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Abstract

The current environmental legislation and the growth of the aviation sector observed in
the last years is demanding the development of modern aircraft architectures to reduce
CO2 and NOx emissions. Short-nacelle Geared High-ByPass turbofans and Boundary-
Layer-Ingestion engines have shown strong potential to overcome this problem, despite
they force the engine to operate under inlet non-uniform flow conditions. Overall, a
renewed interest in the analysis of distorted machines is arising in recent years as tradi-
tional methods need to be modified for the design of distortion-tolerant engines.
Despite extensive studies can be found on the front fan, the literature still lacks of in-
formation concerning the impact of real distortions on engine-representative compres-
sors. In this context, the von Karman Institute for Fluid Dynamics is conducting leading
research activities for the characterization of low-pressure compressors under distorted
inflows. However, before going into the characterization of the machine under distorted
conditions, it is necessary to establish a baseline understanding of the machine with a
clean inlet flow, so that the impact of the distortion can be properly quantified and as-
sessed.

The objective of this Master’s Thesis is to conduct an extensive experimental campaign
in the stable operating range of a high-speed low-pressure axial compressor. The main
target of the present work is to provide an overview of the leading mechanisms for aero-
dynamic stall in clean conditions while identifying the critical flow features for stability.
Initial assessments involve the determination of the stage overall performance across dif-
ferent corrected speeds and operating points of the machine through time-averaged mea-
surements. Subsequently, span-wise distributions and maps of the flow field at the rotor
and stator outlet are provided by means of pneumatic and fast-response instrumentation.
From the results, it will be observed that the hub corner separation shows a critical in-
crease close to the stability limit of the stage, due to the abrupt variation of the inlet
incidence. Moreover, a tentative explanation about the development of a low total pres-
sure region in the middle of the passage at the outlet of the stage is given.

This activity is meant to provide an experimental dataset for the analysis and character-
ization of highly-loaded low-pressure compressors. The outcome of the present thesis
is thought to provide an important contribution to the literature and to the design of

modern axial compressors.






Nomenclature

Roman Symbols

A0 B> ik W~ O
o

Total Quantities & Measurements in axial position 0
Measurements in axial position 1
Measurements in axial position 2
Measurements in axial position 3
Measurements in axial position 4
Speed of sound

Area

Absolute velocity

Choke

Diameter

Hertz

Mass-flow

Mach

Corrected speed

Pressure [Pa,mbar]

Temperature [K]

Radius [m]

Axial direction [m]

Absolute mass-flow

gas constant

Reynolds number

Tangential velocity

Voltage & velocity

Corrected mass-flow
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Greek Symbols

e Absolute yaw angle [deg]
B Pressure ratio
A Difference
n Efficiency
w Dynamic viscosity [Pa - s]
v Kinematic viscosity
w Rotation
Wn, Natural frequency [Hz]
p Density
Acronymus
BLI Boundary layer ingestion
BPF Blade passing frequency
CFD Computational fluid dynamics
DE Design conditions
DOF Degree of freedom
HP High-pressure
HPF High-pass filter
IGV Inlet guide vain
LE Leading edge
LP Low-pressure
LPC Low-pressure compressors
LPF Low-pass filter
NS Near stall conditions
PLA Phase Locked Average
PS Pressure side
PSD Power Spectrum Density
RMS Root mean square
RPM Revolutions per minute
SOTF Second order transfer function
SS Suction side
TE Trailing edge
TLF Tip leakage flows
TLV Tip leakage vortex
VKI Von Karman Institute
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1

Introduction

1.1 General context

In the aviation field, the issue of reducing fuel consumption is gaining prominence. This
challenge is linked to enhancing the overall efficiency of the engine, while also adhering
to stringent CO2 emission regulations. Building upon this foundation, recent advance-
ments led to new airframe-engine architectures,which will represent the next-generation

aircraft:
¢ BLI (Boundary Layer Ingestion) engines;
* Short Nacelle Geared High by-pass Turbofan;

In a BLI aircraft the engine is integrated into the fuselage, so that the intake captures
low-momentum flow from the airframe boundary-layer. Consequently, the inlet veloc-
ity and total pressure profiles become non-uniform and highly distorted. The fluid is
re-energized within the engine, reducing the wasted kinetic energy in the aircraft’s wake
and increasing the propulsive efficiency compared with a podded engine[10]. The use of
BLI engines for aircraft propulsion could enable fuel burn reductions of up to 15% com-

pared with conventional engines.[11]

The Short Nacelle engines provide a high thrust, employing a larger fan diameter (in-
creasing the elaborated mass flow). The short nacelle maximizes thrust-to-weight ratio
employing lighter material and a smaller core component [12].

Both types of technologies show promise in terms of fuel and propulsive efficiency im-
provement. However, they must operate continuously under distorted conditions through-

out their service life.
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1.2 Motivation of the thesis

In BLI engine architecture, inlet distortions persist over a significant portion of the en-
gine’s operational lifespan, leading to adverse effects on engine performance and stabil-
ity.

Despite extensive studies can be found on the front fans, the literature still lacks compre-
hensive information regarding the effects of distortions on compressors representative of
actual engines. To quantitatively predict performance degradation and flow dynamics
within a distorted compressor, it is crucial to first characterize the machine under clean
inlet flow conditions. This will serve as a baseline reference for quantifying and assessing

the influence of distortion.

1.3 Objectives of the thesis

This work aims to experimentally characterize a state-of-the-art booster within its stable
operating range, with the goal of gaining a comprehensive understanding of the aero-
dynamic phenomena responsible for performance and stability reductions under a clean
inlet flow.

The study will particularly focus on the design and near-stall conditions at various oper-

ating speeds. The key outcomes include:
¢ Compressor maps with stator traversing

* Span-wise distributions(Mach, total temperature, total pressure, incidence angle)

and performance maps at the stator exit

¢ Span-wise distributions of Mach, total temperature, total pressure, incidence angle

at rotor exit

¢ Time-resolved analysis with casing sensors and fast response probes at the rotor

outlet.

The rotor and stator outlet, together with the rotor casing, are investigated in detail as

they are the main regions where the most critical flow structures are visible.

17



1.4 Methodology and Thesis organization

This thesis is organized within five chapters.

¢ The first chapter provides an overview of the study’s background, objectives, scope,

and includes a literature review.

* Chapter Two offers a detailed description of the facility, focusing on the test section,
and includes information about the stage’s geometric characteristics, probe types,
and specific measurements. It also discusses the measurement uncertainty of the

probes and their spatial and temporal resolution.

¢ Chapter Three focuses on the performance of the stage and the steady-state acqui-

sition:
1 Performance maps at 100Nn, 96Nn, 90Nn by means of rakes;

2 Span-wise distributions and 2D maps at the stage outlet by means of rake and
3-hole-virtual pneumatic probes;

The impact of stator traversing is also investigated to understand its effect on per-

formance and stage’s outlet flow field.

¢ The fourth chapter describes time-resolved measurements taken at multiple lo-
cations, including the rotor casing and a fast response pressure probe traversing
downstream of the rotor. These measurements hold a crucial role in the identifica-

tion and characterization of the flow structures introduced in Section 1.5.

¢ Chapter Five presents the project’s conclusions and outlines potential future steps.

1.5 State of art: Aerodynamics phenomena of interest

In highly-loaded compressors, such as the one presented in this thesis, hub corner sep-
arations, end-wall and tip-clearance flows are considered among the most detrimental
phenomena impacting performance and aerodynamic stability. To enhance the under-
standing of the observed flow features in the investigated compressor, a concise overview
of these phenomena is included.

1.5.1 Tip leakage flows

Tip leakage flow in a compressor results from the gap between the rotor tip and the
casing, driven by the pressure differential between the pressure and suction sides. The
presence of the clearance gap is necessary to accommodate potential blade elongation at

maximum peripheral velocity.

18



N‘ Leakage Vortex Sheet
(a)
] %
N
/ %Blads
(b)

Figure 1.1: Correspondence between three-dimensional steady tip clearance flow and
unsteady two-dimensional flow [1]

Examining crossflow planes A, B, C, and D at chordwise positions a, b, ¢, and d, as

presented in fig. 1.1 upper section. Position ‘a’” corresponds to the leading edge, and po-
sition 'd” corresponds to the trailing edge. At station ‘a’, the tip clearance flow initiates,
generating a flow pattern. Advancing through the blade passage, the vortex sheet shed
into the clearance rolls up, yielding subsequent cross sections in planes B, C, and D as
referenced in [1].
In the study conducted by J.A. Storer and N. Cumpsty [2], various tip clearances were ex-
amined. The study revealed vortex formation near the blade tip with a 4% gap between
the blade and casing, whereas this vortex is absent with a 0% gap, as shown in fig.1.2 and
1.3. J.A. Storer and N. Cumpsty also observed that the location of the pressure trough
shifted downstream as the tip clearance increased.
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Figure 1.2: Blade pressure distribution Figure 1.3: Blade pressure distribution
with 0% tip clearance [2] with 4% of chord tip clearance [2]

Saathoff and Stark [13] propose a detailed study on tip clearance flow variation accord-
ing to the flow rate. The position of the separation line produced by the vortex is located
next to the trailing edge line at higher flow rates and moves upstream as the flow rate
decreases. At flow rates close to stall the separation line is close to the leading edge. The
results are presented in fig.1.41.51.6 1.7.

Figure 1.4: Machine casing wall oil flow  Figure 1.5: Machine casing wall oil flow
picture 1=0.46 [2] picture 1=0.52 [2]
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Figure 1.7: Machine casing wall oil flow
picture 1=0.68 [2]

Figure 1.6: Machine casing wall oil flow
picture 1=0.6 [2]

1.5.2 Hub corner separation

The hub corner separation is a three-dimensional flow phenomenon that occurs at the
end-wall corner.

