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Abstract

An investigation of the hot gas ingestion phenomenon in the Oxford Rotor Facility ex-
amined rotor disc rotation, mainstream pressure asymmetries and unsteady structures in
the cavity as main drivers. The facility underwent major modifications to allow different
annulus flow configurations, higher resolution in the low and high bandwidth pressure
instrumentation and the installation of a new system to quantify the sealing effective-
ness using the tracer gas technique (+0.0068 uncertainty). Rotationally-driven ingestion
was simulated with a bladeless annulus and conditions of pressure-driven ingestion with
nozzle guide vanes. By decoupling each contribution, the fundamentals of hot gas inges-
tion are addressed. A chute rim seal arrangement has been studied with two gap sizes.
The influence of non-dimensional purge flow, Cy,, rotational Reynolds number, Re,, axial
Reynolds number, Re,,, and seal clearance, s., has been examined through the mean cav-
ity pressure coefficient, C},, sealing effectiveness, ¢, and frequency spectra of the unsteady
pressure signals. The maximum Rey was 3.3 X 10° with a flow coefficient of 0.45 with
NGVs. The mean pressure field in the cavity revealed the existence of two vortices. Values
of sealing effectiveness showed good agreement with the disc pumping orifice model at
low flow coefficients, suggesting operation in the rotationally-induced regime. This finding
challenges the extended assumption that pressure-driven ingestion dominates when asym-
metries exist in the annulus. However, this hypothesis matched the experimental data
at high flow coefficients. The frequency spectra of the high bandwidth pressure signals
revealed two sources of unsteadiness in the rim seal region: the large-scale flow features

due to rotation of the disc and the interaction between the annulus and purge flows.
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wall  wall value

0 circumferential component

* choked condition

Acronyms

1D one dimensional

2D two dimensional

AC alternating current

CAD computer aided design
CFD computational fluid dynamics
CI combined ingestion

CO, carbon dioxide

DC direct current

DAQ data acquisition

EI externally-induced ingestion
FFT fast Fourier transform

FS full scale

FTIR Fourier transform infrared
GA gas analyser

HPT high pressure turbine

IR infrared

LES large eddy simulations
NDIR non-dispersive infrared

NGV nozzle guide vane
ORF Oxford Rotor Facility

PIV particle image velocimetry

ppm particles per million

PS pressure side

RANS Reynolds-averaged Navier-Stokes
RI rotationally-induced ingestion

SA Spallart-Almaras turbulence model
SLA stereolithography

SS suction side

URANS unsteady Reynolds-averaged Navier-Stokes
WMLES wall-modelled large eddy simulation



Chapter 1

Introduction

The purpose of this chapter is to introduce the problem of hot gas ingestion in gas turbine
engines and highlight the relevance of rim sealing flows within the secondary air system.
The challenges encountered in current design methods are exposed before defining the
motivation to conduct this study. The research goals of this project are listed followed by

a detailed description of the research approach established to achieve the objectives.

1.1 Background

In recent years, an increase in transport-related emissions has been registered despite
all efforts to reduce the impact over climate change. This is due to the higher volume
of transport of which, according to the European Union Aviation and Safety Agency
Enviromental Report [1], aviation represents 13.4% (in 2016) of the total. The airflow
going through the core of the engine (compressor, combustor and turbine) is referred to as
mainstream flow. Historically, the effort of gas turbine designers has primarily focused on
improving the gas turbine cycle efficiency with increased pressure ratios and turbine entry
temperature in the mainstream. This performance gain led to a reduction in emissions
at a cost of more expensive cooling requirements. Moreover, this approach endangers the
integrity and life of the turbine components as hot air can penetrate into flow paths which

are not protected against the high temperatures of the hot mainstream flow.
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In a modern gas turbine, up to 25% of the intake mass flow is channelled through a
secondary air system that bypasses the combustion chamber. The secondary air is bled
from several points along the compressor stages with various offtakes depending on the

air pressure and temperature requirements, see Fig.1.1.

Figure 1.1: Secondary air system paths.

Fig.1.1 provides a clear illustration of the relevance of the secondary air system and its
many uses. Air is bled from the low pressure compressor at positions 1 and 2 and is used
to cool the low pressure compressor and turbine, pressurise and seal the front and rear
bearing chambers and provide further cooling to the high pressure disc drums underneath
the hub line. In addition, this air is responsible for balancing the bearing loads of the
engine spools and dissipating the heat originating from windage. Air at higher pressure
is taken from location 3 to satisfy the more demanding cooling and sealing requirements
of the high pressure turbine. A part of this bleed is diverted to cover the demands of
the nacelle and wing anti-icing systems as well as the pressurised cabin air. The most
expensive flow extracted from station 4 is used for the first high pressure turbine stage
cooling and purge. Seals provide rotordynamic stability to the turbomachinery of the
gas turbine engine controlling leakages and coolant flows. Most seals and interfaces are
passive, but in the high pressure turbine they may also be actively controlled. This is
represented by flow path number 5 in Fig.1.1, where some of the bypassed intake flow of
the fan is used in the low pressure turbine for active tip clearance control. The air bleed

allows the turbine blades to operate in an environment in which the gas temperature is
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well above their metal melting temperature with sophisticated cooling technologies. Af-
ter cooling components and/or purging cavities, the secondary air re-enters the main gas
path at various points in the turbine stage thus interacting with the high temperature
mainstream flow. Though necessary, the secondary air system infers an efficiency penalty
in the thermodynamic cycle that is agravated by the ever more demanding cooling re-
quirements. Firstly, the compressor stages consume power to condition the flow thus any
bleeding reduces the amount of fluid available to extract energy from in the operating
process. Secondly, it derives in aerodynamic losses from the spoiling effect originated by
the mixing of the mainstream and cooling flows in the main gas path. Thus, the amount
of coolant air bled from the compressor must be kept to a minimum. Moore [2] estimated
that a 1% reduction of the engine bleed can lead to a 0.4% saving in the specific fuel

consumption that reflects in a reduction of emissions.

The current research focuses on the study of the interface between the high pressure
turbine and the secondary air system, particularly in turbine rim sealing flows. A break-
out of the region and the most relevant components are represented in Fig.1.2. A small
gap in the turbine annulus hub line is required to allow for the relative movement of
the rows of rotating blades and stationary nozzle guide vanes (NGVs). Nonetheless, this
consented clearance must be sealed with coolant air to prevent the hot gas exiting the

combustor from reaching the stator-rotor disc cavity.

The rotor discs beneath the hub platform are exposed to high mechanical loads but
they are not protected against thermal loads (unlike the rotor blades in the main gas path).
Failing to seal the cavity volume would extend the need for additional cooling systems
to the discs in order to maintain acceptable under-platform and disc metal temperatures.
Overheating of the discs and drums could yield to unforeseen mechanical cracks with
potential to trigger a catastrophic event. In addition, the operating life and reliability of

discs are predicted based on the thermal loading and the flight envelope of the engine.
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Figure 1.2: Breakout of the gas turbine engine components and highlight of the high
pressure turbine and secondary air system interface in the turbine rim seal region.

Service intervals are scheduled considering the cumulative loss of component life, which
is closely linked to the operating temperatures, Fig.1.3. Understanding the sealing flow
requirements and heat transfer between the purge flow, ingested flow and metal discs
is paramount for accurate predictions of the disc loads and component life. Otherwise,
shortened inspection intervals would lead to increased maintenance costs. Higher rates
of purge through the cavity intensify the cooling effect but they cause a larger penalty
on the cycle efficiency. The challenge lays on finding the minimum coolant flow that can

guarantee safe temperatures in the cavity walls through prevention of ingress.

High

Log of life

Low

Low High
Temperature

Figure 1.3: Relationship between component life and temperature [3].

The undesirable scenario in which hot air penetrates the cavity is known as hot gas
ingestion. To assist the sealing process, engine designers often include a lip at the periph-

ery of the stator disc that protrudes into the gap providing blockage to entrainment of
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external flow whilst still allowing the purge flow to be expelled. This feature is referred
to as a rim seal and its design is aimed at preventing hot air from being drawn into the

cavity whilst minimising the mixing losses with the mainstream flow.

1.2 Motivation

Over the years, turbine rim seals have been designed based on semi-empirical correla-
tions even though some attempts to replace them with numerical simulations have been
addressed. Despite these efforts, neither approach seems reliable enough. Numerical pre-
dictions have been shown to underpredict the amount of ingested gas whilst the lack of
engine-realistic conditions in the experiments questions the extrapolation of the results
to real gas turbine engines. Failing to control, or accurately predict, hot gas ingestion
can jeopardise the integrity and reliability of the rotating components in the hot sec-
tion throughout their operating life. The urge for developing an adequate design method
highlights the need for more accurate predictive techniques. In order to achieve this, com-
putational simulations or empirical correlations must include the unsteady flow physics

affecting the phenomenon of hot gas ingestion under engine-representative conditions.

In recent years, gas turbine designers have gained awareness of the complexity of the
secondary air system, the potential performance gains achievable from the optimisation
of the secondary air usage and the possibility to reduce the costs inferred from hot gas
ingestion (redesign of damaged parts, maintenance and operation). Research on rim
sealing flows has been undertaken for decades and several types of simple and complex
turbine geometries as well as different configurations of rim seals have been studied under
a variety of operating conditions. Yet, the phenomenon of hot gas ingestion is not fully
comprehended. As a consequence, interest in improving the understanding of sealing flows
has significantly increased both in industry and academia. Considerable resources are

being put into researching many aspects of the secondary air system, turbine rim sealing
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standing out due to the severity of the potential consequences. Some research groups are
conducting more fundamental studies in order to gain insight into the physics and effects
over engine performance while others are prioritising the collection of experimental data
and validation of numerical models to allow the development of more accurate design

tools.

1.3 Objectives

The aim of the research was to investigate the fluid dynamics associated with the sealing
of turbine rims. A staged approach was planned in order to decouple the different drivers
leading to hot gas ingestion to better comprehend the individual and synergetic effects
of the disc pumping effect, the annulus circumferential pressure asymmetries and the un-

steady rim seal instabilities.

This project planned to acquire the capability to study the sealing performance of a
chute seal in steady state conditions through redesign of the test facility and the instal-
lation of a brand new measurement system. Moreover, the modifications to the working
section aspired to allow an investigation covering a wide range of operating points at

design and off-design conditions to provide high quality experimental data.

The fundamental goal of this project was to identify the unsteady flow structures in
the cavity that may exacerbate ingestion in order to improve the comprehension of the
underlying physics of the rim seal instabilities. In order to achieve this, high bandwidth
instrumentation was installed in the stator cavity wall to characterise the flow structures

in detail across a broad range of test conditions.

One of the objectives was also to provide high quality experimental data for use in the

development of more accurate design methods and validation of CFD predicting tools.
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The outcome of this research was expected to contribute to expand the knowledge of
the fluid dynamic phenomena developing in the rim seal region. An improved understand-
ing would directly impact the design of sealing arrangements in the secondary air system
inferring a benefit in the engine performance. Ultimately, good quality experimental data
could be extrapolated to engine conditions and used as a predictive tool by the engine
designer, leading to an optimisation of the sealing and cooling flows. Overall, better us-
age of the secondary air would yield higher cycle efficiencies which translates into more

environmentally-friendly engines.

1.4 Research approach

The investigation conducted for this doctoral thesis proposes an experimental study con-
sidering the coupling between the secondary air system (cool sealing flow) and the primary
gas path (hot mainstream flow) to understand the underlying physics and characterise
the fluid dynamics of turbine rim sealing flows. This study focuses on the inherent un-
steadiness of rim seal flows, rather than that imposed by the rotating blades. Therefore,
the facility is operated in different configurations to decouple the effect of the pressure
asymmetries introduced in the annulus by the existence of vanes and blades from that
originated by the sole influence of the rotation of the rotor disc and analyse them sepa-
rately. To do so, the project followed a staged methodology that gradually built up the

complexity of the system, see Fig.1.4.

The first stage of the project was defined by a clean main gas path in which the vanes
and blades were removed and no annulus flow was provided. Stage 1 only featured the
purge flow and rotor disc rotation. Still with a clean annulus free from any blading, the
addition of an axial axisymmetric annulus flow passing through the main gas path deter-
mined the beginning of the second stage. Next, the installation of NGVs in the main gas

path introduced a swirl component into the mainstream inducing pressure and potential



Introduction

field asymmetries in a non-axisymmetric annulus flow. The project would have culmi-
nated with the addition of the rotor blades in the fourth and last stage, thus representing
the most complex scenario with the presence of purge flow, mainstream annulus flow,
stator vanes and rotor blades. However, due to the interesting findings obtained during
Stage 3 it was decided to investigate further the third configuration instead of progressing

to Stage 4.

Annulus flow Vane Blade
—_—

Purge flow + Annulus flow + +
Stage 1
Stage 2
Stage 3
Stage 4

Figure 1.4: Research approach.

The two initial phases simulate the scenario of rotationally-induced ingestion in ab-
sence of annulus flow and with an axial mainstream flow. The third stage represents the
most complex configuration considered within this research where the pressure asymme-
tries in the main gas path govern the ingestion of hot gas into the cavity. This scenario

is referred to as pressure-driven or externally-driven ingestion.

The project here described covered a range of sealing flow rates and rotational Reynolds
numbers with the mainstream flow (when present) scaled to match engine representative
conditions of axial Mach number and axial Reynolds number with a full turbine stage.

Nonetheless, the engine-realistic environment was not simulated during this research since
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these fundamental studies are part of a longer-term campaign. A chute rim seal arrange-
ment with simultaneous radial and axial overlap was investigated as a representative
design of modern aero gas turbine engines. Two sizes of seal clearance were studied rep-
resenting the design operating point and off-design operation. In total, the effects of four
main variables were analysed through the non-dimensional purge flow rate, Cy,, or flow
ratio, Uy /(€20), axial Reynolds number, Re,, rotational Reynolds number, Rey, and seal
clearance, s., respectively. Low and high bandwidth pressure sensors were installed in
the cavity and a new system to acquire gas concentration data was deployed. The output
variables examined to conduct the analysis of the cavity aerodynamics and sealing per-
formance were the mean pressure coefficient, Cy,, sealing effectiveness, ¢, and frequency

spectra of the unsteady pressure signals.

1.5 Thesis structure

An overview of the thesis structure is provided in this section. Chapter 2 summarises
the most relevant findings in the topic of hot gas ingestion that are available in the open
literature. The flow physics behind the phenomenon of hot gas ingestion are described in
detail and a breakdown of the main driving mechanisms is included. A review of previous

work (numerical and experimental) is also presented.

The experimental set up of the Oxford Rotor Facility (ORF) is described in chapter
3. Modifications to the original test section are detailed here as well as the new air supply
system installed. The measurement equipment used during this investigation together

with the data acquisition system are also thoroughly covered.

Chapter 4 presents the results obtained during Stage 1 with a clean annulus under
purely rotationally-induced ingestion. The pressure and sealing effectiveness data of the

baseline test case in absence of annulus flow are compared against the measurements ob-
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tained with the second configuration to study how an axial axisymmetric annulus flow

affects the mean cavity flow aerodynamics and the sealing performance.

Chapter 5 thoroughly analyses the results for the third stage of the test campaign
in which nozzle guide vanes were fitted in the main gas path, therefore featuring non-
axisymmetric annulus flow. The experimental results under pressure-driven ingestion are
studied in detail and contrasted against those reported in chapter 4. Further discussion
is included to help understand the effects of the flow coefficient on the sealing capability

of the chute seal.

In chapter 6, the high bandwidth pressure measurements taken in the ORF are anal-
ysed in the frequency domain to investigate the presence of large-scale unsteady flow
structures rotating inside the cavity. These have been logged and studied in all three an-
nulus configurations. A phase analysis revealed the number and angular speed at which

they travel in the cavity.

The conclusions of this research are summarised in chapter 7 followed by a brief sug-

gestion of next steps for potential future research studies.

The output of this investigation has been submitted for publication. The first paper
covers the results presented in chapter 4 and it has been accepted at the 18th International
Symposium on Transport Phenomena and Dynamics of Rotating Machinery. The second
paper, reporting large part of the results discussed in chapter 5, has been accepted for
presentation at Turbo Expo 2020. After being peer reviewed, this last paper has been

recommended for journal publication.

