some SMI. The characteristic results obtained in “grooved”
casing treatment is illustrated in Fig. 16. For clarity, the treated
case that groove in location 7 is represented by G7. The left ordi-
nate is the pressure rise coefficient and the right ordinate is the
efficiency. The solid symbol refers to conditions in SC while the
open symbol corresponds to that in G7. It is found that the com-
pressor will stall earlier in G7 than that in SC, which indicates that
the groove itself (in the present length-width scale) is failed to
improve the compressor performance. In addition, the efficiency at
the design point is reduced by 2.7% in G7. It is implied that the
groove may be too large that the flow in it is disorderly.

The view presented here of the results with and without foam
metal in groove indicates that the physical property like flow re-
sistance is also important. The airflow is restricted in foam metal
rather than the open space in which the flow moves more freely.
Hypothetically, in grooved case, the flow structure near the casing
is that part of the leakage flow penetrates into groove at rear part
of groove, and the flow inside the groove will be pushed out of
groove at the front part [23]. At the same time, the other leakage
flow moves across over the tip clearance as it does in the SC con-
dition. The thing different in grooved case is that the shear force
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Fig. 16. Comparison in characteristics of compressor in SC and G7.

generally caused by solid-wall casing is absent. Consequently, the
tip leakage flow accelerates though the tip clearance almost in the
tangential direction. Further, to fill the groove with foam metal, the
foam metal acts as a soft boundary. The leakage flow is thought to
share the same features as it has in groove, i.e. the upper part en-
ters into the foam metal and the lower part flows over the tip
clearance. For one thing, cross movement of the leakage flow re-
duces the blade loading near the tip. For another, the decreased
shear force from the foamed surface results in a tangential move-
ment tendency of leakage flow as illustrated in Fig. 7 and Fig. 9.

6. Aeroacoustic noise reduction

Foam metals used to reduce the compressor noise has been in-
vestigated for decades. This section will briefly report the noise
reduction caused by FMCTs rather to discuss the noise attenuation
mechanism. Previous tests showed that the emitted noise of TA36
is dominated by the rotor-stator interaction noise at the third or-
der blade passing frequency (BPF). The typical frequency spectrum
is shown in Fig. 17. The chart plotted by black line is the frequency
spectrum under the SC while the red one is drawn using measure-
ments taken under FMCTs. The ordinate is sound pressure level
(SPL) and the abscissa is the frequency. It appears that the tone
noise at third order BPF is attenuated by 3.2 dB in treated case.
Besides, the broadband noise is suppressed in a large frequency
band as circled by a dotted box.

To show a more quantitative comparison, the insertion loss (IL)
is calculated based on the integrated SPL up to 8000 Hz in which
band occupying the major energy of the sound. An interesting re-
lation between the location of the foam metal and the IL is seen in
Fig. 18. The IL varies in 0.18~1.6 dB and the maxima occurs at lo-
cation 4 (CT4). It is noted that, the foam metal is totally interacting
with the flow field over the rotor when the foam metal is placed
at location 6, 7 or 8. However, when it is placed at the other front
5 locations, in which the foam metal can only cover the rotor with
its part span as shown in Fig. 4. Particularly, at location 1, the foam
metal is installed exactly ahead of the rotor leading edge, resulting
an IL of 1.23 dB. At locations 6, 7 and 8, the foam metal is totally
exposed to the rotor, some ILs are still obtained.

7. Conclusions

A proposed foam metal casing treatment (FMCT) is experimen-
tally evaluated on a low-speed axial flow compressor in this work.
Based on the current experiments and measurements, the follow-
ing findings are obtained:
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Fig. 17. Noise spectrum of compressor at DP in SC (black) and FMCT (red).
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1 Parametric studies on the axial location of the foam metal
showed that the stall margin improvement (SMI) varies in -
1.5%~36.1% and insertion loss (IL) varies in 0.18 dB~1.6 dB.

2 Maximum improvement in stall margin is achieved in CT7
that the foam metal is located at 0.6C4x downstream of rotor lead-
ing edge. The stall delay mechanism is thought to be the release of
the blade loading near the rotor tip. The reduced tip blade loading
cause an attenuated leakage flow, which influence the tip leakage
vortex behavior.

3 The Foam metal casing treatment, especially CT7, changed the
radial distribution of the rotor blade loading. The blade loading at
the upper span is reduced and at the lower span is increased com-
pared with that in solid-wall casing condition. It is also thought to
be responsible for the conversion in stall inception.

4 The compressor is a spike-type machine in solid-wall condi-
tion, however the compressor with CT7 stalls via modal-type stall
inception. It is suspected that the blade loading near rotor is re-
duced resulting suppression in origination of spike-type precursor.
With further throttling, a new stability limits of compressor system
reached and modal-type stall inception occurs.

The above findings can be of interests to designers as the
foam metal casing treatment shows the potential to be applied in
real aeroengines. The proposed casing treatment should be further
tested in high speed or centrifugal compressors and with various
inlet distortion conditions. Furthermore, rain ingestion test and ic-
ing test should be considered due to that the performance of FMCT

may be influenced when water is inside or freezes on the sur-
face of foam metal. It is also suggested that both aerodynamic and
aeroacoustic effects need to be considered comprehensively in fu-
ture applications.
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