The basic cause of this separation is the stagnation of low momentum fluid by such ad-
verse gradients. If flow reversal occurs on both the blade suction surface and the endwall,
the terminology used is hub corner stall. The primary effects that must be described to cap-
ture this phenomenon are the pressure rise and the state of the flow that is subjected to
this pressure rise. In this sense the principal three-dimensional effect is the secondary
flow, due to the cross passage pressure gradient, which brings low stagnation pressure,
low momentum fluid, into the hub corner region.[3]

The endwall boundary layer has a lower velocity but experiences roughly the same cross-
stream pressure gradient as the free stream. The streamline radius of curvature near the
endwall is therefore smaller than in the free stream, leading to cross-passage motion, and
the accumulation of low stagnation pressure fluid near the suction surface hub corner. At
increased blade loading conditions this low stagnation pressure fluid is not able to nego-
tiate the pressure rise in the blade passage and hubcorner stall occurs, increasing passage
blockage.

This aerodynamic feature is described in fig. 1.8, which includes the limiting streamlines
near the solid surfaces and the separation lines marking the region of stalled flow.

21
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Figure 1.8: Basic processes governing the formation of hub-corner-separation [3]

In summary, the primary factors influencing the development of hub corner separa-

tion include:
¢ The adverse pressure gradient within the blade passage.
¢ The cross-flow from the pressure to the suction side

¢ The state and skew of the incoming end wall boundary layer flow, impacting both

the strength of the cross-flow and the resistance to reversal.

Schultz et al. [14] and Gbadebo [4] examined the impact of the inlet incidence by
means of the skin frictions lines on the rotor suction side and hub wall. The results are
shown in fig.1.9 at different angles of incidence: -7.0, 0.0, 2.0, and 3.0 degrees.

As expected, an increase in incidence leads to a noticeable expansion of the separated
region both in the chordwise direction and in the spanwise direction.

In conclusion, the literature review indicates that an increase in incidence can serve as
a primary driver for the formation of critical flow structures near the hub and tip walls.
Given the high blade loading in our machine, these regions will be the primary focus of
the flow field analysis.
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2

Experimental set-up

2.1 Facility and test section

The VKI R4 facility, originally designed in the 1960s and upgraded in 2004, is a high-
speed closed-loop test rig specifically intended for measurement campaigns on axial and
radial compressors.

One of its unique features is the closed-loop configuration (fig.2.1), combined with a
heat exchanger at the test-section inlet. This setup allows for independent control and
variation of both Reynolds and Mach numbers, enabling the replication of realistic air-
craft conditions encountered during cruise and take-off phases. The total inlet pressure
is controlled using a vacuum pump/pressure source managed by an internal control

system[15].

Collector

Gear box

Throttle Heat Test

valve exchanger section

Figure 2.1: High Speed Compressor Facility R4
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The compressor is powered by a 695 kW DC motor,(fig.2.2) capable of reaching a max-
imum rotational speed of 1000 RPM. Through a gearbox, the maximum rotational speed
of the compressor can be extended to 9000 RPM. For precise monitoring and control,
an optical once-per-revolution sensor is mounted on the rotor shaft. This sensor emits
signals continuously monitored by a LabVIEW® routine. Additionally, a secondary oil
circuit, powered by a volumetric circulator pump, provides lubrication to the bearings.

Figure 2.2: Detail of the DC motor and the gearbox

The discharged flow from the test section is collected into a collector and directed to the
settling chamber/plenum through a return circuit. Mass flow at the chamber inlet is
regulated by a throttle valve visible in fig.2.3. This valve includes a fixed support, a mov-
able conical component, and a fast-opening plate. Adjusting the relative position of the
conical component and the support, allows for precise control over the throttle valve’s
cross-sectional area and inlet mass flow. In case of surge or stall, the fast-opening plate is
instantly activated to prevent potential damage.

Subsequently, the air flows into a water heat exchanger for temperature regulation. The
heat exchanger features a honeycomb structure exchange surface to maximize heat trans-
fer and reduce radial and circumferential velocity components. An additional feature
permits the conversion of the closed-loop system into an open-loop configuration through
a circular opening on the plenum’s lateral surface.

To ensure a uniform axial flow, a convergent bell-mouth connects the plenum to the test
section inlet.

25



Figure 2.3: Throttle valve

2.1.1 R4 facility: new configuration

During the measurement campaign, enhancements were made to the R4 facility, includ-
ing the installation of two bypass lines that connect the collector and the plenum, as
reported in fig. 2.4.

Figure 2.4: Detail of the bypass pipes

One of the pipes, designated as the ”Anti-surge line,” serves a safety function. When the
compressor operates near its stall point, a signal triggers the actuator valve to promptly
open this line, thereby shifting the operating point away from the surge line, as depicted
in fig 2.5. Notably, this safety feature was not utilized during the tests conducted in this
thesis.

26
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Figure 2.5: Anti-surge pipe function

The second bypass line provides a similar anti-surge function, differing primarily in
valve control. The anti-surge line valve is binary, either fully open or closed. In contrast,
the second bypass line employs a motor-controlled valve actuator, enabling precise mass
flow adjustments. When combined with the throttle valve, this arrangement provides
increased control over corrected mass flow, enhancing the system’s degree of freedom..
These adjustments were essential to counteract the potential compressor stall caused by
increased losses in the loop due to the presence of a second test-article positioned over
the return channel.

2.1.2 DREAM booster

The DREAM booster represents the first stage of a highly-loaded low-pressure compres-
sor, characterized by high loading and diffusion, giving rise to possible critical conditions
close to the hub wall.

The booster has been scaled to fit the dimensions of the test section within the testing
facility. Fixed staggered Inlet Guide Vanes (IGV) simulate the spanwise flow distribution
created by the fan. The rotor blades experience an incoming relative Mach number of
approximately 0.8 at the tip when the nominal rotational speed is set at 8748 rpm, equiv-
alent to 100% of the nominal speed.

Here’s a concise summary of the stage characteristics:

27



N IGV Blades 100
N rotor blades 76
N stator blades 100
Rotor tip gap 0.8% span
Rotor Aspect ratio 1.59
Stator Aspect ratio 1.58
Rotor solidity 1.45
Stator solidity 1.86
Nominal rotational speed (100% Nn) | 8748 rpm

Table 2.1: Quantities characterizing the stage.

To account for temperature fluctuations during testing, the absolute rotational speed
is continuously adjusted while keeping the corrected rotational speed constant. This ad-

justment is based on the standard condition as follows:

Nreal

To
TO,ref

2.1)

Ncorrected =

The reference parameters used for calculating the corrected mass flow and rotational
speed are:
Torer = 288.15K Py ey = 101325Pa (2.2)

Performance maps were obtained under atmospheric pressure, temperature, and Reynolds
conditions. However, during acquisition, inlet values dropped to subatmospheric levels
due to loop leakage and were not subsequently adjusted to atmospheric values, despite
remaining within the atmospheric range. The parameters at the inlet are used to non-

dimensionalize the maps.

2.1.3 Test section and instrument set-up

The test section, illustrated in the cross-sectional view provided in fig. 2.6, is divided into

measurement planes at five distinct axial positions:
* Far upstream the IGV (plane 0)
¢ At the IGV inlet (plane 1)
¢ At the rotor inlet (plane 2)
¢ at the rotor outlet (plane 3)

¢ at the stator outlet (plane 4)
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Axial Stations

Qutlet rakes

Figure 2.6: Cross-sectional view of the test section with the measurement planes

Probe traverses are available at four circumferential positions (0°, 90°, 180°, 270°) at

each measuring plane, in which 0° is located at the top. A representation of the traversing
system for the probes is reported in fig.2.7.
Within the experimental setup, a motor enables the stator and IGV (Inlet Guide Vane)
blades to rotate relative to each other, allowing adjustments of up to 2 pitches to con-
duct compressor tests under different stator positions. It’s important to note that, in the
present test-section, the clocking between IGV and stator is fixed, and their relative posi-
tion remains constant during operation. Both are therefore able to move in the tangential
direction by the same amount.

Figure 2.7: Picture of the mechanism used to move the probes in the radial direction [5]
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2.2 Probe description and uncertainty calculation method

This section outlines the uncertainty related to the instrumentation used within the com-
pressor and their respective placements. The instruments can be categorized into two

groups:

¢ Steady-state acquisition instrumentation (Rakes, Pressure taps, Pneumatic probe,

Thermocouple)

* Unsteady acquisition instruments (Fast-response pressure probe, Casing sensors)

2.2.1 General uncertainty methodology

The uncertainty methodology follows ASME guidelines, categorizing error sources into

random and systematic errors (bias).

* Random errors arise from the dispersion of data samples around the mean value,
acquired using the same measurement chain and conditions. Random errors, albeit
unavoidable, can be mitigated with a large sample size.

Evaluating random errors, it’s essential to confirm that the dataset conforms to a
Gaussian distribution. They are estimated as the standard deviation from the mean

value.

N (. — 7)2
e, = 2t (@ — 1) (2.3)
N-(N-1)
Here, N represents the number of data points, z; is the i-th measurement value, and

z signifies the overall average of the collected data.

¢ Systematic errors are determined considering accuracy or using the uncertainty
provided in the manufacturer’s instrument datasheet or prior calibration data. De-
noted as b; the systematic error of the i-th source, the total uncertainty is determined

as follows:

The combined uncertainty, originating from both systematic and random errors, is deter-

Etot = 1/ 63 + 6% (25)

In cases where a derived result, y, depends on other variables through a mathematical

mined as:

function y=f(x1, x2,... .xn), the uncertainty of the individual variable is propagated to the

result using the following formula:

8 )
dy = \/(<5xy1 S0x1)? + e (% - 0xp )2 (2.6)
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2.2.2 Rakes

Four Rakes are strategically positioned in planes 0 and 4, inlet and outlet of the stage, (0°,
90°, 180°, 270°), each of them is equipped with six Kiel heads featuring an outlet diameter
of 2.2 mm, fig.2.8 shows a rake in detail. Each Kiel head incorporates a Pitot tube and a
T-type thermocouple junction, enabling the measurement of both total pressure and total

temperature.

Outlet rake

Figure 2.8: Picture of one of the outlet rakes

2.2.2.1 Rakes: Total Pressure

The physical principle of the rakes is similar to the Pitot probe.

When the airflow is aligned with the rake’s head, a stagnation point is formed precisely
at the location of the pressure tap. Consequently, the local pressure matches the total
pressure, as the total kinetic energy is converted into pressure energy, in accordance with
Bernoulli’s equation.