10



Chapter 2

Literature review

This chapter reviews the literature available on hot gas ingestion. A thorough description
of the flow physics governing the phenomenon is provided. The possible mechanisms that

can lead to this outcome are introduced and the most relevant discussed in depth.

Rotating disc systems are found in a wide variety of engineering applications, including
turbomachinery. For years, common practice within gas turbine engine designers was to
target higher turbine entry temperatures for improved cycle efficiency, translating into
a reduction of emissions. This practice poses a technological challenge for the designers
of the cooling system as they face more demanding requirements that penalise engine
performance. One of the purposes of the secondary air is to seal the space between rotor
and stator discs underneath the annulus platform. This stream of cold air is reinserted
into the mainstream gas path through the clearance that allows for the relative movement
between the rotating and stationary components. Entrainment of the hot gas exiting the
combustor into the cavity through this clearance is undesirable. The heavy discs to which
the rotor blades are attached withstand high mechanical stresses derived from rotation
at high angular speeds. Ingestion of hot air would superpose a thermodynamic load to
this already challenging mechanical load that could lead to a catastrophic event. Good

understanding of the phenomena of hot gas ingestion is therefore paramount.

11
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2.1 Hot gas ingestion

The foundations of the hot gas ingestion phenomenon are explained in this section. The
flow behaviour inside the cavity is described and then the physical principles behind it
thoroughly discussed. The different mechanisms that can lead to hot gas ingestion are

then briefly exposed before being described in more detail in the following sections.

2.1.1 Cavity flow physics

In rotating systems, the case of a disc which is immersed in a stationary fluid and rotates
perpendicular to its axis is known as the free disc. A boundary layer develops on the
disc surface and shear transfers angular momentum from the disc to the adjacent fluid
which acquires the disc tangential velocity. Away from the disc, in the free stream, the
tangential velocity is zero due to the no-slip condition. In a free rotating disc, the viscous
forces, through the Reynolds number, define the flow. The radial velocity is zero at the
disc surface and in the free stream. Shear between the rotating disc and the surrounding
fluid induces a centrifugal force that pumps the flow in the disc boundary layer radially
out. Axial flow enters the rotor disc boundary layer to satisfy mass conservation and
provide the radially outward flow. This phenomenon is known as the free-disc pumping
effect. The flow in the boundary layer may be laminar or turbulent depending on the

angular speed of the disc.

In an enclosed stator-rotor system of co-axial discs, this is with a stationary shroud in
the periphery of the cavity introduced to prevent ingress, boundary layers are expected
to grow on the surface of the stator and the rotor discs. A core of fluid rotating at a frac-
tion of the rotor disc develops in between. For turbulent flow, the fluid core is predicted
to rotate at ~ 40% Q with © being the angular speed of the rotor disc, and ~ 30%
if the flow is laminar [4]. The angular velocity of the rotating fluid core reduces when

the separation between the stator and rotor discs is large. Nonetheless, at small gaps
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the axial component is suppressed and the tangential velocity is significant, leading to
Couette flow. The Coriolis forces that emerge as a consequence of the rotational motion
confine the flow towards the boundary layer in the disc surface. Again, friction and the
centrifugal force accelerate the fluid in the rotor boundary layer up to the disc speed
pumping it radially out. The effect of the centrifugal force over the core fluid is balanced
by a radial pressure gradient. Consequence of the radial gradient, the minimum pressure
will be found inside of the cavity rising with proximity to the shroud. In the situation
where the pressure inside the cavity falls below that in the outside environment, external
flow from the surroundings is drawn into the cavity to replenish the volume and satisfy
conservation of mass. This phenomenon is referred to as hot gas ingestion. Injecting a
radially outwards flow of cooling air between the stator and rotor discs (purge or sealing
air) pressurises the volume and discourages the hot mainstream gases from entering the
cavity. In the unfavourable scenario in which ingress occurs, the coolant aims to dilute
the ingested flow to maintain the temperature of the discs within acceptable limits. Pro-
trusions in the periphery of the cavity shroud are fitted at the rim of either disc to reduce

the available clearance and minimise the amount of purge flow required to seal the cavity.

The entrained fluid flows radially inwards in the stator boundary layer after mixing
with the sealing flow at the top of the volume. The viscous and turbulent effects can be
neglected if sufficient clearance exists between the stationary and rotating walls and the

fluid core outside the boundary layers can be considered inviscid [6].

Initially, it was proposed that the flow structure inside the cavity contained fluid from
the stator boundary layer that axially migrated through the rotating core, spinning at
a fraction of the rotor angular speed, to entrain the rotor disc boundary layer. This
flow structure is known as the Batchelor flow. However, a few years later the hypothe-
sis of a non-rotating core was proposed and referred to as Stewartson flow. Owen and

Rogers [6] solved the controversy highlighting that the flow structure within the cavity
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could be Batchelor or Stewartson type of flow depending on the turbulent flow parameter,
Ar = Cy/ Regg, defined from the purge flow and rotational Reynolds number. Neverthe-
less, ingestion and the sealing flow can change the flow pattern in the cavity. Sufficient
sealing flow pressurises the cavity volume thus reducing the extent of the core region, shift-
ing its position radially upwards or even completely suppressing it (leading to Stewartson
flow). Therefore, the turbulent flow parameter determines transition from Batchelor to
Stewartson type of flow. Nonetheless, the temperature distribution on the discs can have
a significant impact on the flow structure [4]. The conclusion was that a Batchelor flow
structure is expected at the core region, whilst the Stewartson type of flow with no core
rotation appears at low radii (source region in Fig.2.1). Bayley et al. [7] outlined that
high rotational speeds and strong temperature gradients may induce significant variations

in the boundary layers, although changes in disc geometry appeared not to affect them.

Daily and Nece [8] studied the flow mechanics in an enclosed volume with an axial seal
clearance and a plane rotating disc. They found that the seal clearance, s., and rotational
Reynolds number, Re,, were paramount. A characterisation of the cavity flow structure

in four regimes was then defined based on these two non-dimensional parameters:

1. Laminar flow, small clearance, merged boundary layers.
2. Laminar flow, large clearance, separate boundary layers.
3. Turbulent flow, small clearance, merged boundary layers.

4. Turbulent flow, large clearance, separate boundary layers.

Research for turbulent flow in merged boundary layers (Dahlqvist et al. [9], Bohn et
al. [10]) for narrow cavity volumes has shown different behaviour than that found in gas
turbine engines where turbulent flow in separate boundary layers develop. The cavity
flow structure corresponding to regime 4 is described below since it is the one expected

in the experimental conditions of this research.
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Four different aerodynamic regions can be identified inside a rotating cavity with an
outward superimposed flow, Fig.2.1(a): (i) source or inner region where the flow enters the
cavity, (ii) boundary layers at each side of the cavity (stator and rotor discs respectively),
(iii) a central core and (iv) a sink/outer section. In case of mainstream flow entering the
cavity volume, the outer region acts as the mixing zone where the ingressed flow blends

with the egressed flow.
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Figure 2.1: Cavity flow behaviour in rotating cavity with (a) only egress, (b) simultaneous
ingress and egress.

\

Flow is introduced into the cavity through the inner source region and then feeds the
two boundary layers at either disc. Once all the supplied fluid has entrained the steady
boundary layers, they become non-entraining regions where the viscous forces are negligi-
ble. The term Ekman layer is used to refer to these regions, which act as solid boundaries
to the rotating fluid. In the case of outward flow, the sink region is found at the top of
the cavity. The boundary layers merge at the sink region to exit the cavity. In between

the Ekman layers, the cavity volume is filled with an inviscid core of rotating fluid.

The flow structure strongly depends on whether there is flow radially inwards or
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outwards through the cavity. Throughout this project simultaneous regions of radial
ingress and egress have been assumed and therefore the cavity flow structure is likely to

be as shown in Fig.2.1(b).

2.2 Historic overview

Early studies of rim seal ingress focused on the disc pumping effect that leads to rotationally-
induced ingestion. The earliest published data on turbine rim sealing was obtained by
Bayley and Owen [11]. They considered rotationally-induced ingestion for a simple axial
seal clearance and produced a correlation for the minimum flow required to prevent inges-
tion. The importance of the annulus flow was acknowledged shortly after and attention
subsequently shifted to the impact of turbine vanes and blades which create circumfer-
ential flow asymmetries in the main gas path and drive ingestion irrespective of the disc
pumping. In the open literature, Abe et al. [12] were the first to recognise the relevance
of the pressure asymmetries in the annulus gas path in driving hot gas ingestion. Fur-
ther to this, Phadke and Owen [13] and [14] defined two regimes based on the dominating
mechanism in hot gas ingestion: rotationally-induced ingestion would occur when the disc
pumping effects prevail, whilst externally-induced ingestion would take place when the
external pressure asymmetries govern ingress. In isolation, the rotation of the disc can
still draw mainstream flow into the cavity with an axisymmetric environment (in absence

of pressure asymmetries in the external flow field).

From the more basic experimental set ups only comprising a rotating disc, the complex-
ity of the system was increased over the years until it represented a full turbine stage with
annulus flow, sealing flow, nozzle guide vanes, rotor blades and even different flow tem-
peratures and other leakage flows. Multiple rim seal arrangements have been investigated
in a wide range of operating conditions, see Fig.2.2. Previous research concluded that in

an engine-realistic system, externally-induced ingestion would predominantly prevail over
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the disc pumping effect. However, under certain conditions such as the off-design oper-
ation of a gas turbine engine, the effects of rotationally-induced ingestion can no longer
be neglected and it is considered to coexist with the externally-induced ingestion. Some

authors have referred to this regime as combined ingestion.
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Figure 2.2: Examples of rim seal geometrical arrangements [4].

Multiple research groups have conducted numerical and experimental investigations
to assess the various factors affecting rim seal flows. Over the last two decades, unsteady
computational fluid dynamics (CFD) and fast response pressure measurements have re-
vealed that rim seal flows are subject to rotating flow modes or inertial waves. This has
provided an explanation for the limitations of steady CFD and more elementary models,
and has stimulated new research aimed at clarifying the flow physics and reassessing the
mechanisms that drive hot gas ingestion. The presence of large-scale unsteady flow fea-
tures in the cavity was first reported by Cao et al. [15] in a combined experimental and
numerical study. The CFD results indicated that, for the turbine studied, ingestion was

rotationally-driven rather than pressure-driven.

Johnson et al. [16] listed disc pumping, periodic pressure field in the annulus, geo-
metrical 3D features within the rim seal region, asymmetries in the rim seal geometry,
turbulent transport and flow entrainment as the main mechanisms that intervene in rim

seal ingestion. The presence of large-scale unsteady flow features inside the cavity had not
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been detected at the time of this review. However, the research by Cao et al. [15], showed
that they can also dominate the ingestion mechanism and should therefore be added to
the list. In the most complex scenario, the hot gas ingestion mechanism in turbine rims

becomes four-dimensional, being space and time-dependent.

Disc pumping
effect

Figure 2.3: Driving mechanisms of rim seal ingestion.

Several studies have been conducted in order to investigate each one of these drivers
under different operating conditions, rim seal geometries and experimental configurations.
The mainstream flow is unsteady by nature due to the interaction of the rotor-stator po-
tential field combined with the wakes from the rows of vanes and rotor blades sweeping
downstream into subsequent stages. The cavity flow was also found to be inherently un-
steady therefore hugely increasing the complexity of the system. This highlighted the
need to clarify the synergetic effect of the interaction in the rim seal region. Scobie et al.

[17] and Chew et al. [18] recently published thorough reviews of the work done in the field.
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The current project focuses on studying the three driving mechanisms shown in Fig.2.3:
the disc pumping effect (rotationally-induced ingestion), the pressure asymmetries in the
annulus gas path (externally-induced ingestion) and the rim seal instabilities (depicted as
inertial waves in Fig.2.3). Each one of these is described in more detail in sections 2.3,

2.4 and 2.5 respectively.

Interest in this topic has increased in recent years as gas turbine designers seek to
improve the overall cycle efficiency by reducing the penalty derived from the secondary
air system. An experimental study by Beard et al. [19] confirmed the presence of rotating
flow modes in a chute seal subject to rotationally-driven ingestion. This work drew the
attention of the sponsors and set the grounds for the investigation conducted within this
thesis. Subsequently, Gao et al. [20] computationally explored the physics behind the rim
seal unsteadiness as the third major driver for hot gas ingestion, sparking new questions
regarding the effects of rotation. This study aims to investigate the isolated and combined

effect of all three drivers.

2.3 Rotationally-induced ingestion

Research on the fluid dynamics of turbine rim seals commenced after several studies of
free rotating discs showed some interesting effects. A rotating disc immersed in a fluid
environment imposes its rotation to the surrounding fluid. Consequently, the flow in the
boundary layer on the rotating disc will be ejected radially outwards owing to the cen-

trifugal force. This phenomenon is referred to as the disc pumping effect, see Fig.2.4.

The initial investigations started with a basic scenario in which a radial outflow was
supplied through an open stator-rotor system. The external environment, the main gas
path in a gas turbine engine, was dismissed. Such studies aimed to quantify the minimum

flow rate necessary to completely isolate the cavity from a quiescent external environment.
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This led to empirical correlations of the minimum non-dimensional flow rate required to
fully seal the cavity, Cy min, for what is now known as rotationally-driven or rotationally-
induced ingestion. For example, Bayley and Owen [11] and Phadke and Owen [21] consid-
ered axial and radial seals respectively showing that, for the same minimum clearance, the
radial seal required less sealing flow than the axial seal. These initial studies concluded
that the flow structure in the disc cavities is a strong function of the seal arrangement but
independent of the cavity geometry. In addition, a linear relationship of proportionality

between Cy min and Rey was demonstrated.

/ " Ingestion

Inviscid core
Disc pumping
effect

Figure 2.4: Disc pumping effect as the driving mechanism of rim seal ingestion.

The results of a more complete experimental set up featuring mainstream and purge
flow came into conflict with those previously published by Bayley and Owen. Tests
performed by Abe et al. [12] suggested that Cy min Was independent of the rotor ro-
tational speed and was instead controlled by the velocity of the external annulus flow.
Unavoidably, this outcome casted doubt on the methods used by Bayley and Owen. Sub-
sequently, they extended their research to include the mainstream annulus flow aiming to
confirm/dismiss the findings of Abe et al. Towards this goal, Phadke and Owen [13], [14],

[22] carried out an extensive investigation to examine how the presence of annulus flow
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and the pressure asymmetries affected the rim seal performance. They combined pressure
measurements, gas concentration data and flow visualisation techniques to study the flow

field and concluded that pressure-based results overpredicted Cy min-

In the second of this three-part study, Phadke and Owen [14] aimed to generate an ax-
isymmetric annulus flow exempt of circumferential asymmetries, but a quasi-axisymmetric
flow was investigated instead due to experimental limitations. Yet, they reported that a
weak annulus flow would enhance the sealing capability up to a certain threshold in which
the circumferential pressure asymmetries in the external flow would dominate and larger
Cyw min Would be required to seal the cavity. Flow visualisation techniques revealed that
the ingested fluid generated a separation bubble at the edge of the shroud that reduced the
effective clearance thereby improving the sealing performance under a quasi-axisymmetric
flow. This behaviour was not shown in those conditions in which the circumferential pres-
sure asymmetries were large and Cy, i, would be proportional to the external flow. The
amount of purge flow required to prevent ingestion was found to be strongly linked to
the amplitude of the annulus pressure asymmetries. Further to this, Phadke and Owen
defined two regimes that dominated in hot gas ingestion: rotationally-induced ingestion
would occur at low Re,c/Re, when the disc pumping effects prevail, whilst externally-
induced ingestion would take place when the ratio Re.x/Re, is large and the external
pressure asymmetries govern ingress. The latter scenario would imply predominance of
external flow conditions and independence (or negligible effect) of Re,, expected to be a

few orders of magnitude lower.

Dadkhah et al. [23] stated that any ingested flow would entrain the stator boundary
layer and travel across the cavity volume through the fluid core to join the rotor boundary
layer. They identified the largest dilution of the seeded flow (indicative of ingestion of
external flow) at the top of the cavity, with uncontaminated purge flow at the lowest ra-

dial positions. The interaction of the axisymmetric annulus flow with the ejected sealing
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flow proved to have a significant impact over ingestion. Shortly after, Daniels et al. [24]
concluded that the effect of the swirl in the external flow on ingestion was minimal. In
addition, their experimental study included a test case with an axisymmetric external
flow in which the purge flow required to prevent ingestion was found to be independent
of rotational speed, agreeing with Abe et al. Most importantly, the study by Dadkhah et
al. concluded that a slight reduction in the purge flow does not cause a critical decrease
of sealing performance. Indeed, they suggested that a 35% saving in purge flow would be

possible if rim sealing effectiveness of 0.95 could be accepted.

Further experimental studies on rotationally-induced ingestion provided data for a
number of seal types and use of gas concentration measurements allowed sealing effec-
tiveness to be quantified for flow rates Cy, < Cy min. Assuming the flow in the turbine
disc cavity to be largely controlled by disc pumping, Chew [25] developed a model to
correlate experimental data and estimate sealing effectiveness for different seal designs in
absence of external annulus flow. For the small clearance seals considered, the minimum
flow rate required to seal the cavity and the sealing effectiveness for flow rates below this
value are given by Eq.2.1. The parameter £ is adjusted to fit the data for different rim
seal geometries and gives an indication of the sealing performance; low k implies better

prevention or suppression of ingestion.

m,min 1
L =0.1214 k €=

(52 0.8+ 0.024 k (Sb)

m

for 0<Upn<Upmn (2.1)

Where Uy, is the mean seal velocity through the rim based on the supplied purge
flow rate, 2 is the rotor angular speed, b is the disc outer radius, and ¢ is the sealing
effectiveness (defined later for experimental measurements). Chew et al. [26] estimated
the value of k in Eq.2.1 for different geometries and fitted the model to their own ex-
perimental data. Good agreement was evident with their results but also with that of

other research groups in absence of mainstream flow. For k£ = 0.8, the model gives
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Cymin = 0.61(s./b)Rey, where s, is the seal clearance, reproducing Bayley and Owen’s
correlation for a simple axial clearance seal. Phadke and Owen [21] reported a superior
sealing performance of the radial seal. Chew et al. found that k was lowest for a radial
seal thus confirming that the rim seal arrangement most capable of preventing ingestion
was the radial seal. Several simple and complex seal geometries have been tested over the
years, but the study by Bru Revert et al. [27] is thought to be the first investigation of a

chute seal configuration purely under disc pumping effect.

A different orifice model for rotationally-induced ingestion was proposed by Owen
[5]. The derived theoretical equations suggested that swirl in the annulus would reduce
ingestion and swirl inside the cavity would be the driving force for the disc pumping
effect, favouring ejection of purge flow at large swirl ratios. Within the same research
group, Sangan et al. [28] conducted an experimental study and fitted the orifice model to
their data showing very good agreement between the experimental and theoretical results.
Sangan et al. [28] estimated that the sealing mass flow required to seal a radial clearance
under rotationally-induced ingestion was 38% lower than for the axial clearance, agreeing
with previous research. The sealing effectiveness data identified a mixing region at the
top of the cavity where the ingested annulus flow mixed with the sealing flow and then
the fluid merged the stator boundary layer to travel radially inbound. A fully mixed flow
in the stator boundary layer led to an invariant profile of sealing effectiveness in the stator
wall. In the case of incomplete mixing, the sealing effectiveness obtained at the top of the

stator wall was lower than that found in the inner part of the cavity.

2.4 Externally-induced ingestion

Johnson et al. [16] conducted a thorough study of the most relevant mechanisms of turbine
rim seal ingestion. Several reasons were pointed out as possible causes for ingestion:

rotor disc pumping, rim seal geometry (3D features or asymmetries), periodic pressure
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asymmetries from the mainstream flow (interaction vane-blade), turbulent transport and
flow entrainment. Ingestion due to disc pumping occurs because of the centrifugal forces of
the fluid in the rotor boundary layer which act to push the fluid radially outwards. When
there is not enough purge mass flow pressurising the cavity, a radial pressure gradient is
established and, to compensate, the mainstream flow is ingested into the cavity. Some
authors have alluded to this phenomena as Rotationally-Induced (RI) ingestion and it is

described in section 2.3.

Ingestion

Figure 2.5: Circumferential pressure asymmetries as the driving mechanism of ingestion.

An alternative form of ingestion is named Externally-Induced (EI) or Pressure-Driven
ingestion, caused by the circumferential pressure asymmetries in the main gas path. Flow
would naturally be sucked in due to the rotation of the disc. Circumferential pressure
asymmetries in the annulus severely impact this phenomenon promoting ingress and egress
of cavity flow around the seal circumference. Alternating regions of local high and low
pressure appear in the annulus as a consequence of the interaction between the pressure
fields of NGVs and rotor blades as depicted in Fig.2.5. Wherever the pressure in the
main gas path is above the pressure inside the cavity, hot gas ingestion will occur, as the

mainstream flow will be sucked into the disc cavity. Pressure-driven ingestion has been
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assumed to be the dominating mechanism of ingestion in turbine rim seals when pressure
asymmetries exist in the main gas path. Nonetheless, there are many situations in which
the disc pumping effect cannot be neglected and an intermediate scenario of coexisting

RI and EI is often referred as Combined Ingress (CI).

Phadke and Owen [22] generated pressure asymmetries and proved that Cy i, was
correlated with the amplitude of the maximum circumferential pressure difference from
the annulus flow. Following the initial studies in which the main gas path was clear of
any blading, experimental investigations including a full stage started to emerge. Several
attempts to predict the sealing effectiveness under the influence of the pressure asymme-
tries had been made by numerous research groups with the formulation of orifice models
and turbulent transport models. Nonetheless, it should be noted that, as highlighted
by Savov et al. [29], none of these models offer prediction capability per se rather a
best fit to experimental data with adjusted parameters. Hamabe and Ishida [30] were
amongst the first of many researchers to compare sealing effectiveness based on gas con-
centration measurements with an elementary orifice model of pressure-driven ingestion.
Approximating the circumferential annulus pressure variation (between ppmin and pgmax)
as sinusoidal (amongst other distributions) and adopting a uniform cavity pressure, Ham-
abe and Ishida derived Eq.2.2 to calculate the minimum sealing flow rate. This is obtained
by integrating around the annulus assuming local one-dimensional flow through an orifice
area corresponding to the seal clearance. With appropriate choice of discharge coefficient,
(g, the orifice model may be adjusted to match measured sealing flows and sealing effec-
tiveness. Overall, the models show good fit to most experimental data although significant

discrepancies arose when unsteady pressure fluctuations were registered in the cavity.

Um min 2 (pHmax - pOmin)
: =Cq— 2.2
($20) dw\/ 0.50(0) 2:2)

Shortly after, Green and Turner [31] aimed to decouple the effect of the nozzle guide

vanes and rotor blades in the annulus publishing the first study featuring a complete
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turbine stage. In a comprehensive experimental investigation, they demonstrated that
the addition of the NGVs promoted ingress due to larger pressure asymmetries. However,
they found that introducing the blades smoothed out the NGV pressure asymmetries and
therefore provided a more axisymmetric external flow. This resulted in higher sealing
effectiveness thus concluding that the rotor blades positively influenced the sealing per-
formance. Furthermore, Green and Turner showed that with a full stage, the levels of
ingestion were proportional to the rotor disc speed suggesting that the cavity could be
rotationally dominated. They also emphasised the need for experiments at representative

engine conditions to avoid misleading conclusions.

Chew et al. [32] corroborated that the introduction of weak (asymmetric) annulus
flow improved the sealing effectiveness when compared to the quiescent environment.
This was previously acknowledged by Phadke and Owen [14] with a quasi-axisymmetric
mainstream. Nevertheless, the interaction of high rates of purge with the annulus flow
led to sealing effectiveness below unity in all cases, indicating that the cavity was never
fully sealed. They speculated that this may be due to turbulent diffusion of the seeded
gas through the seal clearance. Bohn et al. [33], [34] carried out an extensive combined
investigation to experimentally and numerically assess how the phenomenon of hot gas
ingestion was affected by the introduction of NGVs and rotor blades in the annulus. They
noticed that the cavity could not be fully sealed in real systems with circumferential pres-
sure asymmetries [33]. Therefore, their results supported the findings of Chew et al. In
[34], Bohn et al. found that the rim seal geometry is crucial to determine the influence of
the rotor blades on ingestion. Their numerical simulations showed a reasonable qualita-
tive agreement with the data from Green and Turner [31] for one of their configurations,
confirming the performance benefit originated from the presence of the blades. These
results differed from experiments of their own and were only displayed by one of their

configurations - their other arrangement penalised the sealing effectiveness.
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The numerical study of Hills et al. [35] highlighted that a highly swirled purge flow
(with a tangential velocity component closer to that of the rotor disc than to that of the
vanes) caused the pressure non-uniformity induced by the rotor blades in the annulus
(generally smaller than that of the NGVs) to have a disproportionate effect on ingress.
The mismatch between the calculated and experimental values from Gentilhomme et al.
[36] were attributed to the reduction of swirl flow at higher sealing flow rates. They
demonstrated that ingress of highly swirled annulus flow at low rates of purge supply
increased the swirl in the cavity and consequently the radial pressure gradient. Recent
work suggested that swirling the purge flow could be beneficial to reduce the viscous losses
associated with cavity and mainstream flow interaction in the main gas path. Zlatinov
et al. [37] numerically investigated the effect of swirl in the purge flow and noted that
larger purge supply is required to seal the cavity if the purge flow is swirled owing to
its synchronisation with the pressure non-uniformities. Nonetheless, they concluded that
swirling the purge flow would be beneficial if the ingestion mechanism is driven by the

unsteady pressure disturbance at the rim dominated by the NGV pressure non-uniformity.

Comparison of test campaigns under rotationally-induced, externally-induced and
combined ingestion for the same operating conditions have been published in several
occasions. A theoretical study by Owen et al. [5], [38] provided an analytical and numer-
ical solution to the orifice equations for an axial clearance. The experimental counterpart
was conducted by Sangan et al. [39] and [40] who tested a range of seal configurations
(axial, radial and double radial) under different conditions of external flow. The ori-
fice models derived by Owen were fitted to their rig measurements showing remarkable
agreement. Moreover, Sangan et al. also provided evidence of a lower minimum sealing
flow rate to prevent ingress in RI than in EI for both axial and radial clearances (25%
and 36% respectively). Despite the good agreement of the predicted analytical values
with the measured sealing effectiveness in the RI regime, Owen et al. [38] highlighted

the need for more experimental data in the regime of combined ingestion for theoretical
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(and computational) validation. Recently, Bru Revert et al. [41] showed evidence that in
the presence of external pressure asymmetries, the disc pumping effect can dominate the

ingestion mechanism challenging the definition of the combined ingress regime.

Previous studies with turbulent flow and separate boundary layers showed that under
rotationally-induced ingestion, the flow was fully mixed in the stator boundary layer.
Sangan et al. [28] reported constant levels of sealing effectiveness on the stator wall owing
to no unmixed flow being added into the stator boundary layer. Under the influence
of the external pressure asymmetries introduced by the stator vanes and rotor blades,
radial variations of sealing effectiveness were found. This indicated that the mixing of the

entrained annulus flow and the sealing flow at the top of the cavity was incomplete.

2.5 Rim seal instabilities in ingestion

The first studies investigating rim seal ingestion focused on the disc pumping effect that
leads to rotationally-induced ingestion. Shortly after, the relevance of the pressure asym-
metries in the main gas path, external to the cavity, was acknowledged and the focus
shifted towards the so-called externally-induced ingestion. Decades of research later, and
despite the developments in computational modelling techniques, differences between ex-
perimental and simulated results were still large, indicating that other key elements were
being missed. Publications started to provide evidence suggesting the possibility of un-

steady phenomena driving hot gas ingestion.

Over the last two decades, unsteady computational fluid dynamics (CFD) and fast
response pressure measurements have revealed that rim seal flows are also subject to ro-
tating cavity flow modes or inertial waves as represented in Fig.2.6. This has provided
an explanation for the limitations of steady CFD and more elementary models stimu-

lating new research aimed at clarifying the flow physics and reassessment of the driving
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mechanisms. The main source of unsteadiness was observed to arise from the vane and
blade potential field interaction in the main gas path, but unsteady pressure fluctuations
unrelated to the blade passing frequencies were detected inside the cavity. The latter is

the focus of this section.

Figure 2.6: Rim seal instabilities (depicted as inertial waves) as the driving mechanism
of hot gas ingestion.

2.5.1 Early research

An extensive investigation combining an experimental and numerical approach led Bohn
et al. [34] to reveal an ingestion zone rotating at half the rotor speed which was not
present in the steady simulations previously reported in [33]. Similarly, Roy et al. [42]
identified a large mismatch between their unsteady pressure measurements and predic-
tions with steady CFD models. The source of disagreement was attributed to unsteady
effects in the rim seal. Several investigations such as those by Hills et al. [35] and Gen-
tilhomme et al. [36] highlighted the importance of the flow unsteadiness on the ingestion
process based on the misalignment between their time-averaged rig measurements and the
outcome from their RANS simulations. Indeed, Hills et al. demonstrated that unsteady

computations (URANS) provided better agreement with the experimental data. More-
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over, they pointed to an overestimation of the inertial effects arising from the difference
on tangential velocity between the sealing flow and the external annulus flow as the cause
for the underprediction of ingestion in CFD. The unsteady phenomena detected at that
time was introduced by the vanes and blades in the main gas path. However, some pub-
lications started to mention the presence of unsteady flow features unrelated to the blade

passing frequency.

Experimentally, the presence of previously unnoticed large-scale pressure fluctuations
unrelated to the blade passing frequency with a characteristic length larger than a vane
or blade pitch was detected by Smout et al. [43]. Following the experimental evidence,
some unsteady simulations were carried out to corroborate whether the numerical models
detected such structures. The review by Chew et al. [18] states that a project within the
University of Surrey computationally revealed three-dimensional unsteady flow structures
at the rim seal despite the boundary conditions being axisymmetric and steady. Shortly
after, Cao et al. [15] published the first combined experimental and numerical study
reporting the existence of large-scale unsteady flow features in the cavity which were
unrelated to the blade passing frequency. They were observed to span over a single
vane or blade pitch. The CFD results (with unbladed annulus) indicated that ingestion
was rotationally-driven rather than pressure-driven. Cao et al. detected a flow pattern of
alternating regions of ingress and egress with large-scale structures rotating slightly slower
than the disc speed. These were thought to arise from the interaction of the annulus and
sealing flows. Further analysis of the unsteady pressure signals revealed that these events
were rotating rather than pulsating and that the frequencies related to the flow modes
were proportional to the rotor disc speed. Nonetheless, the frequency was found to be a

stronger function of the annulus flow swirl velocity than rotor speed.
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2.5.2 Rim seal instabilities

Looking at the frequency spectra of the high resolution pressure measurements logged,
Roy et al. [44] identified a distinctive peak at a frequency lower than the blade passing
frequency. The peak was detected at the rim seal region and it was seen to propagate
downstream through the domain where it would be modulated by the presence of vanes
and blades in the main gas path. Independently of the rim seal flow structures, Jakoby et
al. [45] detected a stable periodic pattern of large scale rotating structures further inside
the cavity. Their computations broadly matched the unsteady pressure measurements
and associated the low frequency peak in this region to the cavity modes. Low frequency
pulsations of large amplitude were observed at low rates of sealing flow, with the limit
at which they disappear proven to be dependent on seal configuration and operating
conditions.

Mainstream annulus
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Figure 2.7: Contours of velocity inside the cavity showing rim seal instabilities, Cao et al.
[15] (left) and rotor-stator cavity modes from Jakoby et al. [45] (right).

Roy et al. [44] observed that ingress would occur in the circumferential locations under
the influence of the vane where the pressure was highest. Therefore, areas with maximum
pressure differential across the rim seal would find the largest ingestion of mainstream
flow. Julien et al. [46] reported that when the large-scale structures appear, the pres-
sure perturbations inside the disc space provoke a much deeper penetration of the flow
during ingestion. The influence of this transient phenomenon was significant especially
at low coolant rates where larger regions of low pressure would develop. Schadler et al.
[47] stated that the rim seal instabilities are defined by a local exchange of mass flow of

sealing and annulus flow across the seal when ingress/egress occurs. The unsteadiness at
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the rim seal was associated to vortex formation and modulation.