These measurements, recorded at a 2 Hz sampling frequency, are connected to a pressure
and temperature scanner. Based on these measurements in plane 0 and plane 4, param-
eters such as mass flow, efficiency, Mach number, and pressure ratio are continuously
calculated and displayed on a screen every 0.5 seconds. This real-time data presentation
enables the operator to monitor the compressor’s behavior.

The operational principle of the rakes resembles that of a Pitot probe, but Pitot tubes are
typically sensitive to the angle between the flow direction and the tap cavity, leading to
measurements between total and static pressures when not perfectly aligned. In contrast,
the rakes use a Kiel head design with a shroud shielding the pressure tap. This design
efficiently redirects the flow with minimal losses toward the intake section of the probe,
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allowing accurate measurement of total pressure within a specific range of flow angles
(20°) while remaining insensitive to deviations.

2.2.2.2 Rakes: Total Temperature measurements

To measure the total temperature across the spans of planes 0 and 4, T-type thermocouple
transducers are securely positioned within all rake heads. Thermocouples operate based
on the Seebeck effect, which manifests when two dissimilar metals are integrated into an
open-loop circuit.

A detailed representation of a thermocouple device is depicted in fig. 2.9.
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Y e i
\ =
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Metal 2 temperature
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Figure 2.9: Illustration of a thermocouple device

This device consists of two different metal wires fused at one of their extremities, called
the sensing junction (1).This junction is positioned at the desired location for measure-
ments. The other ends of these wires are joined to a third metal, situated in a reference
temperature zone where the temperature is precisely known and constantly maintained.
This ensures that the two wire extremities (2) and (3) are identical in terms of composition
and temperature. Voltage measurements are acquired at (2) and (3), and since these two
endpoints are indistinguishable in composition and temperature, they have no impact on
the overall voltage difference.

If the voltmeter were directly connected to the wire ends without a reference temperature
area, the measured voltage would be affected by the voltmeter’s temperature, which can
change over time. In the current measurement circuit, the voltage difference depends
solely on the temperature difference between the reference temperature and the sensing
junction (1). This voltage difference is determined by the following equation:

T
Vi — Vi = / Su(T) — Sp(T)dT @.7)
Tref
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Where S4 and Sp represent the Seebeck coefficients of metals A and B (dependent on
temperature), T; denotes the temperature of the sensing junction (1), and T, signifies
the reference temperature.

Various types of thermocouples can be constructed using different combinations of met-
als, each offering unique properties such as sensitivity, cost, resistance to oxidation, me-
chanical durability, etc. The thermocouples employed in the rake heads are of T-type and
are constructed from copper and constantan (a copper-nickel alloy). Their temperature
range spans from -200 °C to 350 °C. These thermocouples have a sensitivity of approxi-
mately 43 1V per degree Celsius. Due to this low voltage level, an amplification system

is integrated into the measurement chain to enhance sensitivity per degree Celsius.

It is essential to consider also the deceleration process in relation to the total temperature
evaluation. This deceleration process is non-adiabatic, meaning that the fluid is never
brought to a complete rest. Consequently, not all of the kinetic energy present in the fluid
is entirely converted into static temperature. A significant portion of this kinetic energy
dissipates due to viscosity-related effects, influenced by factors such as the geometric
characteristics of the rake heads and the flow behavior. This causes the temperature at
the sensing junction 7} to deviate from the flow’s total temperature 7j. This deviation
can be quantified using the temperature recovery factor determined under different flow

conditions, as shown in the equation:

T, —T

r(Ma,) = 7 —

(2.8)

Where Tj represents the total temperature of the flow, T is the static temperature, and 7}
is the temperature of the thermocouple’s junction, different from 7; due to the velocity
error.

The recovery factor of the rakes is illustrated in fig.2.10. A well-designed probe exhibits
a recovery factor close to 1.

A protective shield is also applied to the rake head, housing both the total pressure tap
and the thermocouple. This shielding arrangement serves a dual purpose: firstly, it en-
hances the recovery factor, optimizing measurement accuracy, and secondly, it reduces
the rake’s sensitivity to variations in the flow’s relative yaw angle concerning the rake
heads.

Once the temperature recovery factor of the rakes is determined for different flow con-
ditions, it is possible to relate the temperature of the thermocouple’s junction to the total
temperature of the flow using equation 2.8.

As previously mentioned, temperature measurements in the VKI R-4 facility setup are
acquired using a Scanivalve Temperature Digital Scanner (22 bits) [16]. This scanner in-
cludes a Uniform Temperature Reference (UTR) , which is a passive element consisting
of an isothermal block housing the cold junction [17].
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Outlet rakes: recovery factor trend
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Figure 2.10: Recovery factor of the outlet rakes

2.2.2.3 Rakes: Uncertainty on the total pressure measurements

The inlet rakes are connected to a 2.5 psi relative pressure scanner, while the outlet rakes

are connected to a 15 psi pressure scanner. The measurement is obtained using;:
P = Pyransducer + Patm (29)

The uncertainty is therefore computed with the contributions of the two sources:

oP = \/(6Ptransduce7“)2 + (5Patm)2 (210)

The manufacturer reports the uncertainty value as 0.5% on the full range of the trans-

ducer: 05
6 Puransducer inter = 5[psi) - 155 = 0.025[PSI] = 1.7mbar (2.11)

. 0.5
O Piransducer outlet = 15[}?82] ’ ﬁ = 0075[PSI] = 5.2mbar (212)

The ambient pressure is measured by means of a Druck DPI 150 precision pressure
indicator with an uncertainty of:

0Pt = 0.75mbar (2.13)

Using now equation 2.10 The resulting uncertainty on total pressure measurements are:

5Pinlet = \/(5Ptransducer inlet)2 + (5Patm)2 = 1.85mbar (214)
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5Poutlet = \/(6Ptrcmsducer outlet)2 + (5Patm)2 = 5.25mbar (215)

2.2.2.4 Rakes: Uncertainty on the total temperature measurements

When the rake conducts total temperature measurements during compressor operation,

the recorded value is adjusted using the recovery factor r(eq.2.8):

Tmeas
Ty=———— 2.16
" Ma ) 10
From Equation 2.16, the measurement uncertainty relies on both the uncertainty associ-
ated with the measured temperature and the recovery factor. Consequently, remember-
ing Equation 2.6, the total temperature uncertainty is derived as:

T, T
5Ty = \/( 0Ty 5T meas)? + ((LO - or)2 (2.17)

0T meas or

2.2.3 Static Pressure taps

Each axial measurement plane is equipped with static pressure taps at both the hub and
casing. In plane 0O, there are eight taps, while in planes 1, 2, 3, and 4, there are five. These
static pressure taps are distributed circumferentially to cover a single stator pitch. Given
the stator’s configuration with 100 blades, there is a 3.6° angle between each blade. After
determining the angle for each pressure tap, it can be normalized with respect to the pitch
angle. Floor means to take only the decimal part. The results are shown in table 2.2.

a = angleof the Pressuretap [ = Rotor pitch angle = 3.6 (2.18)
« !
norm — 5 loor(— 2.19
B 3 floor( ﬁ) (2.19)
Static pressure tap | Bnorm[Deg]
1 0.33333
2 0.66666
3 0.83333
4 0
5 0.16666

Table 2.2: Normal pitch distribution of the static pressure tap
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Static Pressure taps: Uncertainty

As this instrument is similarly connected, like the outlet rakes, to a pressure scanner
operating with a maximum capacity of 15 psi,please refer to the previous section for the

measurement of the uncertainty.

2.2.4 Traversing instrument: Pneumatic probe

Figure 2.11: Pneumatic probe

The pneumatic probe is a cylindrical device with a single port located near its tip, en-
abling measurements within the flow boundary layer. As previously discussed in section
2.1.3, radial measurements are achieved through electrical mechanisms.

Additionally, the probe can be rotated around its axis, enabling its use in a virtual 3-
hole configuration to replicate the behavior of a three-hole pressure probe, as depicted in

fig.2.12.

Figure 2.12: Rotation of the pneumatic probe during the measurements
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In this configuration, pressure measurements are taken while the probe is rotated by
a user-defined angle («). This enables the measurement of pressures in the central hole
(Preentrar) and the hypothetical lateral stem ports of a bidirectional probe (P ¢ and Prjgpt).
The 3 hole-virtual probe provides information about flow direction and Mach number by

combining total and static pressure measurements with aerodynamic calibration.

To ensure that the probe remains within the specified angular calibration range during
rotation, it is initially positioned axially in plane 4 and set at 33°. This angular setting
corresponds to the averaged outlet flow angle at the rotor mid-span, specifically at the
rotor outlet.

The probe needs to be calibrated through the following steps:

e Static Calibration: The primary objective of this step is to establish a linear correla-

tion between the probe’s output voltage and pressure.

¢ Aerodynamic Calibration: is vital for establishing a correlation between the probe
outputs, flow direction, and Mach number. It is explained in detail in Appendix A.

Pneumatic probe: Uncertainty

Once the pneumatic probe is traversed into the DREAM test section at a specific radial
position, an external motor starts the probe’s rotation, while the scanner records mea-
surements for Peeniral, Pleft, and Prigps. Given that the instrument remains unchanged, it

follows that all these measurements share the same level of systematic uncertainty:

5Pc = 5Pl = 5Pr = 6Pmeas = €s,scanner (220)
2
5Pavg = \2[ : 6Pmeas (221)

The yaw angle, denoted as «, is a function of both Mach number and Kyaw. Therefore,

recalling equation 2.6, the uncertainty calculation for « is as follows:

ge! da
oo = \/(5[{ . Kyau})2 + (5Ma . M(I)2 (222)
yaw

The value of K4, depends on the pressure measurements and K4, itself:

5Pmeas

0K yqw = (2.23)
! Pc*Pavg'\/2+%K§aw
In the same way d Kyt and 6 K4;,, can be computed:
o 5Kt0t 2 5Kt0t 2
0Kior = \/( 5o 50&) + ( SMa (SMG) + 5Ktot,meas (224)
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0Ky 0Ky
0K gy = YR 5a)? I 5Ma)? + 6K, 2.2
dyn \/( Sa Oz) + ( sMa a) + dyn,meas ( 5)
Where Kyt and Ky, arrive from:
Py — Peentra
Kot (Yaw, Ma) = —— = central (2.26)

Pcentral - Pavg

Ps - Pavg
K Yaw,Ma) = — 2.27
dyn( ) I% __fzvg ( )
Using the K;,; and K, definitions, the total pressure can be retrieved:
2 3- Kt20t )
OPor = (| [(P. — Pavg) OKiot)? + [—= + 2Kt + 1] - 0P2 1 (2.28)

The new Mach number is then computed using the updated pressure values and their
respective uncertainties, applying the uncertainty propagation expressed in Eq. 2.29. It’s
worth noting that the limitation of this procedure lies in the potential accumulation of
uncertainty resulting from the iterative process, which continues until the residual Mach
number reaches the predefined threshold

1—2v ~y—1

I () T (PO + (P ) (P ) 229

SMa = 6P,eqs- L_l[(i

Pavg

This comprehensive methodology is crucial for ensuring precise measurements in the
complex aerodynamic environment of the compressor, particularly when dealing with a

3-hole virtual probe.
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2.2.,5 Traversing instrument: Thermocouple

he Ao e

Figure 2.13: Picture of a Thermocouple

The thermocouple design, in fig.2.13, shares similarities with the rake configuration
by incorporating a Kiel head to minimize the influence of flow angles on total tempera-
ture measurements.