Measurements from Roy et al. [44] revealed that in absence of purge flow, the large
scale flow structures still appeared and represented the most energetic phenomenon in the
frequency spectra, whilst the blade passing frequency contained more energy at high rates
of sealing flow. This aligned with the findings of other studies conducted independently
which showed that the distinct frequency corresponding to the cavity flow structures dis-
appeared as the sealing purge flow increased and the blade passing frequency became the
most energetic peak in the frequency spectra (see Julien et al. [46] and Horwood et al.
[48]). Julien et al. [46] also found that high rates of sealing flow had a stabilising effect on
the cavity pressure fluctuations as it reduced the intensity and count of the unsteady flow
structures. Several authors agreed with the theory that unsteady flow structures and the
subsequent ingestion of mainstream flow could be mitigated or stabilised at high purge
supplies (Chilla et al. [49], Schadler et al. [47]). Boudet et al. [50] speculated that the
rim seal instabilities disappeared when the centrifugal force dominated over the pressure
gradient inside the cavity, producing an outflow which stabilised the flow field. Consistent
with this hypothesis, Schadler et al. [47] postulated that the stabilisation of the cavity
pressure fluctuations in the rim seal at larger purge rates reduced the energy content of
the vortical structures. In addition, they defended that ingress and egress were required
to trigger the rim seal instabilities since the phenomena were defined by a flow exchange.
Therefore, if the cavity was fully sealed by a high purge flow and only egress was tak-
ing place, the unsteadiness was suppressed. A recent study conducted by Queguineur et
al. [51] concluded that stabilising the cavity or shifting the frequency of the instabilities

would require controlling the stator mode through harmonic forcing of its boundary layer.

Nonetheless, the hypothesis of mode stabilisation was not exempt of controversy.
Mirzamoghadam et al. [52] contradicted these claims arguing that, when external flow

pressure asymmetries are present, ingestion can occur even at high purge mass flow rates
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due to the highly unstable flow found when EI and RI coexist. Recent studies by Horwood
et al. [53] showed that in a chute seal, the frequencies below blade passing appeared at all
computed purge rates and that the amplitude of the peak increased with higher sealing
flow rates although it slightly reduced at U, /(Qb) = 0.1. On the contrary, for a radial
seal, Horwood et al. [48] detected a reduction of the low frequency peak amplitude with
increasing purge, with the energy corresponding to the rotating structures being largely
suppressed at the same U,,/(20) = 0.1. These apparently opposing outcomes show the
complexity of the phenomena and sensitivity to different parameters such as geometrical

arrangement.

The inherent unsteadiness was detected in axial clearances ([45], [15], [47]), chute rim
seals ([44], [54], [50], [19], [53]), radial seals ([55]) and overlap-type rim seals ([49], [56]) in
both experimental and numerical studies. Some of these studies focused on determining
the number and rotational speed of the flow structures, few others on investigating their
origin and many more on developing computational models with the capability to capture
them. The aim of these was to match the accuracy and reliability of the experimental
data through inexpensive simulations. After an extensive review of the available litera-
ture, Chew et al. [18] concluded that axial seals with higher clearances appear to present
the distinct peak of the unsteady flow structures at lower frequencies than more com-
plex geometries with tighter clearances. A recent study by Gao et al. [20] investigated
the unsteady flow structures in an axial, chute and radial seal arrangements with similar
cavity volumes and found that the geometry of the latter restricted the radial outflow

suppressing the cavity instabilities.

The unsteady flow structures present a wide range of sensitivities. Roy et al. [44]
listed mainstream, purge flow, rotor disc speed and geometrical features of the rim seal
set up as the most influential parameters on the unsteadiness of the three-dimensional

flow field. In other words, the ingestion phenomena strongly depends on the velocity
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triangle and vice versa. Indeed, Paniagua et al. [57] demonstrated that the sealing flow
modified the velocity triangles and relative incidence angle at the rotor downstream the
cavity. Following this, Boudet et al. [50] proved that the higher the supply of purge
flow, the stronger the perturbation originated in the incidence angle to the rotor blades.

Furthermore, this effect was observed to travel downstream.

The initial study by Cao et al. [15] showed that the frequency of the flow structures
slightly increased with rotor disc speed although they concluded that the swirled annulus
flow had a greater impact. In addition, they found that the lengthscale and strength of
the unsteady 3D effects was linked to the dimensions of the cavity (radial extent, axial
spacing and gap size). Town et al. [58] indicated that the rim seal cavity, rather than
the number of vanes and blades in the gas path, would determine the cell size, shape
and speed of the flow structures. They showed that large unobstructed clearances would
develop less (in number) but larger (in size) structures and vice versa. In a thorough
study, Schadler et al. [47] concluded that the axial width of the vortical structure will be

of the order of magnitude of the distance between stationary and rotating cavity discs.

Gao et al. [59] also pointed out that each experimental campaign may also be affected
by protrusions in the cavity volume such as boltheads (see Beard et al. [19]), eccentricity
in the experimental rig (see Savov et al. [29]), vibrations and annulus flow conditioning

components as potential variables that may distort the recorded unsteadiness.

Furthermore, the phenomena was observed to be time-dependent with a high degree of
randomness, which meant that each revolution would have different number and intensity
in the flow structures, as noted by Cao et al. [15]. Clear evidence of this is provided by the
phase analysis methodology suggested by Beard et al. [19] that showed summary plots in
which the phase lag for each pair of pressure measurements differed for each revolution

within the same run.
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2.5.3 Limitations in numerical modelling

The intrinsic unsteadiness of the rim seal has been experimentally detected by several
research groups ([15], [45], [44], [47], [58], [29], [19]) whose measurements logged low fre-
quencies unrelated to blade passing. The high expense of conducting an experimental
campaign positions numerical computations as an appealing alternative to investigate the
phenomena at a fraction of the cost. The computational resources in terms of power,
modelling capabilities and numerical methods required to simulate such complex scenar-
ios have recently become available. Indeed, since the early days, various investigations
have followed a combined numerical-experimental approach to conduct a more in-depth
analysis of the flow physics, validate the results from the simulations and complement rig
data with flow visualisations from simulations. As a result, the computations of Cao et
al. [15] and Jakoby et al. [45] successfully detected the rotating structures in the cavity

measured in their respective experimental facilities.

Numerous studies have agreed that the size of the sector model was limiting the length-
scale of the unsteadiness due to the imposed periodicity of the boundary conditions.
However, conducting full annulus time-resolved simulations is computationally expensive
and therefore a trade-off in accuracy, modelling effort and computational time often results
in a smaller sector size being used. Apart from 3D full annulus unsteady simulations,
Boudet et al. [50] also suggested running Large Eddy Simulations (LES) in views to
overcome the previously observed underpredictions of ingested flow. Contrasting results
from different modelling strategies and experiments has become common practice (for
example [15], [45], [60], [47], [61], [19], [29], [48]). Comparisons of LES-URANS-rig data
often show increasing agreement of the LES results with the experimental data although
a misalignment in either frequencies or pressure amplitudes tends to still be observed.
The source of the mismatch has often been attributed to lack of representative boundary
conditions, grid resolution, imposed periodicity, turbulence modelling and the sector size

model for URANS. Julien et al. [46] also highlighted the challenge on the choice of

35



Literature review

time step and duration to reach convergence of the simulations due to the interaction of
multiple time-scales. Significant advances in the modelling strategies and computational
capabilities have been achieved, yet new investigations yield to the same conclusion as

recently shown by Gao et al. [59].

2.5.4 Source of unsteadiness

The origin of the aforementioned rim seal pressure fluctuations continues to be investi-
gated since agreement on the physical cause of such phenomenon has not been reached.
Nevertheless, three general trends stand out in the published literature pointing to the

Taylor-Couette instability, Kelvin-Helmhotz instability or inertial waves as triggers.

Jakoby et al. [45] proved that the unsteady pressure fluctuations in the rim cavity were
unrelated to the blade passing frequency, and consistently with Cao et al., speculated that
they emerged as a consequence of the interaction between the highly swirled mainstream
flow and the purge flow. The large-scale flow structures were attributed to the non-linear
coupling between the instabilities inside the cavity and the blade passing frequency by
Boudet et al. [50]. Schuepbach et al. [62] seconded this hypothesis years later. Town et
al. [58] justified them based on the momentum in the rotor boundary layer causing the

air in the cavity to swirl therefore creating a pattern of moving high and low pressure cells.

Amongst those who proposed the Taylor-Couette instabilities as the trigger for the
rotating structures are Boudet et al. [50], O’'Mahoney et al. [63] and Gao et al. [59].
Boudet et al. justified that at low rates of purge flow, the cavity flow is governed by
opposition between the pressure gradient and the centrifugal force thus satisfying the
condition for the Taylor-Couette instability to develop. High supplies of coolant would
suppress the instability since the centrifugal force dominates the flow. The numerical
evidence for this theory was provided by the instantaneous flow field obtained from the

LES study published by Gao et al. [59].
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Rabs et al. [61] defended that the regions of low pressure in the rim seal gap indicated
a vortex structure initialised by the Kelvin-Helmholtz instability. Their detailed study
determined that the condition for the development of Kelvin-Helmholtz instabilities was
the existence of two parallel, superposed flows of different velocities. This requirement is
met in the rim seal region when the hot mainstream flow meets the cold egressed sealing
air at different velocity and a shear layer forms. An instability arises at the inflection point
in the velocity profile thus exciting the shear layer. The Bernouilli equation indicates that
the larger velocity of the annulus flow in the upper shear layer leads to a lower pressure
than that of the lower layer corresponding to the purge flow. The perturbations increase
with distance and the shear layer starts to bend without the need for viscosity. The shear
layer rolls up owing to the bend moving in the direction of the flow and Kelvin-Helmholtz

vortices occur. The sequence of Kelvin-Helmholtz vortices formation is depicted in Fig.2.8.

Figure 2.8: Development of Kelvin-Helmholtz instabilities.

The size of the vortices depends on the amount of purge flow, and they are detected
with an almost sealed cavity (although with reduced amplitude). The development of
these vortices may be suppressed by the interaction of the NGVs and rotor blades in
the convoluted potential field. The observations of the vortex shedding process reported
by Chilla et al. [49] aligned with these principles demonstrating that the unsteadiness
disappeared when the difference in tangential velocity was minimised. Most importantly,
the Kelvin-Helmholtz instabilities would be suppressed by the interaction of NGVs and
rotor blades in a full stage. Similarly, Savov et al. [29] justified the formation of unsteady
flow structures based on turbulent transport and the roll-up of the shear layer that leads
to Kelvin-Helmholtz instabilities. Schadler et al. [47] formulated the same principle.

Horwood et al. [48] provided further evidence of the development of Kelvin-Helmholtz
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instabilities due to the tangential shear between purge and mainstream flows with the

results by his coauthors Hualca et al. [64] being consistent with both hypotheses.
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Figure 2.9: Inertial waves representation [20].

A different theory has been recently suggested by Gao et al. [20] who explored the
physics behind inertial waves as the third major driver for hot gas ingestion, see Fig.2.9.
Childs [4] pointed out that similar flow structures develop in rotating cavities in which
the coexistence of radial inflow and outflow in a rotating fluid demands for opposition of
Coriolis forces (of different sign) generated by alternating areas of cyclonic and anticy-
clonic circulation. The LES results provided by Gao et al. suggest that inertial waves such
as those governing atmospheric phenomena could develop in the chute seal they studied.
The principle lies in the restoring forces, such as Coriolis forces, that drive inertial waves.
Within the three geometrical configurations they investigated, evidence of inertial waves
appeared in an axial and chute rim seal arrangement. Interestingly, the radial configu-
ration was shown to suppress the inertial waves. Gao et al. attributed this to the seal
geometry restricting the radial fluid motion that would, as a consequence, also reduce the
Coriolis force. According to Gao et al., waves arise in the axial and chute seals from the
interaction of ingested and ejected flow and in these two seal configurations, the Coriolis
terms strongly couple the radial and tangential momentum equations. Evidence of the
Taylor-Couette vortex pair previously shown by Gao et al. [59] did not develop in the

radial seal.
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2.6 Spoiling effect on turbine aerodynamics

The need to purge and seal the cavity volume to prevent undesired overheating of the
discs detriments the cycle efficiency owing to, among others, the impact of ejection on
the aerodynamics of the main gas path. Extensive investigations have been conducted
to study the sensitivity of the aerodynamic flow field to ingress/egress of cavity flow,
mainly to evaluate performance impact and loss generation. During assessments of tur-
bine performance, the interface between the turbine and the secondary air system was
often neglected with the rim sealing flows studied separately. An integrated approach
is paramount to achieve accurate predictions given the interdependence between the two

engine sections.

The strong link between aerodynamic losses and the purge flow was demonstrated by
McLean et al. [65], [66] who proved that radial ejection caused large losses in efficiency.
Furthermore, they showed that high velocity ratios in the purge flow could disrupt the
rotor boundary layer potentially leading to an increase in aerodynamic efficiency. Alter-
natives to reduce the performance penalty derived from the purge supply were suggested
by other authors such as an injection with radial and tangential velocity components or
increasing the swirl of the purge flow to reduce the severity of the shear between the

sealing and annulus flows.

An intensification of the secondary flows on the rotor downstream the rim seal cav-
ity was reported by several research groups such as Paniagua et al. [57], Schuepbach
et al. [62] and Schadler et al. [47]. Paniagua et al. identified a strengthening of the
secondary flows due to entrainment of the purge flow into the hub passage vortex. More-
over, the stronger vortex was found to be pushed upwards in the spanwise direction as
a consequence of the ejected cavity flow. Schadler et al. [47] observed that the cavity
flows migrated radially upwards to up to 30% of the blade span. Furthermore, other

researchers such as Boudet et al. [50] identified traces of rim seal flows (through tem-
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perature measurements) downstream of the rotor blades. Several hypotheses have been
postulated to justify the migration of the cold purge flow such as the hub vortex lifting

the ejected air, due to negative incidence or overturning leading to a reduced flow velocity.

The spoiling effect of the purge flow was categorised into four sources of aerodynamic
loss by Schrewe et al. [67]: alteration of the vane flow field, blockage of rotor inlet,
increase in secondary flows and modification of rotor incidence. Schuepbach et al. noticed
that the vortex rotation of the secondary flows was affected by a non-linear combination
with the instabilities in the rim region. Chilla et al. [49] demonstrated that the rim
seal unsteadiness enhanced aerodynamic loss generation. The identification of the close
link between the rim instabilities and the loss mechanisms led to the realisation that the
performance gain (loss reduction) consequence of reducing the purge supply was weakened

by the unsteadiness [47].

2.7 Other studies

Investigations diverging from the common practice that aimed to expand the scope of the
understanding about hot gas ingestion in turbine rim seals from a different perspective
have also been carried out. Some examples are briefly mentioned in this section to illus-

trate the complexity of the problem.

Test facilities featuring 1.5 stages of an engine-realistic turbine offered the possibility
of studying the front and rear cavities. The experimental and numerical study conducted
by Jakoby et al. [45] revealed that the front cavity experienced larger ingestion than the
rear one. They used the pressure gradient across the cavity as a measure of ingestion
and justified this effect based on the swirl of the annulus flow. The large swirl velocity
component of the flow between the NGV and rotor blades (front cavity) was transferred

into the cavity flow when it was ingested thus leading to an increase in cavity swirl and
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pressure gradient. Downstream of the rotor blades, above the back cavity, the angular
momentum of the almost axial mainstream flow was very small and as a result, its effect
over the cavity pressure distribution was smaller. A decade later, Patinios et al. [68] also
studied the two cavities in an experimental test facility at the University of Bath and
found an improvement of the sealing efficiency on the downstream cavity due to a reduc-
tion in the annulus swirl. They speculated that this was due to the mixing of the purge

flow exiting the front cavity with the mainstream flow and the presence of the rotor blades.

Schadler et al. [47] conducted a noise study based on the acoustic characteristics
of the pressure fluctuations in the cavity. Their investigation concluded that the overall

noise of a high pressure turbine could be reduced by suppressing the rim seal unsteadiness.

A strong dependency of the steady static pressure at the rim seal on the axial po-
sition of the vanes was reported by Hualca et al. [64] although the unsteady pressure
structures in the cavity showed weak dependency. Similarly, Johnson et al. [69] observed
that the time-dependent annulus pressure field external to the cavity could dominate the

ingestion mechanism if there was close proximity between the stator and rotor blade rows.

Leakage paths in the secondary air system of a gas turbine engine are unavoidable in
the interface between structural components, thus the effect of leakages has also sparked
the interest of several research groups. For instance, Patinios et al. [70] identified two

different flow structures in the cavity depending on the relevance of the leakage flows.

Research of hot gas ingestion has typically been conducted at operating conditions
that represent the engine design point. Nonetheless, Scobie et al. [71] and Savov et
al. [29] also investigated some experimental off-design conditions that represented other
points of the flight envelope. The study conducted by Bru Revert et al. [41] included a

wide range of flow coefficients that represented design and off-design operating conditions.
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2.8 Summary

A detailed review of the literature available in the public domain has been reported in
this chapter. The hot gas ingestion mechanism has been described and the cavity flow

physics detailed for the cases of a free disc and an enclosed rotor-stator system.

A chronological overview of the published research in rim sealing flows has been ad-
dressed from the fundamental early studies to the most recent and complex configurations
in which an entire turbine stage typical of a gas turbine engine was investigated. Special
focus has been placed on the rotationally-induced, externally-induced and the unsteady
flow phenomena in the turbine rim region as the main driving mechanisms for hot gas

ingestion.

The most relevant studies conducted to study rotationally-induced ingestion have been
reviewed. An analytical orifice model for the disc pumping effect has been described in

more detail since it is used for comparison in subsequent chapters.

A summary of the key investigations of externally-induced ingestion has been pre-
sented. The fundamental physics of the mechanism have been explained and the impact
of the pressure asymmetries on the cavity and mainstream aerodynamics reported. An
orifice model which considers the circumferential pressure asymmetries has been detailed
since it is later fitted to the data of this investigation. Disagreements between several

research studies have been highlighted to emphasise the complexity of the problem.

The most relevant studies that aimed at understanding the rim seal instabilities have
been summarised. The early research that pointed at unsteady phenomena as the cause
for mismatches in numerical and experimental studies have been briefly commented. A
review of the limitations of numerical modelling to capture the unsteady phenomena has

been included. The physical origin of the unsteadiness has also been explored.
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Experimental method

This chapter is dedicated to the detailed description of the experimental set up and instru-
mentation. The Oxford Rotor Facility (ORF) is introduced first, with a brief description of
its original capability and the modifications it had to undergo to conduct the research re-
ported in this thesis. Following this, the three different types of instrumentation installed
in the facility are thoroughly discussed. Finally, the data acquisition process followed to

convert the raw data into meaningful aerodynamic results is briefly explained.

3.1 The Oxford Rotor Facility

All experiments were conducted in the Oxford Rotor Facility, a transient isentropic light
piston facility designed to investigate the aero-thermal behavior of transonic high pressure
turbines at engine representative conditions [72]. Recently, the use of the facility has

focused on research of the turbine secondary air system.

3.1.1 Original ORF design

Initially, the ORF was conceived as a facility to experimentally investigate the quasi-
steady and unsteady aero-thermal behaviour of high pressure transonic turbine stages [72].

The working section comprised a 1.5 turbine stage (36 HP NGVs - 60 HP rotor blades -
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21 IP NGVs) driven by an isentropic light piston tube for a test duration of quasi-steady
aero-thermodynamic behaviour of approximately 80 ms. The ORF was designed to create
a realistic engine-like environment by matching the main non-dimensional parameters and

using aerodynamic blade designs from a real civil turbofan aero-engine.

Reservoir throat y Fast acting piston Second throat

M

High pressure reservoir Piston tube

;

Reservoir valves Annular gate valve

Working section

Figure 3.1: Schematic of the Oxford Rotor Facility.

A schematic of the ORF is shown in Fig.3.1. To carry out a test, the reservoir valves
allowed the high pressure air from the plenum to go through the reservoir throat and
drive the piston along the piston tube. The pressure and temperature of the air increased
in the piston tube until the desired conditions were reached. The high pressure air drove
the piston isentropically compressing the driven gas. Then, the fast acting annular gate
valve opened raising the temperature and pressure in the working section. The working
section was isolated from the downstream dump tank by a second throat that also set the

pressure ratio across the stage.

Reproducing an engine-realistic environment of the hot end of a large civil turbofan
in an experimental facility is prohibitive due to the high pressures and temperatures at
the entry of the turbine stage. However, a similar flow field representative of that found
in a real engine can be simulated at lower values of pressure and temperature if the non-

N
dimensional parameters of pressure ratio, @, specific speed, ——, Reynolds number,

Doa VI

T
Re, and gas-to-wall temperature ratio, &, are matched.
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Table 3.1: Original Oxford Rotor Facility operating conditions [73].

Parameter Expression Value Units
Rotor disc speed N 9000 rpm
Mass flow rate m 29 kg/s
Turbine inlet temperature To1 374 K
. Po1
Pressure ratio — 3 —
Po4
Reynolds number (based on NGV Cyy) Re 2.7 x 108 —
T
Gas to wall temperature ratio TOI 1.3 —
wall
NGV exit Mach number Mnav 0.93 —
N
Specific speed 460 rpm VK
VT
my/ T()1

Specific mass flow 7.025 x 10~*  kg/s vVK/Pa

Po1

Figure 3.2: Photograph of the Oxford Rotor Facility in the Oxford Thermofluids Institute.
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After moving to the new Southwell building, the ORF was re-commissioned to its
former capability using EPSRC funds in the Oxford Thermofluids Institute of the Uni-
versity of Oxford, as shown in Fig.3.2. In addition, the facility was upgraded from its
original configuration to study turbine rim sealing flows with funding from Rolls-Royce
ple. Within this project, the facility had to undergo major modifications in both the
air supply systems and the working section to accommodate the new test conditions and

configurations that are described in section 3.1.2.

3.1.2 ORF for secondary air systems research

The different research goals of this project required further modifications to the original
facility. The staged testing approach demanded accessibility to the working section to
allow for quick and easy changes of configuration. Moreover, based on the results of Beard
et al. [19], additional instrumentation was included further inbound into the cavity. Hot
gas ingestion has been historically quantified through sealing effectiveness, derived from
measurements of gas concentration. With the aim of quantifying the sealing performance
of the rim seal, the ORF was equipped with a system to take gas concentration measure-
ments of the seeded purge flow with a gas analyser that would be converted into sealing
effectiveness data. Due to the settling time of the gas analyser, the air system supply was
also redesigned in order to achieve a steady state continuous running time of the order of

minutes rather than milliseconds.

Gas analysers have a typical time response of a few seconds, but more realistically it
adds up to 10 — 15s when taking into account the transit time of the sample gas through
the pneumatic tubing used to connect the sensor to the measurement location. Therefore,
to determine sealing effectiveness through gas concentration measurements, a test period
of the order of minutes was essential. An extended run time of duration of minutes was
achieved through two main changes. Firstly, a new air delivery system was implemented

to supply the air feed to the facility from a 60 m? store of ambient temperature air at
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27.6bar. The air feed system is later described in more detail. Secondly, the facility
working section was redesigned with an annulus line of reduced radial span to minimise

the required mainstream mass flow.

Operating point

Matching the relevant non-dimensional variables ensures the flow field in the experimental
facility is representative of that found in a real gas turbine engine. The non-dimensional
and pseudo non-dimensional parameters of the original facility reported in Table 3.1 were

maintained and the new operating point of the ORF derived from them.

All throughout this study, the facility was operated at room temperature and therefore,
based on the specific speed of Table 3.1, the new design speed was N = 7833 rpm. This
was approximated to N ~ 7850rpm and referred to as the nominal speed at design
conditions. The new ORF nominal conditions are summarised in Table 3.2.

N
— =460 — for TH,=290K — N ~ 7850rpm

VT,

Table 3.2: Oxford Rotor Facility operating conditions at the NGV hub exit [73].
N M.x Reax m
7850 rpm  0.342  10° 29 kg/s

3.1.3 Modifications to the ORF

The new design requirement was a system capable of matching the original ORF test
Reynolds number to ensure engine-representative conditions. This was envisioned to be
achieved with a new feed system and a reduced annulus casing line. The new air supply
system would allow the operation of the facility in steady state and a lower span in the
annulus would decrease the mass flow requirement so that longer test runs could be com-

pleted with the same volume of air. The feed pressure to the system was estimated at
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10 bar (design parameter). A second throat downstream of the working section set the

required pressure ratio to provide the desired operating conditions.

The compressed air in the 60 m® volume tanks that feed the 27.6 bar air supply line
was kept at ambient temperature for these investigations. In order to feed the mainstream
flow, a minimum of 10 bar was required upstream of the working section. The available
mass of air (m = pVol/RT) at the nominal mass flow rate of 29 kg/s would allow a
maximum testing time of the order of ~ 40 s. Given that the vanes and rotor blades were
removed from the main gas path in the initial stages of the project, there was no need
for such a large mainstream flow supply and a reduced annulus section could be utilised
to minimise the mass flow demand. This modification was aimed to increase the running
time of the facility to at least 6 minutes (with 7 < 6 kg/s), allowing ample time for gas

concentration measurements.

The modified ORF was able to match the mainstream flow Reynolds number. How-
ever, owing to the fact that the mainstream Reynolds number was not expected to have
a major influence on the cavity flow, the experiments reported in this thesis were run at

lower Reynolds number. Two primary reasons supported this decision:

1. A lower air mass flow requirement extended the potential run time (and the number
of measurements possible with a single test) thereby allowing an extensive and wide
ranging test matrix. Only the parameters expected to have the largest impact were
investigated across all three stages of testing. A longer run test was paramount to
conduct gas concentration measurements with a multiplexer sequentially sampling

from different positions. This is further explained in section 3.2.2.

2. The research group at the University of Surrey were developing, in collaboration
with the ORF research group, a CFD method based in LES. The run time of LES
simulations with high mainstream Reynolds number would have been prohibitive

and very restrictive for this research.
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The experiments at lower mainstream Reynolds number were conducted without the
second throat in place, with the air low exhausted to a downstream plenum at atmospheric
pressure. The mass flow requirement was then reduced to ~ 1.4 kg/s allowing longer test

durations in steady state of the order of 6 minutes.

Reduced annulus

The profile of the casing wall was redesigned and the annulus height reduced to 20% of
its original radial span in order to increase the running time of the facility and lower
the mass flow requirement. This was performed ensuring unaffected interaction between
the mainstream and cavity purge flows whilst preserving the aerodynamic flow conditions
above the rim seal between the HP NGV exit and rotor inlet. Matching the axial Mach
number in the main gas path regardless of the NGVs or rotor blades being present was
of paramount importance to guarantee an engine realistic flow field when a full stage was
to be tested. For the scope of this fundamental study, this approach allowed comparison
between different experimental configurations. One and two dimensional modelling of the
working section of the facility were performed to make sure this requirement was satisfied

and the aerodynamic losses were kept to a minimum.

e 1D modelling

A one-dimensional model consisting of basic calculations of pressures, velocities and ar-
eas with the compressible flow equations was used to obtain the first estimations of the
aerothermodynamic parameters in the main gas path. The axial Mach number and axial
Reynolds number at the hub were obtained from the original set-up and taken as input
design parameters. The desired mass flow rate in the main gas path was imposed by the
pressure ratio across the test section. The ORF was simplified to a choked nozzle leading
to a duct with an acute area contraction to accelerate the flow before dumping it into a
plenum tank. A choked plate at the back would set the pressure ratio exhausting the air

to the room. A 1D simple sketch can be seen in Fig.3.3.
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choked nozzle plenum tank exhaust

— ; —
working se/c;)lr;i
| o |
0 1 12 2 3 4

Figure 3.3: Basic design sketch for 1D calculations.

Station 1: With the available information at the entry to the working section (M, 1,
Reax1 and Tp;) and the isentropic compressible flow equations Eq.3.1, Eq.3.2, Eq.3.3 and

Eq.3.4 and Eq.3.5 the parameters 7', pi, po1, Uax1 and iy were calculated.

TO Y — 1 9
— = 1+ —M 1
P - (1) o
0
Po y—=1 5\7— 1
— = 1+ —M 2
2 - (15 he) 82
— M\~RT (3.3)
. p
e B — axA 4:
m RTU (3.4)
Reax = Wafcvax (35)

All experiments were performed at ambient temperature, therefore Ty, = 290K re-
mained constant throughout the different stations in the 1D model of Fig.3.3. The viscos-
ity was obtained at this temperature from the Sutherland law, Eq.3.6, where T} is the
reference temperature, p. is the reference viscosity at the given reference temperature
and S is the Sutherland temperature. The coefficients of the Sutherland law for an air

medium are T = 273.15 K, Spef = 110.4K and pier = 1.7894 x 105 kg/m s.
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Station 12: The velocity through the rim seal was estimated as half of the axial
velocity in the gas path, Ujo = 0.5 U;. This value was deemed best guess based on previous
experience during a discussion with the collaborators in Surrey. The static temperature at
the seal, T}, required to calculate the flow density, was obtained from an iterative process
using Eq.3.1 with M5 and T 12. Assuming that the mixing of the annulus and purge flow
occurred at constant static pressure, p;o = p1, the sealing mass flow for a certain gap size,

m12, was obtained with Eq.3.4.

Station 0: The design requirement to keep constant mass flow in the annulus de-
termined that the upstream nozzle must be choked, My = 1, and therefore my = my
for continuity. An initial guess set the total pressure to 10bar and allowed an iterative

process to run and calculate the diameter of the choked nozzle with expression Eq.3.7.

dnonrte = \/4/7r o YET/Y (7 ki 1)3 (3.7)

P 2

Stations 4, 3 and 2: The main assumption imposed that all the dynamic head was
lost when the flow was dumped into the tank (po3 = p2) and that the tank exhausted
to atmosphere through the choked plate (ps = 1bar). The total temperature remained
unchanged and mass conservation accounted for the addition of the purge flow into the
mainstream 1, + s = 1Ty = 1z = 1. Again, iterations were required to solve the
system and obtain the area required to choke the back plate. A first estimation for the
back throat area was assumed and then pg3 was calculated from FEq.3.8 allowing for My,

Pos, 14 and Uy to be found.

, 1/2 1)
o poiz/‘l%oat G) <(’H2r 1)> 200-1) (3.8)
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The mass flow equation was then solved for My, and with it, pgs, 7o and U, were
obtained. Two conditions must be satisfied in order to complete the iterative process and
achieve convergence: that the calculated mainstream mass flow matched the initial one;

and that the exit flow conditions calculated from the thermodynamic variables in station

*

Throat Was assumed

4 agreed with those in station 2. In case of a mismatch, a new value of A

and the process repeated until the above conditions were satisfied.

Results: An inlet total pressure of 4.13 bar with the original annulus area provided
a mainstream mass flow input of 29.26 kg /s (agreeing with Table 3.1). Bringing the casing
line down to 20% of the original area reduced the mass flow requirement to 5.8 kg /s, well
within target. This value was used as a first approximation for the CFD inlet boundary

conditions.
e 2D modelling

A 2D model was created to assess the flow behaviour in the new working section with
the goal of minimising the pressure losses in the reduced annulus design. The geometry
was created from the original ORF CAD files using Autodesk® Inventor LT and then
imported into ANSYS® ICEM CFD™ 17.2 to generate a mesh. Once the domain was
discretised it was finally loaded into FLUENT® 17.2 to solve the flow equations. The
boundary conditions for the simulations were imposed based on the estimations obtained
from the 1D modelling. After convergence was achieved, the results were analysed using

MATLAB 2016a and the ANSYS® post-processing tool CFD-POST.

Geometry: A qualitative study to assess the best casing line was performed without
including the volume corresponding to the cavity. The convergent shape of the duct
induced an acceleration of the flow followed by a diffusion that triggered flow separation
downstream of the working section. The original geometry of the working section was
modelled and compared to new designs with a reduced casing line. Some examples of

geometries and velocity contours are shown in Fig.3.4. The final design featured a constant
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casing line after the duct throat to allow a slight diffusion whilst minimising the extension
of the separation region and the pressure loss. The geometry labelled Reduced annulus 1

in Fig.3.4 was selected to be manufactured and installed in the ORF.

\/‘ ““““““ :

Full annulus Reduced annulus 1 Reduced annulus 2

S E— ] == - ——
_—
_/

[ 1
Velocity (m/s) () tl-z()

Figure 3.4: Examples of geometries investigated for the reduced annulus with velocity
contours for each one.