Furthermore, the thermocouple utilized corresponds to the T-type employed in the rake
probes, allowing for the replication of the same setup used in the previously described
aerodynamic calibration. Notably, the outer head diameter of the thermocouple is smaller
than that of the rakes. This reduction in size results in less perturbation of the flow field
during instrument insertion.

As mentioned for the pneumatic probe the radial measurements are realized by means of
electrical mechanism.

In contrast to pneumatic probes, thermocouples do not require rotation about their own
axes, as our primary concern pertains solely to temperature evaluation rather than the
assessment of flow angles.

The measurement methodology employed for this probe mirrors the procedure used for
the rakes described in Section 2.2.2.2.

2.2.6 Fast response pressure probe

The flow field’s detailed characterization involves time-resolved measurements, recquir-
ing the use of a fast-response pressure probe. This probe can operate at pressures up to
25 PSI and was configured with a sampling frequency of 500 kHz.
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Figure 2.14: Active compensation configurations: Wheatstone bridge (left) and sense re-
sistor in series with the bridge (right) [6]

Fast-response pressure probes typically feature silicon-piezoresistive sensors, consisting
of a silicon diaphragm with four strain gauges arranged in a Wheatstone bridge configu-
ration. Diaphragm deflection causes changes in strain gauge resistance and generates an
output voltage proportional to the applied pressure. Notably, this sensor type is sensitive
to temperature variations due to the temperature-dependent resistance of its elements. To
mitigate this sensitivity, compensation methods can be employed:

Passive compensation involves providing a pre-corrected voltage to counteract tempera-
ture effects, typically through the use of external resistors to reduce the bridge’s sensitiv-
ity to temperature. Manufacturers often supply passive compensation modules.

Active compensation, conversely, entails characterizing the sensor’s temperature sensi-
tivity and numerically correcting it during post-processing. This can be achieved by in-
corporating the Wheatstone bridge within an external Wheatstone bridge. A simpler
approach is to use a resistor in parallel with the sensor bridge, where the voltage across
the resistor remains proportional to the sensor’s temperature. Both active compensation
methods are reported in fig 2.14. In our case the double Wheatstone bridge method is
utilized for active compensation.
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Figure 2.15: Fast response pressure probe  Figure 2.16: Cavity system for fast-
[7] response pressure probe

As shown in fig. 2.15 and 2.16, the transducer’s sensing membrane is not flush-

mounted but recessed within the transducer packaging, resulting in an additional cavity
volume that significantly influences the probe’s dynamic response performance.
Despite being a single-hole probe, it was used in virtual mode to mimic a multi-hole
pressure probe’s behavior. For these purposes, calibration included static calibration,
aerodynamic calibration, and dynamic calibration. Dynamic calibration was conducted
to comprehend the probe’s dynamic behavior and define the instrument’s frequency re-
sponse function, with specific consideration of the cavity’s presence.

2.2.6.1 Probe frequency response

The spectrum obtained at the VKI-R4 facility using the mentioned probe is presented in
fig. 2.17. The power spectral density (PSD) is computed from data acquired at a 500 kHz
sampling rate during a 1-second duration. The sensor’s natural frequency is estimated
to be approximately 300 kHz. As our focus lies on phenomena characterized by lower
frequencies and not above 5 Blade Passing Frequencies (BPF), the decision was made to
limit the bandwidth to 60 kHz using a low-pass filter.
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Figure 2.17: Typical spectrum retrieved with the FP3 probe in the VKI-R4 facility.

2.2.7 Casing Kulite pressure sensors

As mentioned in the introduction, even in the stable operating points of the booster, many
unsteady phenomena arise, and the region where vortex formations are expected to oc-
cur is the tip. In order to measure the unsteady static pressure on the rotor casing, it is
imperative to employ a sensor with a sufficiently high bandwidth. Having a nominal
rotational speed of 8748 RPM with 76 rotor blades, results in a Blade Passing Frequency
(BPF) of 11080.8 Hz. Therefore, the use of a sensor with a significantly high bandwidth,
along with its harmonics, is crucial for the effective detection and analysis of phenomena
associated with these frequencies.

The set-up instrumentation includes 15 Kulite sensors mounted in the rotor casing (for
the present experimental campaign only 8 of them were correctly working). The Kulite
(model XCS-062) is a 15 PSI (1034 mbar) piezo-electric differential transducer (fig. 2.18).
The piezoresistive transducer mechanism consists of a diaphragm that divides the pres-
sure measurement from a reference pressure side. On the diaphragm are positioned four
strain gauges along the perimeter of the membrane, arranging a Wheatstone bridge. The
only upper limit for detecting a phenomenon corresponds to the sensor resonance fre-
quency, which is 200 kHz (over 18 times more than the DREAM BPF).

42



>N

-

- — — i —

J;SENSOR

Figure 2.18: Fast-response casing sensors configuration[8]

2.3 Probe Placement and acquisitions

Rakes

Four rakes are strategically positioned at planes 0 and 4, corresponding to the inlet and
outlet of the stage. Each rake is equipped with six Kiel heads, and their distribution is
non-linear, designed to concentrate all the heads within the same area, as illustrated in
fig 2.19. At the inlet, the rakes are precisely situated at 90°, while at the outlet, they are
positioned at 90° with a slight adjustment to ensure a representative average across the
entire stator pitch.
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Figure 2.19: Rakes’s head radial distribution
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Pneumatic probe

The pneumatic probe was positioned downstream of the stator, specifically on Plane 4. As
previously indicated, the probe’s traversing was conducted in virtual mode. The figure

illustrates the radial positions at which the measurements were acquired.

Traversing position of pneumatic probe
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Figure 2.20: Traversing of the pneumatic probe

The figure displays data from 21 spanwise positions, differing by 5% span, starting from
100% span. In each spanwise position, the probe was rotated to simulate the left, central,

and right holes.

Fast response pressure probe

The fast response pressure probe was situated in Plane 3. The acquisition procedure em-
ployed for this probe mirrors the one used for the pneumatic probe.

The probe operated at a sampling rate of 500 kHz with a one-second pre-trigger configu-
ration. This allowed the probe to continuously acquire data, and upon receiving a trigger
signal from the computer, it recorded all acquired data points in a MATLAB file from one
second before the trigger. As the acquisition was set to one second a total of 500,000 data

points were obtained for Pleft, Pcentral, and Prigh.
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Casing fast-response pressure sensors

The casing sensors are positioned axially along the rotor, with their axial distribution
displayed in Figure 2.23 and their circumferential distribution shown in fig. 2.21. The
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Figure 2.23: Kulites axial position

Kulite sensors were configured with identical fast response settings for both pre and post-
trigger intervals, operating at a 500 kHz sampling frequency. It’s essential to note that,
as previously mentioned, not all Kulite sensors were functional. Specifically, as shown in
fig. 2.23, only sensors k1, k3, k5, k6, k7, k8, k9, k14, and k15 were operational.

These sensors span a 42° arc, with K3 and K4 at the extremes, located at 80° and 38°,
respectively, and are evenly spaced by one rotor pitch. The sensors are axially positioned
between plane 2 and plane 3, as indicated in fig. 2.23. K14 is situated in plane 2, while
K15 is in plane 3.
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3

Performance and steady-state acquisi-
tion

In turbomachinery, a standardized form is adopted for the purpose of comparing differ-
ent compressors and ensuring that performance evaluations are independent of test con-
ditions. Through dimensional analysis, the performance depends on four non-dimensional
parameters[18] [19]:

¢ Reynolds Number

¢ Mach number

* Heat capacity ratio

* Ratio between the peripheral velocity and the speed of sound

It can be demonstrated that if two geometrically similar compressors share these four pa-
rameters, they will yield identical pressure ratios and efficiency. This principle elucidates
why tests are conducted on a scaled model of the actual compressor. The results can then
be extrapolated to determine the performance of the real compressor, even if there are
differences in dimensions or ambient conditions, as long as the principle of similarity is
maintained.

The heat capacity ratio depends only on the nature of the fluid. Thus, if two machines
operate in the same way, it could be assumed as a constant.

Reynolds number instead is more significant, but for similar dimensions, operating points
and boundary conditions, it leads to slight differences in the compressor characteriza-
tion. However, the compressor can be tested at different Reynolds conditions to correct
the eventual Reynold effects.

Other variables are the Mach number and the ratio between the peripheral velocity and
the speed of sound. For determining the ratio between the peripheral velocity at the tip
of the blades and the speed of sound, it is often difficult to measure the temperature at
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the tip of the blades, which is necessary to determine the speed of sound at this location.
This explains why the inlet total temperature, T, is often used instead.