Fig.3.5 shows the geometry of the original full height annulus of the ORF and the re-
duced annulus casing line. The dashed lines for the NGV and rotor blades are purely for
indication purposes. The axial velocity distribution along the spanwise direction shows
in blue that the flow in the hub region (5% of total span) reached the same target axial

velocity with the reduced annulus.

Nonetheless, it is important to emphasise that the boundary layers at each endwall of
the annulus would cover a large portion of the annulus span thus hindering the develop-
ment of secondary flows. Moreover, the reduced annulus NGVs have not been scaled to
achieve a representative loading. As a consequence, this configuration would not be ade-
quate to study the aerodynamics of the main gas path but it is considered representative

in the rim seal and hub region.

Mesh: A mesh sensitivity study concluded that a structured mesh of 55 000 elements

provided a grid independent solution for flow velocity, static pressure and mass flow. The
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first cell height at the hub was set at 7 x 1073 mm to provide a y* < 7 and a maximum

cell aspect ratio of 66.

Stator Rotor Full annulus

Reduced annulus

0.27 e
i«=— Full annulus

0.26 !
6
~ 025

024 "\;— Reduced annulus

90 110
UﬂX (m/s)

Figure 3.5: Domain geometry of the 2D models with original and reduced annulus casing
lines with zoomed view of the axial velocity distributions at the rim seal.

Solver: A two dimensional density based steady solver with axisymmetric swirl using
a k-w SST turbulence model was used to evaluate the performance of a number of modified
casing annulus lines. An implicit method and second order upwind spatial discretisation
were implemented whilst boundary conditions of inlet mass flows (purge and mainstream)
and exit static pressure with radial equilibrium were applied. The results from the 1D
model were used as an initial guess but an iterative process was required to finally achieve
the target hub axial velocity of 115 m/s at the exit of the NGV. The 2D study concluded
that the constant annulus line downstream of the rim seal provided the minimum pressure

loss and it was therefore implemented into the CAD model as shown in Fig.3.6.

Facility working section design

Following the design of the reduced annulus casing line, a total of 25 components were
re-designed to accommodate the test configurations of the following stages and to allow
easy changes of set up. Installation of new and more extensive instrumentation was also

considered. The new components are listed in Table 3.3 and numbered in Fig.3.6.
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Figure 3.6: Longitudinal cross section of the CAD model.
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A main gas path with a simple reduced annulus area free of any blading was initially
installed into the test facility with dummy stator and rotor platforms. This study acts as
a continuation of the research published by Beard et al. [19] and features the same cavity
geometry. Their experimental test conditions were first replicated (Stage 1: purge flow

and rotor disc rotation only).

Table 3.3: List of modified components in the ORF shown in Fig.3.6.

Item Description Item Description
1 Contraction outer case 14 Hub feed barrier
2 Outer case liner 15 Vane hub ring
3 Mesh support 16~ Mini disc
4 Case feed distributor 17 Lower front static seal
5 Feed plate 18  Upper front static seal
6 Reduced annulus part 1 19 Split disc front
7 Reduced annulus part 2~ 20 Split disc rear
8 Reduced annulus part 3 21 Seal rear
9 Reduced annulus part 4 22 Existing wire mesh plate
10 Hub interface 23 IP blade ring
11 Hub inlet transition 24 Inlet inner annulus liner
12 Hub feed distributor 25 Inlet inner spacer ring

13 Upper hub seal ring

Details of the working section geometry adopted for this study are presented in Fig
3.7(a). Without blading, the rotor hub platform (1) and the hub vane ring (2) were
solid, axisymmetric rings that defined the rim seal design. The ORF includes a split
disc (3) allowing modification to the rotor seal geometry by simply replacing the rotor
hub platform component. The potential leak path between the rotor disc and rotor hub
platform is sealed using flexible silicone. The rim seal purge flow is injected into the rotor
disc cavity between the lower labyrinth seal (5) and upper overlapping seal. This flow
enters an annular cavity upstream of the feed distributor (4) and through an array of 60
holes of 2.5 mm diameter, it is evenly distributed circumferentially. A blockage ring at
the hole exit discourages any jetting and promotes mixing prior to injection into the rotor

cavity through a 2.6 mm annular slot.
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Figure 3.7: (a)Details of the working section geometry and purge flow supply, (b) details
of the rim seal geometry (mm), (c¢) relevant dimensions for the small gap size, s. = 0.0042,
and (d) relevant dimensions for the large gap size, s, = 0.0078.

A secondary air supply beneath the rotor labyrinth seal is available to compensate for
leakages from this volume. However, Beard et al. [19] demonstrated that the volume was

well sealed, and therefore the secondary air feed was not used during this study.

The surfaces of the rim seal and rotor disc cavity were axisymmetric and polished
to avoid non-uniformities. In particular, all bolt heads were counter-bored, filled and
smoothed. The chute seal design used in this study is identical to that investigated by
Beard et al. [19] and shown in Fig.3.7(b). The nominal seal clearance was designed to be
1 mm at the maximum rotor disc speed of 9000 rpm with an axial overlap of the stator
and rotor surfaces at the rim of 2 mm, Fig.3.7(c). The radial growth of the rotor disc

was previously evaluated by Beard et al. and accounted for in this study. Introducing
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a spacer ring between the disc and the shaft increased the axial distance between the
stator and rotor ring, leading to a seal gap of 1.85 mm, Fig.3.7(d). The larger seal gap
simulates a potential engine off-design condition, where the relative axial displacement
between static and rotating components may vary. It is worth highlighting that, from a
2 mm axial overlap between the stator and rotor surfaces, opening the rim seal led to a

0.5 mm axial gap instead.

Enhanced air supply system

The ORF was initially designed as a transient test facility that used an isentropic light
piston tube to provide the air supply. This operating mode allowed a running time of
approximately 80 ms, which was insufficient for the investigation of hot ingestion here
described if sealing effectiveness data were to be obtained. To enable the acquisition of
sealing effectiveness data, an air feed system was designed to provide a steady mass flow
of up to 6 kg/s over a test period of the order of minutes. A schematic of the installed

system is shown in Fig.3.8 below.

In the configuration with no mainstream flow, the purge flow is supplied by an Alicat
MC Series 2000 mass flow controller, with a traceable uncertainty of +0.8% of reading
plus +0.2% of full scale, connected to the air supply line of compressed air at 6.9 bar
(100 psi), Fig.3.8(a). Dry air at ambient temperature and 27.6 bar (400 psi) is supplied
to the test area through a 101.6 mm (4 inch) diameter pipe. Following isolation valves,
the parallel connection of a flow limiter and pressure reducing valve, Fig.3.9(a), ensures
constant pressure upstream of separate 1S09300:2015 compliant choked nozzles (uncer-
tainty in Cq = +0.5%). With annulus flow, this arrangement supplies the mainstream and

purge flows, thereby achieving constant mass flow conditions for each stream, Fig.3.8(b).

The constant area of the flow limiter is set to supply the required total mass flow

with the maximum 27.6 bar feed pressure. As the experiment proceeds, the mass flow
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through the limiter decreases since the feed pressure decays during blow down operation
mode. However, the regulator mass flow increases accordingly to achieve constant pressure
upstream of the metering nozzles and steady mainstream and purge mass flows. The
operating principle of this assembly is depicted in Fig.3.10(a). The mainstream and
purge flows are initiated by solenoid actuated ball valves located prior to their respective
metering nozzles. The mainstream feed passes through two venturi nozzles in parallel and
is introduced into a large settling tank before entering the working section through the

feed distributor visible in Fig.3.9(b) and (c).
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Figure 3.8: Schematic of the mainstream and purge air feed system for (a) Re,x = 0
(Stage 1) and (b) Re,, = 2.6 x 10° (Stages 2 and 3).

A 50.8 mm (2 inch) diameter pipe line was branched from the main duct downstream
the pressure regulator and flow limiter to provide the purge air into the cavity. Another

choked venturi nozzle effectively sets the purge supply before it enters a manifold that
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introduces the flow in the working section by means of 8 flexible hoses. The hoses are
evenly distributed around the circumference of the facility and connected to an annular

settling volume in the working section prior to entering the cavity volume.
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Pressure
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Figure 3.9: (a) Pressure reducing valve and flow limiter assembly, (b) feed distributor
plate and (c) feed distributor assembly in the ORF.
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Figure 3.10: (a) Operation principle of the flow limiter and pressure regulator and (b)
typical air feed system pressures and mass flows.

Total pressure and temperature measurements were acquired upstream of each noz-
zle. The uncertainty associated with the measurement of the mainstream mass flow was
+0.7%, whereas for the purge mass flow it ranged between £0.75 and =+ 2.0% depending
on nozzle diameter. To reduce measurement uncertainty, for test conditions with low
purge mass flow conditions (mpuge < 0.035 kg/s ) the purge flow was instead metered by

an Alicat MC Series 2000 mass flow controller, with a traceable uncertainty of +0.8% of
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reading plus £0.2% of full scale. Together with the previously described reduced annulus
area, a steady test time of up to 20 minutes was possible at the test conditions detailed

later. Typical system pressures and mass flows are plotted in Fig.3.10(b).

Venturi flow nozzles Different venturi flow nozzles were designed in accordance to
the test conditions and configurations of the working section. For the first scenario, no

nozzles were employed since no mainstream flow was supplied, see Fig.3.8(a).

The two parallel nozzles that provided the mainstream flow were dimensioned to sup-
ply a maximum air flow of 4kg/s (2kg/s each) with an inlet total pressure of 10 bar.
Based on these design conditions, and for a standard temperature of 290 K, Eq.3.7 set the

diameter of the mainstream flow nozzles.

The effect of the seal to axial velocity ratio, Uy, /Usy, on the mechanism of ingestion
was experimentally studied covering the range U, /U, € [0,0.6] based on typical in-
service large civil aero-engines. The target axial velocity in the annulus was kept constant
throughout the entire test matrix (design parameter), thus the different values of seal-to-
axial velocity ratio were achieved through changes in the purge flow velocity. Based on
the continuity equation, Eq.3.9, the flow velocity through the seal given a constant seal
clearance was adjusted with the purge mass flow. The size of the nozzles was obtained
with Eq.3.7.

Mpurge = P Um Aseal (3.9)

Stage 2: FEq.3.7 set the diameter of the mainstream flow nozzles to 32.8 mm. Table
3.4 summarises the dimensions of the venturi nozzles used to achieve each one of the

required purge rates of Stage 2.

Stage 3: The addition of the NGVs introduced a swirl component and the main-

stream flow was no longer axial. The Mach Number at the exit of the NGV hub was
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approximately M,,, = 0.87 and the annulus section was transonic. Assuming the static
pressure at the rim was maintained, the total pressure upstream of the NGVs was dictated

by the total Mach Number setting the total-to-static pressure ratio across the NGVs.

Table 3.4: Purge flow nozzle diameter for axisymmetric annulus flow (Stage 2).

dnozzle (M) 52 73 90 104 127 148 164 178
UL U 0 s, = 0.0042 0.08 0.16 023 0.31 046 0.63
- sc = 0.0078 0.1 0.2 0.55 0.63

Based on the results of Stage 2, the highest static pressure at the rim was py, = 1.1 bar
achieved at Uy, /U, = 0.5 for s, = 0.0078. Assuming choked conditions at the annulus
downstream of the NGVs for ease of calculation and to allow for some design margin, the
total-to-static pressure ratio across the NGVs was 1.89 giving a required total pressure
upstream of the vanes of pg ypstream = 2.08 bar. This value ensured an axial Mach number
of M,y = 0.34 at the exit of the NGVs thus matching the axial flow conditions of Stage
3 to those of Stage 2. To guarantee a constant mass flow rate supply (choked nozzle
M =1, po/p = 1.89) the total pressure upstream the mainstream feed nozzles must be
at least 1.89 times higher than the desired pressure at the entrance of the test section
(upstream of the NGVs). Taking into account some pressure losses that may occur in
the pipeline, the pressure at the outlet of the regulator had to be at least 5 bar. The
pressure margin was increased to account for a safety factor and the upstream pressure

requirement was set at 6 bar.

Table 3.5: Purge flow nozzle diameter for non-axisymmetric annulus flow (Stage 3).

doopmte  (mm) 45 52 6.6 7.8 90 104
s.=0.0042 0.1 022 03 0.35
Unf/Usc ) 000078 0.07 008 013 018 023 0.3

Axial velocity in the annulus (and therefore mass flow rate) were similar to those
of Stage 2. However, since the total pressure upstream of the nozzles was higher, new
mainstream nozzles with a smaller diameter (d = 25.5 mm) were required to deliver the

same mainstream mass flow rate. Similarly, nozzles for the purge flow were machined to
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account for the increase in upstream pressure and summarised in Table 3.5.

Nozzle guide vanes

The introduction of NGVs in Stage 3 of testing added a strong swirl component into
the flow velocity in the main gas path generating variations in the pressure and velocity
potential field. A set of NGVs was designed to adjust for the reduction in the annulus cross
section The vane design was based on the original engine-realistic geometry previously
tested in the ORF [72] with an axial chord of 34 mm, exit flow Mach number and swirl
angle of 0.87 and 68° respectively, and radial span of 7.5 mm at the trailing edge. A
total of 36 NGVs were included and manufactured using SLA rapid prototyping. The
axial distance between the vane trailing edge and the rim seal was 9.4% of the vane
axial chord. The stator vanes were introduced into the main gas path through 36 slots
machined in the casing ring of the reduced annulus, Fig.3.11. The gas path remained
bladeless downstream of the NGVs with an identical rotor disc geometry to that of the

experimental set up with and without axisymmetric flow.

Figure 3.11: Photographs of (a) SLA NGVs, (b) assembly of NGVs in casing mounting
ring with static pressure tappings visible and (c) casing mounting ring.

3.2 Instrumentation set up

Comprehensive low bandwidth pressure and temperature measurements were acquired
throughout the working section (including the main gas path, purge flow feed system and
the rotor disc and rim seal cavities) to ensure the desired test conditions were achieved

in the main gas path and stator-rotor cavity. High bandwidth pressure transducers were
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strategically located around the stator wall circumference to study the unsteady flow
phenomena inside the cavity. A new measurement system to quantify the sealing effec-
tiveness of the chute seal based on gas concentration measurements was commissioned
in the ORF. The low bandwidth data is first described in this section followed by the
sealing effectiveness and high bandwidth data. Another subsection is dedicated to the

description of the data acquisition system.

3.2.1 Low bandwidth data

This section focuses on the pressures and temperatures acquired by a National Instruments

PXI/SCXI data acquisition system logging data at 200 Hz.

Pressure data

All steady pressure measurements were obtained by pneumatic pressure transducers con-
nected to 1.6 mm diameter tappings with flexible vinyl tubing. Absolute measurements
were acquired using First Sensor CTE8000 transducers with a nominal uncertainty of
+0.1% of the full-scale output. Differential measurements were acquired using First Sen-

sor BTEM5000 transducers with a nominal uncertainty of £0.2% of the full-scale output.

Mainstream condition monitoring: The flow velocity in the reduced annulus was
calculated from measurements of py, p and Ty. Mainstream py was measured using four
radial rakes, each including 4 pitot tubes covering the annulus height (15% to 85% ap-
proximately), placed upstream of the reduced annulus — see Fig.3.12(a) — and distributed
at 90° intervals. The upstream pressure rakes, mounted with Sensor Technics CTES8000
Series 0 — 10 bar absolute pressure transducers, provided validation that axisymmetric
flow conditions in the annulus flow were achieved, Fig.3.13. In addition, higher range
0 — 16 bar absolute pressure transducers were fitted in the control volume between the
pressure reducing valve and upstream the venturi flow nozzles as depicted in Fig.3.8(b). A

0 — 35 bar pressure transducer of the same series logged the pressure input to the system
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from the tanks of compressed air. The typical error band of these sensors is +0.1% of the

full-scale output.
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Figure 3.12: (a) Pressure and temperature instrumentation in the main gas path, feed
and inner cavities and (b) view of the casing wall circumferential points for axisymmetric
and non-axisymmetric annulus flow configurations above the rim seal.

A total of nine pressure tappings (connected to 0—5 bar absolute pressure transducers)
were located above the seal following the axial direction at four circumferential locations.
The position of the tappings was strategically chosen to capture the significant changes
of static pressure expected to occur at the annulus based on the CFD results.