The loading coefficient ¥ and the flow coefficient ¢ can be expressed in the function of
Mach number and the ratio between the peripheral velocity and the speed of sound[19]:

oo AR AT o1 (hyeTd  ND )
Ut2ip CPT(()) Ut2zp DZP(? 7 @/’yRT(()) '

o Cax _ RIS (10 oIy ND 62
Utip POOAOUtip DQP(? 7 \/'yRTg ‘

The second parameter is closely related to the ratio between peripheral velocity and
the speed of sound. However, it differs in that it incorporates the dynamic component of
the total inlet temperature instead of relying on the static temperature for calculating the
speed of sound. This choice is primarily driven by the ease of calculating total temper-
ature, particularly in the blade’s tip region. Assuming a constant passage section at the
inlet and a constant value of v and R:

ND N
X = Neorr (3.3)

VRIS \JTY

Where N is the mechanical rotational speed.

The first variable on the other hand is intrinsically Mach number-dependent. Indeed,

when breaking down the mass flow into:

T

= pAU = L 4. MZ 0" = L an | = p0a® (3.4)
Po ap Po T

Assuming a constant inlet passage section and treating the flow as adiabatic (without

heat exchanges) and isentropic (without shock waves), the isentropic relations between

temperature (T and 7°) and density (p and p”) can be applied:

Th\/CpTOO ¥ v — 1 y+1 my TO
V' M1+ M- =WR 3.5
D2PY \/; Ay 39)

This parameter is called corrected mass flow (WR) and as it is visible from eq.3.5 is a
function of the Mach number and the heat capacity ratio ~.

To recap the two equivalent quantities which have just been defined are:

¢ Corrected rotational speed N.orr = L [

79 'VK
e Corrected mass flow WR = qm}{)ﬁ [Kglf}

These parameters are expressed in units that may not have direct physical significance.
To establish units that align more closely with physical reality, standard conditions are
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employed, and corrected rotational speed and mass flow are defined as:

N
0
TO
std

Neorr = [Tpm] (36)

~

75
qm Tsta

WR=—1
Psiq

[Kg/s] (3.7)

2

Another important parameter is the Reynolds number which is computed using:

Pronm CwW
Re — (1475 MaZ pp) (3.8)
Href

Where C is the rotor blade chord and W is the relative velocity at the tip of the blade.

Employing these variables, the experimental characterization of the booster can be con-
ducted. This involves the acquisition of compressor maps and the determination of com-
pression ratio and efficiency as functions of the corrected parameters. This approach

serves to minimize the impact of inlet boundary conditions.

3.1 Performance maps

3.1.1 Operative procedures

Before starting the compressor, a mandatory preliminary check of the sensor output is
conducted to ensure their proper operation. Once the control checks are completed, the
initial step of the test involves accelerating the motor with the throttle valve. During the

acceleration phase, close attention is directed towards critical parameters, which include:
* Monitoring water temperature inside the heat exchanger
* Supervising the compressor shaft’s acceleration

¢ Continuously tracking temperature and pressure profiles at the compressor’s inlet
and outlet

The LabVIEW® user interface displays and records all of these parameters, acquiring and
calculating derived values in real time. The acceleration rate is controlled manually at a
rate of approximately 25-50 rpm/s. Once the nominal corrected speed is achieved, the
acceleration phase concludes.

Holding the same corrected speed and throttling down the compressor, the corrected
mass flow decreases while the compression ratio increases, following the characteristic
curve of the compressor. Once the characteristic curve arrives near the stall, the throttle
valve control is switched from automatic to manual. When the stall occurs, it leads to

drastic performance reduction. The fast-opening security valve is activated to re-stabilize
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the machine from the stall to the stable regime. By keeping the corrected speed constant
and the valve fully open, the compressor operation returns to its choke condition, the
iso-speed cycle ends, so that another speed can be selected.

The next target corrected speeds are reached, gradually decelerating the DC motor and
keeping the valve completely open. A new iso-speed cycle starts when the corrected
speed and the other parameters are stabilized. When the last iso-speed cycle is taken,
once the compressor is stabilized at the latest choke point, its rotational speed is gradually

reduced to zero, and the test is over.

3.1.2 Parameters acquisition routine

It is feasible to ascertain the stage’s performance in terms of the total-to-total pressure
ratio and efficiency as a function of corrected mass flow. This assessment relies on data
gathered from static pressure, total pressure, and total temperature measurements ob-
tained from the pressure taps and the rakes positioned in Plane 0 and Plane 4. The pres-
sure taps are situated according to the configuration detailed in Section 2.2.3, both at the
hub and on the casing aligning with the circumferential position of the rakes. To obtain
static pressure values at the same six radial locations as the rake heads, linear interpo-
lation is employed between the static pressure at the hub and the static pressure at the
tip. Exploiting these measurements, it is then possible to determine all the variables of

interest in Plane 0 and Plane 4 at the six radial measurement positions:

~

v—1

= (1 25 2t =

Py

Where r; is the radial position. As PV is the total pressure obtained from the rakes and
P, the static pressure obtained by interpolating the pressure taps, it is now possible to
evaluate the Mach number in each radial and circumferential position:

Ma(r;) = \/|:~PS (ri)"=1 — 1} fyzl (3.10)

Once the Mach number is known, the static temperature can be determined thanks to the
total temperature measured by the rakes :

0 —1 2\ !
To(ry) =T (ry) (1 + TMa(m) (3.11)

This allows the determination of the air speed and then the absolute velocity of the flow

alry) = \JYRT, (ri) U(ri) = a(r)-Ma (3.12)
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The density of the fluid can be determined using the ideal gas law:

PS (T‘Z)
RTS (Tz)

p(ri) = (3.13)
Considering that the 6 Kiel probes for each rake are strategically positioned to cover
portions of equivalent area, so that A;=A4...... =Ag. This arrangement allows for the cal-
culation of mass flow at each position:

am(ri) = p(ri)V(ri) A (3.14)

Then the total mass flow for the stage is obtained by computing the mean of the results
obtained for each rake.

A recap of the five key parameters for performance maps is presented:
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3.1.3 Results

The average performance map of the Dream compressor stage, obtained from rake mea-
surements, is presented in fig 3.1,3.2 and 3.3. These figures illustrate the relationship be-
tween total-to-total pressure ratio, efficiency, and total temperature ratio with corrected
mass flow. Each case includes standard deviation values to provide insights into the vari-
ability of these performance metrics during operation.

The re f value depicted in the graphs corresponds to the conditions at 100% of the nomi-
nal speed in design conditions. To comprehend the transition from the raw signal to the
averaged maps, please consult Appendix B.

In terms of maximum efficiency, the corrected speeds of 90% and 96% Nn demonstrate a
higher value compared to the 100% Nn corrected speed, contrary to initial expectations.
The map corresponding to 96 Nn does not exhibit the typical pre-stall behavior observed
at 100 and 90 Nn. This is because the compressor at 96 Nn has not been pushed to stall
conditions.

The standard deviation consistently begins with a higher value at the design point and
decreases to a lower value as it approaches near-stall conditions. For instance, at 100 Nn,
the pressure ratio standard deviation is approximately 0.6% at design and decreases to
around 0.2% at near stall.
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Figure 3.1: Stage total to total Pressure ratio performance map with standard deviation
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Figure 3.2: Stage efficiency performance map with standard deviation

51



1.085 . . . : :
_EFT %90 Nn
T %96 Nn
1.08 + %100 Nn | 4
1075} -
fe]
©
o
3 107¢F i
@
@
oo
5
2 1.065 - -
1.06 + -
1.055 '
0.8 0.85 0.9 0.95 1 1.05 1.1

WR/WR, [

Figure 3.3: Stage total to total temperature ratio performance map with standard devia-
tion

As detailed in section 1.4, the acquisition of performance maps involved stator travers-
ing in conditions ranging from the design to near-stall. The stator, controlled electroni-
cally, was capable of rotating up to 2 stator pitch angles. The results of this maneuver
are illustrated in fig.3.4 and 3.5. These figures highlight the importance of stator blade
positioning in the evaluation of performance, specifically in terms of total pressure ratio
and efficiency.

The stator traversing at the design point results in a more pronounced shift in perfor-
mance maps compared to traversing near stall, affecting both total pressure and efficiency
maps. In fig. 3.5, at the design condition, the relative stator blade positioning introduces
approximately a 4% variation in the efficiency compared to their values at a stator angle
of 0°. This error is reduced to just over 2% when traversing at near stall.

Performance maps reported in fig.3.1 were processed without stator traversing to avoid
a substantial rise in the standard deviation within the design and near-stall regions.
Section 2.1.1 discusses the presence of a highly sensitive test section on the opposite side
of the loop, necessitating the prevention of excessive pressure build-up within that area.
To address this, several adjustments were made, involving the control of bypass valves
and the regulation of inlet total pressure. Regrettably, these adjustments led to a reduc-
tion in the precision of performance mapping at 100% Nn.

Subsequently, the tests were repeated with enhanced control of the aforementioned pa-
rameters.
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Figure 3.4: Performance map total to total pressure ratio with stator traversing
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Figure 3.5: Performance map efficiency with stator traversing
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The tests at 100 Nn were repeated, with particular attention given to maintaining
constant inlet pressure and Reynolds number. Fig.3.8 highlights a significant Reynolds
number variation during the first test. A comparison of the two tests reveals the influence

of Reynolds number on the total pressure and efficiency.

| ' ' % A1 %100 Nn

—127 T %I00NR| ] 4 gq [ " F %100 Nn

S %100 Nn

B 126 1t

o —_

S5 125¢ o 099t

)] [

& 3

5 1.24 £ 098y

5 3 orl

S 123 s 097

2 0.96 |

T 122¢

2 0.95 |

121}
09 095 1 1.05 09 095 1 1.05

WR/ WRref WR;’WRref [kg/s]

Figure 3.6: Reynolds impact on averaged performance map 100Nn
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3.2 Span-wise distribution and maps at stator outlet using rakes

To comprehensively analyze the flow field at the stator exit, multiple shots were cap-
tured during experiments conducted at 100% Nn, both at the design and near-stall con-
ditions.The procedure comprised 2 pitch steps with a 0.1 pitch increment, resulting in 21
shots, each corresponding to a different stator position. These shots were post-processed
to extract insights into the stator exit flow field.

Only the figures for total pressure and total temperature will be displayed. This omission
of Mach and flow rate is based on the fact that total pressure and total temperature pro-
vide nearly identical trends since they are computed from each other, as demonstrated in
tig. 3.9. For a detailed flowchart outlining the process of calculating mass flow from the
total pressure measured by the rakes, please refer to Appendix C.
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Figure 3.9: Comparison of mass flow trends, compression ratio, and Mach number

Fig.3.10 in the next page depicts the trends of the total pressure ratio and temperature
difference for each Kiel probe on each individual rake.
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Figure 3.10: Total pressure ratio and total temperature difference for the 2 stator pitches
at 100% Nn design 56



The wake of the stator is clearly visible in all the rakes and highlighted in yellow. As
the stator is rotated in increments of 0.1 pitch, there comes a point when a stator blade
aligns with the rake. This alignment results in an abrupt reduction in total pressure, Mach
number, and mass flow. However, the effect of the stator wakes on total temperature
differs noticeably with a more gradual increase in total temperature, in contrast to the
total pressure ratio.

Each rake encounters the stator wake at a different pitch position. This is because the

four rakes are strategically positioned to cover various stator pitch positions.
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Figure 3.11: Total pressure ratio and total temperature difference 2 stator pitches at 100%
Nn near stall

Looking at fig.3.11 the wake of the stator near stall is thicker than that at the design
point. This is primarily due to the decrease in axial speed as the compressor approaches
near stall conditions, leading to an augmented incidence angle and so to a thicker wake.
Another noticeable observation in the design and near stall figures is that the wake as-
sociated with Kiel probe 1, corresponding to the hub, is thicker and results in a more
significant reduction in total pressure compared to that observed at the tip. This phe-
nomenon can be attributed to the hub-loaded nature of the Dream compressor, which
leads to greater incidence at the hub and, consequently, a thicker and more intense wake.

In Fig. 3.12, the spanwise profiles of total pressure ratio and temperature difference are
presented for various stator positions, spanning from S=0 to S=1. The data solely in-
cludes results from rake A, as other rakes exhibit consistent behavior, as evident from
earlier figures. Average values for each rake are depicted in black (Avg), while the red
value (AV Gy,¢) represents the overall average across all rakes.
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Figure 3.12: Span-wise distribution of total pressure ratio and total temperature differ-
ence for one pitch.
Left: Design Condition

Right: Near Stall Condition

The figures demonstrate that, for pressure ratio, the mean values of each rake align with
the collective mean of all rakes. The mean temperature difference rake A exhibits a 2°
difference in the tip region compared to the overall average. In conclusion, for an initial
assessment of average fluid behavior in plane 4, a single rake’s mean pressure ratio suf-
fices, obviating the need to calculate the mean of the entire dataset.

Under design conditions, loading increases by 10% from tip to hub, reducing to around
5% reaching near stall.
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Figure 3.14: 3D map of Pressure ratio at 100%.
Left: Design Condition
Right: Near Stall Condition

Fig.3.14 displays the 3D pressure ratio map obtained through stator traversing at both
design and near stall conditions in position "A’.

During the transition from design to near-stall conditions, the pressure ratio increases,
while axial velocity decreases due to reduced flow rate. This reduction in axial veloc-
ity results in higher incidence and loading, leading to the presence of a thicker wake.
These figures also reveal the presence of stator hub corner separation. The phenomenon
is clearly evident in the near stall conditions, where a pronounced thickening in the wake
is observed. This thickening aligns with the suction side, consistent with the hub corner
separation theory.

An additional analysis was conducted on Plane 4 using data acquired through rake in-
strumentation. Specifically, for each span position, a subtraction of the mean value was
performed to highlight potential singular regions. This process generated the graphs
presented in fig.3.21.

A region of losses becomes apparent, interacting with the stator wake. This phe-

nomenon is less evident at design conditions but becomes pronounced under near-stall
conditions, where a zone of low total pressure interacts with the stator wake. The ex-
istence of this low-pressure area can be attributed to the propagation of the Inlet Guide
Vane (IGV) wake at the stator outlet.
Therefore, this low pressure zone can alter the incidence at the stator inlet, with a con-
sequent impact on the generation of possible separations on the stator blade. Additional
analysis of the wake interaction will be conducted in the following section using pneu-
matic probe on plane 4.
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Figure 3.16: 3D Map of Pressure Ratio Related to Piyps at 100% Nn:
Left: Design Condition
Right: Near Stall Condition

3.3 Span-wise distribution and performance maps at stator out-

let using pneumatic probe

The traversing conducted with the pneumatic probe at Plane 4 was executed as outlined
in section 2.2.4, employing a virtual approach and involving 21 spanwise positions. For
each virtual measurement taken at each spanwise point, stator traversing was also per-
formed. The traversing was first undertaken to acquire information regarding the exit
angle of the flow, a parameter not attainable through the rakes. Secondly, the traversing
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at 21 spanwise positions allowed for an improved spatial resolution and reconstruction
of the flow field with respect to rakes.

The results, reported in fig.3.18, show the variation in total pressure and yaw angle as a
function of span for 5 different pitch positions. The red line corresponds to a pitch rota-
tion of 0.2, aligning the pneumatic probe with the stator wake. This alignment results in

lower compression ratio values and lower angles.
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Figure 3.18: Pitch-wise distribution of Pt4/PtOM and Yaw angle over span obtained with
a pneumatic probe at 100Nn Design point

Fig.3.18 shows how the influence of stator traversing on performance and yaw angle as-
sessment is evidently significant.

In fig.3.19 a 3D map highlites the total pressure ratio variation with respect to pitch and
span for design and near stall conditions. These figures faithfully follow the trend previ-
ously anticipated using rakes, offering the significant advantage of enhanced detail. The
stator hub corner separation is evident,resulting in a thickening of the wake on the suc-
tion side of the blade, with an increasing trend towards near-stall conditions.

The presence of tip leakage flow at the rotor tip is a well-established theoretical concept
and it propagates downstream through the rotor, but the pneumatic probe’s operating
frequency is too low to capture this phenomenon. Nevertheless,the tip leakage flow gen-
erates a region of low axial velocity that propagates downstream. This region results in
increased incidence and loading. Hence, in the tip region, a thicker wake is observed for

this reason.
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Figure 3.19: 3D map of Pressure ratio obtained with a pneumatic probe at 100Nn

Left: Design Condition
Right: Near Stall Condition

In fig.3.21 same procedure was applied as with the rakes, involving the subtraction
of total pressure from the mean total pressure value for each span position. The result-
ing ratio with PtOM confirms previous observations. Notably, a distinct area with lower
pressure is evident, and this phenomenon is more pronounced at near stall. As already
discussed this phenomenon is related to the IGV.

The acquisition with the 3 hole-virtual pneumatic probe generates also 3D maps for the
yaw angle, as illustrated in fig 3.22. These maps show the impact of the IGV wake prop-
agation at the stage outlet. Close to the stability limit of the machine, an incidence vari-
ation of 6° is expected at the stator inlet, with consequent impact on the generation of
possible separations on the stator blade.

The stator wake become thinner within the span range of 60% to 80%, while a noticeable
thickening occurs from 30% to 10% of the span, particularly at near stall conditions when
the low-pressure area is more pronounced. A the stator inlet the flow encounters this
low-pressure area, which creates a blockage effect, causing a redistribution of mass flow
across different span positions. Consequently, an increase in flow rate within the span
range of 60% to 80% leads to a rise in axial speed, reducing the loading and obtaining a
thinner wake. In contrast, the span region between 10% and 30% experiences a notable
reduction in flow rate, leading to an increased loading and a consequential alteration in
flow angle at the stator outlet. This alteration causes a slight twisting of the wakes.
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4

Detailed characterization of the flow-
field at rotor exit

4.1 Fast response pressure probe

A complete unsteady flow characterization at the rotor outlet is performed. Total pres-
sure, Mach and Yaw angle have been executed with a 3 hole-virtual fast response pres-
sure probe. Measurements have been realized at 90% Nn, 96% Nn and 100% Nn at two
operating points: design and near stall. This probe has been moved radially in order
to have the total pressure distribution along the span, from 100% to 2.5% of the blade
height. Traversing ended at the 2.5% span position to prevent any contact between the
probe head and the hub, avoiding potential damage. The recorded signals have also been
time averaged in order to have the mean pressure level along the span.

The Phase Lock Average (Explained in detail in Appendix D) was applied to the unsteady
pressure signals, with the aim of assessing the averaged flow field in the relative frame
of reference of the rotor. Subsequently, the total pressure and its fluctuations were non-
dimensionalized with respect to the inlet total pressure.

The Phase Lock Average maps for total pressure, static pressure and yaw angle at 100%
Nn conditions, are presented in fig.4.1, 4.3 and 4.5 for design and near stall conditions.
In the total pressure distribution, the wake is evident as a region of low pressure and un-
steadiness, with higher values of RMS. Notably, the wake thickens as it approaches the
hub. This phenomenon is attributed to the presence of hub corner separation, the the-
ory of this aerodynamic feature is provided in section 1.5.2. Numerous examples in the
literature highlight the growth of hub corner separation as loading increases, eventually
leading to hub corner stall (Gbadebo, [cite]). In fig.4.1 a significant increase in hub corner

separation is evident, extending from the design to near-stall conditions.
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Figure 4.1: Total pressure phase locked average (PLA) map at 100% Nn
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In fig.4.3, the Mach number exhibits less distinct wake patterns compared to the total
pressure, yet the presence of hub corner separation is consistently evident, especially at
near stall conditions..

Regarding the flow angle map, a significant increase in the angle is observed both in the
tip and hub regions as the stall point is approached. This increase is attributed to the
thickening of instability vortices associated with hub corner separation and tip leakage.
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Figure 4.5: Yaw phase locked average (PLA) map at 100% Nn
Left: Design Condition
Right: Near Stall Condition

The combined analysis of the phase-locked average maps and RMS maps allows the
description of the flow field and distinguishes the unsteady flow structures appearing in
the blade passage. In Fig. 4.7 and 4.8, the total pressure maps obtained using the PLA
technique are presented alongside the RMS fluctuation maps for both the design and

near-stall configuration.