The angled slots in the new casing designed to introduce the NGVs in the annulus

hindered the distribution of the axial static pressure measurements thus 5 data points
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Figure 3.13: Typical upstream pressures ensuring axisymmetric flow in the annulus.

were aligned with the slots. As a result, the axial coordinate remained unchanged whilst
a slight circumferential offset was introduced. The difference in measurement position
for the axisymmetric (without NGVs) and non-axisymmetric (with NGVs) annulus flow
test cases can be seen in Fig.3.12(b). The circumferential pressure asymmetries in the
annulus were measured by nine pressure tappings located above the seal at a constant

axial position and circumferentially spaced to cover one vane pitch.

Purge flow feed system: The measurement locations in the purge flow feed system
and rotor cavity are shown in Fig.3.12(a). Locations with both pressure and temperature
measurements are shown in blue, whereas those with only pressure measurements are
labelled red. These pressures were acquired using First Sensor Series CTES8000 absolute

pressure transducers with a nominal uncertainty of £0.1% of the full-scale output.

Cavity instrumentation: The position of the radial static pressure tappings on the
stator wall at the rim seal and cavity are shown in Fig.3.12(a) and Fig.3.14. Radial dis-
tributions of static pressure tappings were installed at four locations, distributed evenly
around the cavity. At locations A and B nine radial measurement points extended across
the entire radial span of the cavity, whereas at locations C and D a lower resolution of

four repeat measurements was included.

The static pressure data were acquired by First Sensor BTEM5000 0 — 100 mbar
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unidirectional differential pressure transducers with a nominal uncertainty of +0.2% (or
+0.2 mbar) of the full-scale output. Measurements were referenced to the innermost
measurement location (p1011) with this point using the mainstream pressure as reference.
Note that the tapping in the furthest outward position in the rim seal, e.g. model point
1110, has not been included in the steady measurements to avoid flow disturbances.
Pressures are often non-dimensionalised by the rotor disc dynamic head defining the cavity
pressure coefficient, C,, Eq.3.10. The uncertainty associated with this derived parameter
is £0.0017, see Appendix A. Tables 3.6 and 3.7 summarise the pressure measurement

coordinates, model point numbers and types of pressure transducer.

_ P — Pioux

P 0.5p(0Qb)2 (310)

Figure 3.14: Pressure instrumentation in the stator ring.

67



Experimental method

Table 3.6: Summary of steady pressure measurements in the cavity.

Model Lo Radius Uncertainty
Type Description Sensor
point (mm) (%FS)
FS HCE
1011, 1021 dp Cavity position 1 198.7 0.2
0 — 100 mbar
. . FS HCE
1012, 1022 dp Cavity position 2 205.7 0.2
0 — 100 mbar
1013, 1023 _ N FS HCE
dp Cavity position 3 211.7 0.2
1033, 1043 0 — 100 mbar
. . FS HCE
1014, 1024 dp Cavity position 4 215.7 0.2
0 — 100 mbar
1015, 1025 _ N FS HCE
dp Cavity position 5 219.7 0.2
1035, 1045 0 — 100 mbar
. . FS HCE
1016, 1026 dp Cavity position 6 224.2 0.2
0 — 100 mbar
1017, 1027 . . FS HCE
dp Cavity position 7 227.7 0.2
1037, 1047 0 — 100 mbar
1018, 1028 , N FS HCE
dp Cavity position 8 231.2 0.2
1038, 1048 0 — 100 mbar
FS HCE
1019, 1029 dp Cavity position 9 234.16 0.2
0 — 100 mbar
Pri FS CTES8000
1051 P rimary (upper) 172 0.1
feed cavity 0-10 bar
Secondary (lower) FS CTES8000
1052 P 157 0.1
feed cavity 0-10 bar
FS CTES8000
1053 P Overlapping seal 184.5 0.1
0-10 bar
Underneath overlapping FS CTES8000
1054 P 170 0.1
seal 0-10 bar
FS CTES8000
1055 P Inner cavity 157 0.1
0-10 bar
Underneath labyrinth FS CTES8000
1056 P 127.5 0.1
seal 0-10 bar
Above labyrinth FS CTES8000
1057 P ove Tabyi 134.5 0.1
seal 0-10 bar
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Table 3.7: Summary of steady pressure measurements.

Model L. Radius Uncertainty
Type Description Sensor
point (mm) (%FS)
Axial mainstream FS CTES8000
1211-1218 0.1
P location 1 positions 1-8 244 0-5 bar
1219 location 1 position 9
Axial mainstream FS CTES8000
1221-1228 P 244 0.1
location 2 positions 1-8 0-5 bar
Circumferential FS CTES8000
1325-1395 P 244 0.1
locations 2-9 position 2 0-5 bar
Upstream rakes FS CTE8000
1411, 1441 Do 174 0.1
locations 1, 4 position 1 0-5 bar
Upstream rakes FS CTES8000
1412, 1442 py 190 0.1
locations 1, 4 position 2 0-5 bar
) ) n/a FS CTES8000
1511 Do Sealing air nozzle 0.1
0-16 bar
1591 . Upper bypass nozzle n/a FS CTES000 01
mainstream air 0-16 bar
1531 . Lower bypass nozzle n/a FS CTES000 0.1
mainstream air 0-16 bar
1541 . System upstream n/a  FS CTES8000 01
pressure 0-35 bar
FS CTE9000
1081 P Oil bearing n/a 0.1
0-10 bar
Labyrinth seal ST BTES5000
1082 dp n/a 0.1
differential 4350 mbar
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Temperature data

Gas temperature measurements were acquired by k-type bare bead (d = 76.2 um) ther-
mocouples with exposed tips protruding into the flow. The associated measurement un-
certainty was +0.45% (or £1.3 K). The focus of this investigation has not been the tem-
perature distribution inside the cavity, but temperatures at strategic points were used to
derive other quantities such as flow density. The exact coordinates of the measurement

points together with the model point are shown in Table 3.8.

Table 3.8: Summary of temperature measurements.

Model Lo Radius Thermocouple Uncertainty
Type Description
point (mm) type (K)
Pri
2051 T timary (upper) 172
feed cavity
Secondary (lower)
2052 Ty 157
feed cavity
2053 T Overlapping seal 184.5
k-type
Underneath
2054 Ty 170
overlapping seal
2055 T Inner cavity 157
2411, 2421
Ty 174
2431, 2441 .
Mainstream
2412, 2422 1.3
T 190
2432, 2442
2413, 2423
Ty upstream rakes 206 d="76.2 um
2433, 2443
2414, 2424
T 233
2434, 2444

2511-2513 To Sealing air nozzle n/a
2521-2524 Ty Upper bypass nozzle n/a
2531-2534 Th Lower bypass nozzle n/a
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Mainstream condition monitoring: Analogously to the pressure rakes shown in
Fig.3.12(a), four radial rakes, each one including four thermocouples, were installed at the
same axial coordinate to measure mainstream 7;. Temperature rakes were also located
(together with pressure sensors) upstream of the choked venturi nozzles that supplied the

air to the mainstream and purge streams, see Fig.3.8(b).

Purge flow feed system: Temperature measurements were also recorded in the purge
flow feed system for monitoring purposes. The specific locations where these data were

obtained can be seen in Fig.3.12(a).

3.2.2 Sealing effectiveness data

This section provides an introduction to the basic principles and requirements of the
tracer gas technique followed by a detailed description of the new system installed in the
OREF. Operation and calibration of the system are then explained before the gas sample

measurement locations are introduced.

Evidence of hot gas ingestion from pressure measurements or flow visualisation pro-
vided qualitative information of the flow behaviour in turbine rim seals. Gas concen-
tration data quantified the performance of the seal. A wide range of flow visualisation
techniques were used to study the velocity flow field in the rim cavity such as Particle
Image Velocimetry (PIV) (at Arizona State University [74], [55] but also at other research
institutions like the University of Darmstadt [67]), Tunable Diode Laser, Laser Doppler
Anemometry (LDA) or Velocimetry (LDV) [10], seeded smoke or oil paint. Despite their
benefits, these techniques are unsuitable for the current research due to the limitations
for optical access to the working section in the ORF. When it comes to experimentally
quantifying ingestion, the use of a tracer gas has become the most extended practice ([36],

[39], [29]).
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Tracer gas technique

The tracer gas technique has proven to be a powerful methodology to quantify the per-
formance of rim seals and the physics that govern the mechanism of hot gas ingestion.
For safety reasons, the foreign gas must be non-toxic, environmentally friendly, colorless,
odorless, inert, easily detectable and not present in other sources. Early studies reported
the use of nitrous oxide ([13], [23], [36]) or helium [75] although carbon dioxide has become
the most widespread option ([36], [33], [39], [74]). Clark et al. [76] cited that turbulent
mixing prevails over molecular diffusion and therefore the use of a tracer gas with higher
molecular weight than air is justified. Clark et al. described in high detail how to use

carbon dioxide as a tracer gas to quantify sealing effectiveness.

Infrared (IR) spectometry in all its varieties (dispersive, non-dispersive (NDIR) and
Fourier Transfrom (FTIR)) stands amongst the available techniques to measure gas con-
centration due to its superior sensitivity, selectivity and stability. The basic principle
of this technology relies on the capability of the gas molecules to absorb infrared light,
which is directly proportional to the gas concentration in the sample. Dispersive IR de-
tectors use a prism to pre-select the desired wavelength of light to pass through the gas
sample before reaching the detector. Non-dispersive sensors however, pass all the light
source through the gas sample and a color filter placed before the light detector selects

the desired wavelength of the gas, see Fig.3.15.

Dispersive Infra-Red Technology Non-Dispersive Infra-Red Technology
_—
[ 1] 1]
O | Or——
——
Light  Dispersive Light Light Light
source Element Sample gas Detector source Sample gas Color filter Detector

Figure 3.15: Dispersive (left) and non-dispersive (right) infrared technology operation.

The FTIR technique allows a wider spectral resolution although only the range of

wavelengths related to carbon dioxide are of interest for the current study. For this
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reason, NDIR is the most suitable technique for this investigation. Gentilhomme [36]
supported the choice of carbon dioxide as tracer gas based on its high light absorption
coefficient, which increases the accuracy of the gas concentration measurements provided

by NDIR gas analysers.

Two main options of NDIR devices are available: NDIR sensors (recently used at the
University of Cambridge [29]) and the most commonly used off-the-shelf gas analysers
(employed at Penn State University [76] and Bath University [53] for instance). On the
one hand, NDIR sensors offer high flexibility since the tracking system is customised and
built by the user. This option allows simultaneous multiple sampling points (multichan-
nel configuration) inferring a potential reduction in the logging time. However, the long
response time of the devices (of the order of 40 s for state-of-the-art NDIR sensors) rep-
resents the main drawback. Another major downside is the need to continuously monitor

the accuracy of the measurements (calibration drifts over time).

On the other hand, off-the-shelf gas analysers stand out for their shorter response time
(order of 2 s) and higher accuracy on the measurements. Notwithstanding, gas analysers
cannot simultaneously take multiple measurements due to the limitation in the number of
input channels to the device (usually 1 or 2, although it could be up to 5 for multi-gas and
multi-channel analysers in which each channel is tuned for one single gas). This restric-
tion can be overcome with a multiplexer that switches between measurement points and
is connected to one of the channels of the gas analyser. The logging time will therefore
be extended depending on the amount of measurement points to extract data from. In
addition, the larger size of the device implies that the equipment will have to be installed
potentially far from the measurement point. This could lead to an even further increase
of the response time of the gas analyser if the sample gas has to travel a long distance

from the working section to the measurement cell of the device.
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An emerging technology with large potential, micro electro-mechanical devices, offers
the capability to measure gas concentration together with other thermodynamic proper-
ties such as pressure and temperature. Nonetheless, the accuracy of this technique is still
suboptimal due to its early development stage, thus further improvement is required be-
fore it can be successfully implemented in this type of environment. Based on the review
of available measurement techniques and equipment, the multi-gas analyser was deemed

to offer the best compromise of properties for this application.

Sealing effectiveness data can be used as a measure of ingestion of mainstream annulus
flow into the cavities existing beneath the annulus hub. The tracer gas technique consists
of seeding the purge flow that is introduced into the cavity with a foreign gas, carbon
dioxide in this case, whilst the mainstream flow is kept at atmospheric composition.
Measurement of tracer gas concentration in the air mixture then indicates ingestion when
the concentration falls below that supplied to the cavity, meaning that the extra air from
the mainstream has diluted the air-COy mixture. The performance of the seal against
ingestion can be quantitatively represented by the sealing effectiveness, Eq.3.11, which
can take values between 0 (100% ingestion — solely mainstream flow) and 1 (no ingestion
— only purge flow).

Cstator — Cann
e = Stator  Cann (3.11)
Cpurge — Cann

The gas concentration sampled from the static wall of the rim seal cavity is represented
by Cstator in Eq.3.11, with the concentration of the mainstream flow, c,,,, and seeded purge
flow, cpurge, monitored for reference at the entry of the test section. The readings of CO,
concentration in the cavity reveal the presence of mainstream flow underneath the hub

when the air-gas mixture is diluted.

Sealing flow supply and seeding system in the ORF

Design of a new system to quantify sealing effectiveness based on gas concentration data

was required in the ORF. The sealing flow introduced into the cavity was seeded with
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carbon dioxide whilst the mainstream flow maintained its atmospheric composition. A
schematic of the sealing effectiveness measurement system is shown in Fig.3.16. The CO,
mass flow was set by an Alicat MCR mass flow controller and recorded as a 0 — 5 V
proportional output signal. The quoted accuracy for the mass flow controller was +0.8%
of reading plus +0.2% of full scale. An Alicat MCR series 2000 mass flow controller
provided the carbon dioxide in the high purge flow test cases (when mainstream flow
was present in the annulus). In absence of annulus flow, or for lower purge flow rates in
presence of external flow, an Alicat MCR series 50 was used to supply the COq whilst the

Alicat MCR series 2000 replaced the metering nozzle in Fig.3.16 to set the air flow.
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Figure 3.16: ORF sealing effectiveness measurement system for high purge flow rates.

Pure carbon dioxide was introduced into the purge flow downstream of the choked me-
tering nozzle and prior to the distribution manifold with a flexible pipe of 8 mm diameter.
Preliminary tests during commissioning of the new system demonstrated that the air and
carbon dioxide in the purge flow were fully blended and the gas mixture entering the
cavity was homogeneous. Eight hoses of 25.4 mm diameter evenly distributed along the

circumference introduced the purge flow from the manifolds into the feed cavity. These
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were replaced by 8 mm diameter flexible tubes for the tests with lower purge flow.

COs concentration measurements were acquired using a dual channel Pulsar IV NDIR
multi-gas analyser from Signal Group. This device offered a sensor response time of
under 2 seconds with linearity and repeatability below £0.5% and 40.1% of full scale
respectively. A multiplexer allowed sequential sampling of up to 20 measurement points
through channel 1, whilst channel 2 was used to continuously monitor the concentration
of the purge flow in the manifold upstream of the rim seal cavity entry. A constant input
of nitrogen purged the measurement cells expelling the sample gas, as well as defining the
zero concentration calibration point. The gas analyser, multiplexer and light tracker to
indicate the measurement point the multiplexer was sampling from, were all mounted in
a cabinet and located next to the working section as shown in Fig.3.17. The gas cylinders

can also be seen at the back of the facility.

Pressure
regulator

Figure 3.17: View of the ORF equipment distribution.
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Gas analyser calibration and operation

Pure nitrogen and pre-set reference COs-air gas mixtures were used to calibrate the gas
analyser. A constant input of nitrogen purged the measurement cells and expelled the
sample gas as well as defined the zero COs calibration point. Clark et al. [76] highlighted
the importance of maintaining low concentrations of the foreign gas in air so that the heat
and mass transfer analogy could still hold. The percentage of CO, content in the seeded
flow varies from 1% to 30% in the open literature. For this study, the mass flow controllers
were set to provide a fraction of 3% carbon dioxide content in air. Compressed gas bot-
tles of certified COq-air mixtures of 2% and 4% CO, concentration (1% uncertainty in
concentration percentage) provided the two other span points to complete a three-point
calibration curve. Single stage pressure regulators and pressure relief valves ensured that
the calibration gases did not exceed the pressure limit of the gas analyser. A ball valve in
each line opened/closed the gas supply to allow swapping between calibration gases, see

Fig.3.16.