The same color scale has been consistently applied to all working conditions for the pur-
pose of facilitating comparison. An observable transformation can be identified as the
compressor moves from its design point to near-stall operating conditions. Specifically,
the low-pressure region at the hub of the blades expands, and the turbulence fluctuations
in this area intensify during the transition. At design conditions, high RMS values oc-
cupy approximately 10% of both the pitch and span. However, at 100% Nn near stall,
hub corner separation occupies about 40% of both the pitch and span.

Similar behavior can be observed at the tip where there is an increase in the intensity of
turbulence at the core of the tip leakage vortex moving from design point to near stall.
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The hub-corner separation is more significant than the tip leakage flow phenomena.
Therefore, the pronounced flow separation occurring at the hub may be regarded as the

primary cause of the onset of rotating stall within the compressor.
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Figure 4.7: Total pressure phase locked average (PLA) map and corresponding RMS 100%
Nn, design operating condition
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Figure 4.8: Total pressure phase locked average (PLA) map and corresponding RMS 100%
Nn, near stall condition
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Figure 4.9: RMS signal comparison at different spans at 100% Nn
left: design condition

right: near stall condition

In the graph, it is evident that the RMS at the tip exhibits a high value, which can be
attributed to all the unsteady phenomena associated with the passage of the blades such
as the tip leakage flow and the tip leakage vortex which induce a high level of turbulence.
Conversely, at midspan, the value is low, and the peaks associated with blade passage are
barely noticeable. In the hub region, the RMS peaks related to blade passage are much
higher, which could be explained by the presence of the hub corner separation, leading
to a highly turbulent wake.

The analysis of fluid dynamic phenomena is focused primarily on total pressure and RMS
maps, as these are sufficient to understand the evolution of these phenomena. Therefore,
in the following sections, only these maps will be presented for the other two speeds.
Fig. 4.11 and 4.12 show the flow behavior at 96% Nn, using the same scale as the 100%
Nn case for easy comparison. Notably, the reduction in speed and pressure ratio leads to
a decrease in tip leakage intensity. Similarly, in the hub area, the hub corner separation
phenomenon is less pronounced compared to 100% Nn case.
A notable escalation in the hub corner phenomenon is evident when transitioning from
design to near-stall conditions, mirroring the pattern observed at 100% rotation speed.
This is attributed to the reduction in flow rate, which leads to a decrease in axial speed,
an increase in loading, and subsequently, a substantial enhancement of hub corner sepa-
ration and tip leakage.
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Figure 4.11: Total pressure phase locked average (PLA) map and corresponding RMS
96% Nn, design operating condition
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Figure 4.12: Total pressure phase locked average (PLA) map and corresponding RMS
96% Nn, near stall

In conclusion, even at 96% Nn, the primary cause of stall is the pronounced increase
of the hub corner separation.
In all the 3D total pressure maps presented, the presence of a faint secondary wake at
both speeds is revealed. The analysis of the power spectral density (PSD) of the total
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pressure signal at midspan, after applying the transfer function, is presented (fig.4.13)
and is obtained using the Pwelch method. Notably, the logarithmic scale values asso-
ciated with 1BPF and 2BPF are within the same order of magnitude. This observation
allows for a connection between the faint secondary wake observed in the figures and
the second blade passing frequency (BPF).

Further investigations will be conducted to determine the underlying physical cause of

this significant secondary Blade Passing Frequency (BPF).
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Figure 4.13: PSD of the total pressure signal at midspan for 96% Nn de

Fig. 4.14 and 4.15 describe the flow behavior at 90% Nn.

Comparable observations could be done to the conditions at the lower speed, mirror-
ing those conducted at 96% Nn. The hub corner separation is notably diminished in the
design condition, and similarly, the tip leakage flow is significantly reduced compared
to higher speeds. Approching near stall conditions, the hub corner separation becomes
pronounced once more, emerging as the primary factor contributing to the stall. In fig.
4.14, the distinct presence of the secondary wake associated with the 2BPF is prominently

evident.

70



PLA PT/PTOM PiaPiom

RMS
1.33 0.06
90 90
80 1,284 80 0.049
70 70
60 {1.238 60 0.038
c c
% 50 g 50
w W
40 41.192 40 0.027
30 30
o0k | 1.146 20 0.016
10 . ‘ 1 10
‘ ; s 1.1 0.005
0 0.5 1 1.5 2

Pitch Pitch

Figure 4.14: Total pressure phase locked average (PLA) map and corresponding RMS
90% Nn, design
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Figure 4.15: Total pressure phase locked average (PLA) map and corresponding RMS
90% Nn, near stall
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4.2 Kulite casing sensors

The time-resolved pressure measurements obtained using the sensors discussed in Sec-
tion 2.2.7 enable the examination of the flow near the rotor tip. The rotor casing static
pressure is analyzed using the phase-locked averaging technique, which is employed for
the fast response measurements and comprehensively explained in Appendix D. Axially,
the interpolation domain is defined by the position of Kulite 14, located upstream of the
rotor at -0.75 times the length of the chord, and Kulite 15, positioned downstream of the
rotor row at twice the length of the chord. The locations of these Kulites are illustrated
in Fig.2.23. Notably, Kulites 2, 4, 9, 10, 11, 12 and 13 were non-functional during the data
acquisitions,Resulting in an ill-defined 3D map.

Concerning the circumferential extension of the interpolation domain, it corresponds to
one rotor pitch. With the interpolation domain established, the subsequent step involves
defining the interpolation grid. A 50x480 grid is chosen as it strikes an optimal balance
between grid quality and computational efficiency. The selected interpolation method is
linear. Lastly, it is worth noting that the interpolation direction does not align with the
flow direction, limiting the overall quality of the generated maps.

To generate the 3D map, it is essential to consider the angular spacing between the sen-
sors. These sensors span the rotor casing from its inlet to its outlet in the axial direction
but are also displaced by 38° in the circumferential direction. Therefore, the signals need
to be appropriately rephased. The angular spacing shift, denoted as A6, corresponds to
a time delay, AT, when considering a specific phenomenon rotating at an angular speed.

This time delay, which requires compensation, can be expressed as follows:

Y

AT 0

(4.1)

The non-dimensional casing wall static pressure field obtained with this interpolation is
represented in fig.4.16, for the 100% Nn case at design and near-stall conditions. The
solid black vertical lines represent the casing Kulites that were operational during the

acquisition, while the white dotted lines represent the Kulites that were non-operational.

Initially, there is a static pressure increase from the upstream to the downstream of
the rotor blades. This observation aligns with expectations, as the primary purpose of
the rotor is to increase the pressure as the flow passes through its blades.

A second aspect in this pressure map is the existence of a low-pressure region along the
suction side of the blade. This low-pressure area originates from the formation of the tip
leakage vortex and its extent corresponds to its path within the flow passage, as eluci-
dated in the literature review.

The extension of the tip leakage vortex within the flow passage corresponds to the pres-
sure trough observed on the suction side of the blade.

Upon closer examination of these figures, it is possible to discern that the compressor
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Figure 4.16: Wall casing static pressure ratio field at 100% Nn
Above: design condition

Below: near stall condition

throttling and the subsequent reduction in mass flow induce a significant change in the
starting point of the tip leakage vortex. Specifically, the vortex’s initiation point shifts
towards the leading edge of the blades.

It is expectable also an increase in the vortex angle concerning the axial direction due to
compressor throttling. This phenomenon arises from the dynamic equilibrium between
the momentum of the primary flow and that of the tip leakage flow. Indeed, the main
flow velocity is reduced by the throttling of the compressor while the intensity of the tip
leakage flow is increased by the higher loading of the blades. Consequently, this alter-
ation in momentum equilibrium between the primary and tip leakage flows results in a
modification of the vortex angle.

Improving post-processing is essential for refining the tip leakage vortex representation.
Incorporating stator angle direction interpolation offers an effective solution.
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5

Conclusions

The first objective of this work was to conduct an extensive experimental campaign in the
stable operating range of a state-of-the-art booster providing an overview of the leading
mechanisms for aerodynamic stall in clean conditions while identifying the critical flow
features for stability.

First, a description of the stage performance on the basis of total pressure and total tem-
perature measurements by means of rakes located at the inlet and at the outlet of stage is
provided.

A complete unsteady flow characterization at the rotor outlet is performed by means of
a 3 hole-virtual fast-response pressure probe. This characterization is realized at three
different rotational speeds: 100% Nn, 96% Nn and 90% Nn, as they represent the most
relevant conditions for the development of critical structures driven by the increased in-
cidence. Two different operating points were analyzed: design and near stall (close to the
stability limit of the machine).

A phase-locked averaging (PLA) is applied to the unsteady pressure signals acquired at
the rotor outlet, with the aim of assessing the averaged flow field in the relative frame
of reference of the rotor. The RMS of the fluctuations was also computed. Rakes and 3
hole-virtual pneumatic probe were used to characterized the flow at the stage outlet.
The analysis of the performance highlighted the importance of the IGV /stator position
on the computation of the pressure ratio and efficiency of the machine under investi-
gation, with a maximum percentage variation up to 2.5% at design condition and 100%
speed. Tracking the IGV /stator location and impact is therefore of primary importance
to correctly quantify performance for future clean and distorted experiments.

As expected from the high loading and degree of reaction of the compressor at low span,
the hub corner separation appears to be a critical flow feature possibly impacting aerody-
namic stability. The core of the hub corner separation presents maximum unsteadiness up
to 0.06 of the stage inlet total pressure. Despite the tip leakage/main flow interface does
not exhibit any critical behaviour at the stall boundary, its evolution should be tracked
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for future experiments as it appears as a second region of large unsteadiness.

Insights into the stator outlet flow field showed the impact of the IGV wake propagation
at the stage outlet. Close to the stability limit of the machine an incidence variation of
6° is expected at the stator inlet, with consequent impact on the generation of possible
separations on the stator blade.

Such flow survey allowed to quantify the performance of the compressor and identify the
main sources of stability loss. This knowledge will be fundamental for the assessment of
the distortion impact.
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Appendix A
Aerodynamic calibration

The aerodynamic calibration for a 3-hole probe consists into creating maps that relates
Ma and Yaw angle with 3 coefficients:Ktot, Kyaw and Kdyn defined as:

PO - Pc
Kot (Y Ma) = —————
tot( aw, CL) P.— Pavg
Pl _Pr
K Y Ma) = ———
yaw( “ CL) Pc - Pavg
Ps - Pavg
Kgin(Yaw, Ma) = =29
dzn( aw, CL) PO — Pavg

where F is the total pressure, Ps the static pressure, while P, is the mean value of P,
and Pyjgp.

Once the coefficient curves are obtained from the aerodynamic calibration, during the
tests Pleft, Peentrar and Prign been measured. Later, an iterative procedure (summarized
in Figure 5.1) computes the Mach, the yaw, the static and the total pressure.

The iteration starts with an initialization step, assuming that the total pressure is equal
to P, and the static pressure is obtained either from the pressure tap interpolation or from
the virtual approach using P,,g.

Subsequently, K4, is computed following the Equation expressed before, while the
Mach number is derived from the isentropic flow equation.

By inverting the relationship between K., Mach number, and yaw angle, an initial
estimate for yaw angle is obtained. Using this estimate, the other coefficients K;,;and
K jin, can be determined, resulting in new values for P and P, as well as Ma, which are
then utilized as inputs for subsequent iterations. The iterative process concludes when
the absolute difference between the new and old Mach numbers falls below a prescribed
threshold, denoted as e.

An example of the calibration is reported in fig.5.2
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Appendix B
Post-processing from raw data to per-
formance map

The acquisition system allows for the creation of a .log file that records all events that oc-
cur during the acquisition process. This .log file is then processed by a MATLAB routine,
the methodology of which is extensively explained in [17]. Subsequently, the same .log
file undergoes post-processing through a series of steps outlined below:

Removing the outliers

Pressure Ratio [-]
o
eta / etaref [-]
o
[=2]

0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2

WR /WR WR/WR_[-]
ref ref

Figure 5.3: Total to total pressure perfor- Figure 5.4: Efficiency performance map
mance map with .log file with log file

In Fig.5.3 and Fig.5.4, it is evident that during the acquisition process, outliers in the
data can be encountered. The routine allows for the manual removal of these values, thus
providing the ability to choose which ones to retain.

Fig.5.5 and Fig.5.6 highlight in red the selected data points after the removal of outliers.
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After removing outliers, it is possible to consider the option of discarding some of
the acquired traces. The acquisition process can be segmented into distinct traces, as
illustrated in fig.5.7. One trace can be recorded until it attains the desired number of
revolutions, denoted as "Trace 1” in the figure. Subsequently, a new trace can be gener-
ated exclusively containing data related to the compressor map, designated as “Trace 2.”
This approach facilitates streamlined post-processing, enabling the selective viewing and

storage of just the raw compressor map-related data depicted in fig.5.8 and 5.9
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Figure 5.7: Example of different traces
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Subsequently, the script proceeds to perform the averaged maps using a method

called 'Loading line averaging’.The loading line-averaging method lies in the circuit char-

acteristic curve, defined by the equation 5.1, where A is the throttle valve discharge co-

efficient, mainly dependent on the throttle valve position, and is defined in the static to

total performance map.

ﬂstatic =14+ Q?n

(5.1)

The choke and near stall conditions identify the A\cy and Ayg by substituting their re-

1.28
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1.24
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Figure 5.10: loading line averaging method.

spective mass flow and static pressure ratio values in equation 5.1. Hence, the \cy and

Ans, identify the minimum and maximum discharge coefficients in the regulation range

as it showed in fig.5.10
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The method divides the latter into a finite number of classes with a AX. Next, the data
points falling within the classes are averaged with respect to WR, 3, and efficiency, and
finally, their standard deviations are computed. Fig.5.10 summarizes the procedure for
determining the data points within the intervals with 50 classes being chosen.
Fig.5.11and fig.5.12 represent the compressor maps for total pressure ratio and efficiency,

with standard deviation after the averaging post-processing.
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Appendix C
Assessment of Mach number and mass
flow at plane 4

Pressure tap interpolation at
the 4 Kiel pitch positions.

L

Radial static pressure
interpolation

L J

Evaluation of Kiel heads radial
position

Y

r

Mach number distribution

Y

r

Density di

stribution

Y

r

Mass flow distribution

Figure 5.13: Flowchart for mass flow distribution evaluation.

In plane 4, five pressure taps were strategically positioned at both the hub and the tip
to cover the rotor’s flow field. Additionally, four rake probes were placed in correspond-
ing positions. Arranging the six Kiel probes radially on the rake probes, total pressure
was radially distributed at the four rake positions.

Linear interpolation was conducted using the five pressure values at both the hub and
tip, utilizing only the four static pressure values corresponding to the rake’s pitch posi-
tion.
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As indicated by the Computational Fluid Dynamics (CFD) results, static pressure demon-
strates a predominantly linear trend mainly due to radial equilibrium. Therefore, linear
interpolation is a valid approach for deriving intermediate span values, introducing min-
imal error.

Following the establishment of radial positions for the Kiel probes, six radial values for
total pressure and static pressure were determined for the four rake probe positions, en-

abling Mach number calculations using the equation:

—1
(P 2

This process yielded distributions of total pressure and Mach number. Total tempera-

tures were measured by thermocouples on the rake probes, and static temperature distri-

butions were assessed using equation 5.3:
(5.3)

Subsequently, density distribution was determined based on the ideal gas law, using
static temperature and static pressure distribution.

The velocity was computed from static temperature and Mach number using the speed
of sound equation. With this information, along with knowledge of density, velocity, and
area (total area divided by 6, as Kiel probes cover equal areas), the flow rate distribution

was derived.
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Appendix D
Post-processing data fot fast-response
pressure probe

In this section, a summarized procedure of how the raw signal output from the fast-
response probe is transformed into a Phase Lock Average (PLA) signal will be presented.
The analysis will focus on the case corresponding to 100% of Nominal Speed (Nn) and
midspan position.

The probe is positioned at midspan and it acquires data in a virtual mode. The probe
records data for 1 second at a frequency of 500 kHz, resulting in a voltage signal com-
posed of 500,000 data points for each position (left, central, and right). These voltage
signals then undergo a static calibration process, converting them from volts to pressure.

An example of a raw signal converted into pressure is shown in Fig.5.14.

Raw pressure signal
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Figure 5.14: Signal of P..ntrq after the static calibration

Subsequently, a Transfer Function (TF), obtained through dynamic calibration as detailed
in [9] and [20], is applied to each of the three signals. Once the TF is applied, Fig.5.15 il-
lustrates how the signal changes significantly from the raw signal. This discrepancy is
normal as the Transfer Function alters the signal’s amplitude at specific frequencies and
the phase. After correctly applying the Transfer Function, the signals are filtered at 60
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Raw pressure signal
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Figure 5.15: Comparison between Pcprq) raw and Peepsrq) after the application of the TF

kHz. This choice is due to the fact that, at 100% of Nominal Speed (Nn), a bandwidth of
approximately 11 kHz is obtained, and filtering at 60 kHz ensures the analysis covers up
to the fifth armonic, which has been determined as the optimal value for this study.
Temporal synchronization of the signals is necessary since the acquisitions of the Py,
Peentrai, and Prigps signals do not occur simultaneously. To achieve this, the “one rev”
signal generated by the motor driving the compressor is utilized. The “one rev” signal is
obtained through an optical device installed on the rotor shaft, allowing for the counting
of rotor revolutions during data acquisition. This signal is used since the rotational speed
may experience minor fluctuations to maintain a constant corrected rotational speed. In
the event of an increase in the inlet total temperature, the mechanical rotational speed is
adjusted to ensure the corrected rotational speed remains constant. The MATLAB routine
uses the initial peak of the “one rev” signal to initiate each pressure signal ( Py f¢, Peentral,
and P,y ) from the same temporal point, ensuring that the signals start simultaneously.
This method is summarized graphically in fig.5.16 and 5.17.
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Figure 5.17: P.cptrqr post TF corresponding to one revolution

The data acquisition was conducted at a sampling frequency of 500 kHz over a dura-
tion of 1 second, resulting in a dataset of 500,000 data points. Under conditions of 100%
Nn, the rotational speed was 8748 rpm.
using equation 5.4 the probe yielded 3430 data points per revolution, equivalent to 45.6
data points per blade pitch.

oints oints
p [points]

l. l[min]  60[s] _ 3430

500, 000
,000] s 8748[rev] [min] rev

(5.4)

To ensure a consistent and precise data resolution per blade pitch, thereby mitigating
potential variations in angular velocity, a data interpolation was employed. An interpo-
lation grid of 80 data points per pitch, amounting to 6080 data points per revolution, was

chosen for this purpose. The results of this interpolation are presented in fig.5.18.
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Figure 5.18: P,c1rq interpolated on 6080 points per revolution

In conclusion, the pressure signals undergo the steps of Transfer Function (TF) applica-
tion, filtering, temporal synchronization, and interpolation before applying the aerody-
namic calibration previously executed [9] to obtain the final values of total pressure, static

pressure, Mach number, and yaw angle signals for each point of the span.

Phase lock average

A closer examination of specific blade passages within the static pressure signal, recorded
by the fast response, is depicted in Fig.5.19. The horizontal dashed line in the graph rep-
resents the average pressure level. A blade passage can be discerned between two pres-
sure drops, which correspond to the passage of an individual blade in front of the fast
response pressure sensor. The periodicity of the signals governed by the blade passing
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Figure 5.19: P,.,,1rq1 interpolated signal from fast response at 100% Nn design conditions

87



88

frequency enables to average them over one blade passage. After interpolating the signal,
the number of points per revolution will be known. The interpolated signal is averaged
among multiple revolutions to provide a representative average of the flow in the rela-
tive frame of reference of the rotor. This procedure of averaging the signal is called Phase

Lock Average (PLA). The PLA process is applied to the signal after the aerodynamic cal-
ibration for each position of the span. An example of the PLA signal at 50% and 55% of

the span is provided in fig.5.20.
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Figure 5.20: PLA of pressure signal at 100% Nn design point for two different span posi-

tion

Root mean square (RMS)

Considering the significant number of blade passages within each acquisition, it becomes
feasible to ascertain the variations in pressure for all blade passages in relation to the
pressure profiles derived from the PLA process. This determination is accomplished by

employing the RMS, defined as follows:

N s 2
RMS = \/ L1 (P}V Pavg) (5.5)
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