The gas analyser was calibrated daily before the start of testing to eliminate the sen-
sor drift over time. The device manufacturer recommended that the gas analyser was
initiated two hours prior to calibration with a continuous flow of nitrogen to purge any
residuals in the measurement cells. This good practice improved the accuracy of the mea-
surements and increased the operating life of the equipment. A sample screenshot of the
software interface used to communicate with the gas analyser is shown in Fig.3.18. One
line per channel indicated the type of gas each channel was set up for and the operation
mode, e.g. sample, zero or span. The Sample, Zero, Span buttons were used to log the
readings of the sample gas and defined the zero and span points of the calibration curve

respectively.

Calibration of the gas analyser commenced with the zero CO, content point. Oxygen-

free-nitrogen was already flowing into the gas analyser therefore the apply calib. to all
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ranges box would be ticked, the channel selected from the Select Detector list and the
Calibrate button pressed. Next, the two span points were defined with the pre-mixed 2%
and 4% COs-air gas mixtures. During each test run, the gas analyser read values that
ranged from 0% (in the annulus), to 3% COx in the purge reference with values in between

for the cavity.
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Figure 3.18: Gas analyser software interface.

The span points of the calibration curve were defined by the pre-mixed gas cylinders
supplied by speciality BOC industrial gases to an accuracy of 1%. The ball valve allowing
the gas to flow was first opened, the apply calib. to all ranges box unticked and the
Span button selected. The pre-mixed 2% COs-air mixture was used to calibrate the
first point. Next, the ball valve corresponding to this cylinder was closed to open that
of the 4% COs-air pre-mixed gas cylinder and the same procedure was repeated for the
second calibration point. For ease of post-processing, the light tracker box in Fig.3.17 was

connected to the data acquisition cabinet in the experimental area to extract the data

indicating the multiplexer channel as a 0-10 V output signal in the same LabView file
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as the pressure and temperature readings. An example of the calibration data obtained

from the gas analyser software interface and LabView can be observed in Table 3.9.

Table 3.9: Sample values from the gas analyser calibration.

Zero Span 1 (2% COs in air) Span 2 (4% CO; in air)
GA  LabView GA LabView GA LabView
(ppm) (V) (ppm) (V) (ppm) (V)

Channel 1 20.25 0.0047  21059.32 5.1697 39992.52 9.8154
Channel 2 14.53  0.0049  21153.47 5.3068 40022.27 10.0302

A sample calibration curve of the gas analyser is included for reference in Fig.3.19.
Note each input channel had its sensitivities and a different calibration was required for
each one of them. The post-processing script logged the data from Table 3.9 and fitted
a linear curve to obtain the calibration equation. The readings from the gas analyser
were then imported into MATLAB from the LabView output file. For each of the data
points, the script performed an interpolation to obtain the concentration of CO, in the
sample gas and derived the sealing effectiveness using Fq.3.11. The associated absolute
uncertainty with the sealing effectiveness measurement was +0.068 (repeatability error
of +8.4 x 1073 that provided good ability to measure differences between test cases), see
Appendix A for more detailed information. An example of run-to-run and measurement

repeatability can be seen in Fig.5.16.
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Figure 3.19: Example of the gas analyser calibration curve.

The multiplexer was set to sample gas during 30 s at each measurement point to
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allow for stable readings in the gas analyser. The response of the device to changes in
gas concentration was quoted to 2 s but the travel time of the sample gas through the
pneumatic tubes to the measurement cell of the gas analyser also had to be accounted
for. The settling time of the readings was strongly dependent on the change of content of
tracer gas thus a preliminary study was conducted with alternating points at the maximum
content of carbon dioxide (3%) and those with atmospheric composition. The results of
the study of the dwell time of the multiplexer are presented in Fig.3.20. The black lines
indicate a change in the measurement point that the multiplexer was sampling from and
the red lines indicate the readings of the gas analyser. A dwell time of 10 s was insufficient
for the readings to settle and despite an improvement was found with 20 s, Fig.3.20 shows
that the measurement cell was not able to fully purge the sample gas and achieve a 0%
reading. The study of the dwell time concluded that 30 s provided a stable reading able
to capture the changes in concentration. This value offered the best compromise between
test duration and stable reading. The multiplexer sequentially sampled from the purge
supply, the 9 cavity measurement points, a point in the main gas path, and again from
the purge supply to check that the purge conditions had not changed. In total, these

added up to 12 points that required a total run time of 360 s.

Dwell time 10 s Dwell time 20 s Dwell time 30 s

4 4 4
X =X X
2 2 2
Q Q Q

1 | 1

0 0 0

0 20 40 60 0 50 100 0 50 100 150
t(s) t(s) t(s)

Figure 3.20: Response of the gas analyser for different dwell times.

Measurement points

Gas concentration measurements were taken inside the stator-rotor cavity, at the entry to

the test section and in the main gas path. The radial distribution of sealing effectiveness
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was first obtained and then the effect of circumferential variations below the hub line
was investigated in Stage 3 of testing. The extent of the sealing flow migration in the
main gas path was also studied at the rotor blade leading edge during Stage 3. The gas
was sampled through the pressure tappings inside the cavity and transported to the gas

analyser through flexible vinyl tubing of 1.6 mm diameter.

Cavity radial distribution: Measurements of CO, concentration were taken at nine
radial positions along the stator wall of the rim seal cavity (cstator) — using the static pres-
sure tappings at location B in Fig.3.14 — along with the concentration of the mainstream
flow (Cann) — static pressure tapping p1214 in Fig.3.12 — and the seeded purge flow (cpurge)
— monitored for reference at the entry of the test section in the manifold, Fig.3.16. The
coordinates of the radial positions where the gas was sampled from can be seen in Table

3.6 since they are equivalent to the low bandwidth pressure measurements.

Cavity circumferential distribution: In the configuration with NGVs in the main
gas path (Stage 3), egress or ingress regions into the cavity are determined by the pressure
distribution in the annulus downstream of the NGVs. Consequently, the relative position
of the cavity radial measurement points respect to the NGV trailing edge determines the
sealing effectiveness inside the cavity. A second NGV ring with a combination of nine
radial measurement points and two sets of nine circumferentially-distributed pressure
tappings was machined. The new cavity instrumentation configuration included a set
of pressure tappings at the same radial positions as those shown in Fig.3.14 location B.
An additional set of radial positions labelled as location K in Fig.3.21(a) was included
with a circumferential offset of 5° respect to B. This allowed to investigate the effect of
the relative position between measurement point and NGV trailing edge on the radial
distribution of sealing effectiveness inside the cavity. The coordinates where the sample

gas was sampled from in the second NGV ring are summarised in Table 3.10.
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Figure 3.21: (a) Position of the circumferentially-distributed cavity pressure tappings and
(b) relative position of the cavity measurement points respect to the NGVs.

Nine pressure tappings were also circumferentially distributed covering one NGV pitch
of Afngy = 10° at two radial positions, r/b = 0.98 and /b = 0.89 as seen in Fig.3.21.
This set of data aimed to investigate whether the sealing performance in the vicinities of
the rim seal and further inbound into the cavity was conditioned by the circumferential
pressure asymmetries in the main gas path or, on the contrary, it was uniform and the

external pressure field did not penetrate.

Mainstream traverse: A probe formed by three d = 1 mm Scanivalve tubes radially
spaced by 2 mm to cover the reduced annulus height was manufactured to acquire gas con-
centration data in the annulus, see Fig.3.22(a). The probe was located at the equivalent
axial position where the rotor leading edge would sit in the gas path to obtain information
about the radial migration of the purge flow and the flow distribution the leading edge of
the rotor blades would encounter. This test campaign aimed to gain understanding of the

behaviour of the sealing flow once it has left the cavity and interacts with the mainstream.

82



Experimental method

Table 3.10: Summary of concentration measurement data points in the second stator ring.

Model L. Radius Circumferential
Type Description
point (mm) location (°)
1061 c Radial position 1 198.7 102
1062 c Radial position 2 205.7 102
1063 c Radial position 3 211.7 102
1064 c Radial position 4 215.7 102
1065 c Radial position 5 219.7 102
1066 c Radial position 6 224.2 102
1067 c Radial position 7 227.7 102
1068 c Radial position 8 231.2 102
1069 c Radial position 9 234.16 102
1881 c Circumferential top location 1 231.2 97
1882 c Circumferential top location 2 231.2 98.25
1883 c Circumferential top location 3 231.2 99.5
1884 c Circumferential top location 4 231.2 100.75
1885 c Circumferential top location 5 231.2 102
1886 c Circumferential top location 6 231.2 103.25
1887 c Circumferential top location 7 231.2 104.5
1888 c Circumferential top location 8 231.2 105.75
1889 c Circumferential top location 9 231.2 107
1831 c Circumferential bottom location 1 211.7 97
1832 c Circumferential bottom location 2 211.7 98.25
1833 c Circumferential bottom location 3 211.7 99.5
1834 c Circumferential bottom location 4  211.7 100.75
1835 c Circumferential bottom location 5 211.7 102
1836 c Circumferential bottom location 6 ~ 211.7 103.25
1837 c Circumferential bottom location 7 211.7 104.5
1838 c Circumferential bottom location 8  211.7 105.75
1839 c Circumferential bottom location 9  211.7 107
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Data from the annulus at the rotor leading edge was only acquired in the test con-
figuration of non-axisymmetric external flow (Stage 3). In this scenario, the probe was
under the influence of the circumferential pressure variations induced by the presence of
the NGVs in the gas path. The effect of the pressure asymmetries in the radial migration
of the purge flow into the annulus was therefore investigated. The annulus probe was
positioned in five different circumferential positions in the annulus that covered one NGV
pitch as depicted in Fig.3.22(b). As a result, a traverse of sealing effectiveness data was
obtained at fifteen points (3 radial positions at 5 circumferential locations) covering one

NGYV pitch at the rotor leading edge.

AB, AO, AB; A6, Afs

Stator Rotor
cavity wall cavity wall

(a)

Figure 3.22: (a) CAD view of the annulus measurement probe assembly and (b) down-
stream view of the annulus measurement probe installed in the ORF.

A summary of the traverse measurement points can be seen in Table 3.11. The cir-
cumferential position here, A6, is referenced to the NGV trailing edge defined positive in

the clockwise direction when seen from downstream.
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Table 3.11: Summary of concentration measurement points in the annulus traverse.

Model Lo Radius Circumferential
Type Description
point (mm) location (°)
Iy c Radial position 1 238.8 AOy, Aby, A3, Ay, Abs
Iy c Radial position 1 240.8 Aby, Aby, AbBs, AOy, Abs
I's c Radial position 1 242.8 Aby, Aby, A3, Aby, Abs
AU c Circumferential position 1 17y, ro, 13 —3.35°
Ab, c Circumferential position 2 1y, ro, 73 —0.85°
Afs c Circumferential position 3 1y, ro, 73 1.65°
Aby c Circumferential position 4 1y, 1o, 13 4.14°
Abs c Circumferential position 5 1y, ro, 73 6.62 °

3.2.3 High bandwidth data

Unsteady pressures and rotor disc speed were logged at 1 MHz through the high speed
channels of the National Instruments PXI/SCXI data acquisition system. The acquisition
and conditioning process of the unsteady pressure signals is described in this section.

T™

A total of eleven ultraminiature Kulite = XCQ-062 series unsteady pressure sensors
were installed in the stator ring. These piezoresistive pressure transducers are temper-
ature compensated up to 80°C and offer high sensitivity and resolution. The pressure
transducers of 50psiA and 100psiA were mounted in the stator wall with no protrusions
to avoid discontinuities in the cavity surface. The typical natural frequency of the sensor
without screen was 300 kHz for the 50 psiA range and 380 kHz for the 100 psiA version.
These ultraminiature devices had a very compact size of 1.7 mm diameter and a shortened
length of 9.5 mm. The pressure sensors were radially and circumferentially distributed
in the cavity wall - seven of these transducers were radially positioned at location E in

Fig.3.14 and Fig.3.23 (6 = 257° in the clockwise direction from top dead center) and five

additional sensors at a constant radial coordinate and unevenly spaced in the 6 direction.
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Figure 3.23: High bandwidth pressure measurements distribution in the NGV ring.

The unsteady pressure sensors were installed in the same radial positions as the low
bandwidth pressure tappings with an extra measurement point at the rim, see p1110 in
Fig.3.23, thus providing a data point in the overlapping region of the chute seal. In the
circumferential locations labelled F to J, only one sensor in the equivalent radial position
of p1117 was installed. These sensors were strategically distributed along the circumfer-
ence in such a way that the combinations resulting of the pairing of any two sensors as
summarised in Table 3.12 offered increments of 5° in the range 5° — 30° and 10° spacing
between 30° — 90°. A previous experimental campaign performed before the modifica-
tions to the ORF detailed in section 3.1.2 took place, explored the origin of the unsteady
flow structures detected by Beard et al. [19] further inbound into the cavity. For that
investigation, three Kulite probes were placed at either side of the overlapping seal. They
showed no unsteadiness therefore suggesting the overlapping seal in the inner cavity was
not the source of the unsteadiness and they were later removed. This is further discussed

in chapter 6.
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Table 3.12: Angles resulting of the pairing of any two unsteady pressure sensors.

Index Sensor pairing A6 (°)

1 pll17 & pl127 10
2 pll17 & pl137 25
3 pll17 & pl147 30
4 pll17 & pl157 90
5 pl167 & pl117 40
6 pl127 & pl137 15
7 pl127 & pl147 20
8 pl127 & pl157 80
9 pl167 & pl127 50
10 pll37 & pl147 5

11 pll37 & pll57 65
12 pll67 & pll37 65
13 plld7 & pll57 60
14 pll67 & plld7 70
15 pll67 & pl157 130

Table 3.13: Summary of unsteady pressure measurements.

Model Lo Radius Circumferential Uncertainty
Description Sensor
point (mm) location (°) (%FS)
1112 Cavity position 2 205.7 XCQ-062-50A
1113 Cavity position 3 211.7 XCQ-062-50A
1116 Cavity position 6 224.2 XCQ-062-50A
1117 Cavity position 7 227.7 257 XCQ-062-50A
1118 Cavity position 8 231.2 XCQ-062-50A
1119  Cavity position 9  234.14 XCQ-77-062-100A 0.1
1110  Cavity position 10 235.87 XCQ-77-062-100A
1127 267 XCQ-062-50A
1137 282 XCQ-062-50A
1147 Cavity position 7 227.7 287 XCQ-062-50A
1157 347 XCQ-062-100A
1167 217 XCQ-062-100A
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The ratiometric output voltage of the Kulite XCQ-062 sensors was amplified by a
set of Fylde FE-579-TA amplifiers. Previous limitations in the amplifiers restricted the
maximum gain to 30 due to the autozero function. This issue was solved with an AC
coupling circuit before the amplifiers that allowed to set a gain of up to 1000. A summary

of the unsteady pressure measurements coordinates and sensors is provided in Table 3.13.

3.2.4 Data acquisition system

The data acquisition system (DAQ) was comprised of several items including high and
low bandwidth measurement systems, power supplies for pressure transducers, amplifiers
and thermocouple terminal blocks with cold junction compensation mounted in a 19 inch
rack cabinet. A photograph of the DAQ system can be seen in Fig.3.24. The cabinet
was connected to the desktop in the control room via an optical fibre link and a LabView
program would provide the readings of each one of the different channels in screen. A
total of 80 low bandwidth channels, 32 thermocouple channels and 16 high speed channels

were available.

Another mounting rack included all the equipment necessary to obtain the sealing
effectiveness data and was positioned as close to the working section as possible to reduce
the length of the pneumatic tubes and therefore settling time. The sealing effectiveness
cabinet was connected to the low bandwidth chassis when gas concentration data were
acquired and logged through the first 24 channels of the LabView script alongside pres-
sure and temperature measurements. Simultaneous measurements of all pressures and gas
concentration data points were not possible due to a limitation in the number of channels

in the low bandwidth chassis.

The rotational speed of the rotor disc is obtained by measuring the position of a
toothed disc mounted on the main shaft with an optical encoder sampling at 500 kHz.

A one line toothed disc provides a once per revolution disc speed measurement. The
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ideal signal from the optical encoder is a periodic square wave that oscillates between set
levels of voltage. Modulation of the encoder signal is observed when the rotor disc speed
changes. The rotational speed is calculated from the time period for a single revolution,
determined by detecting the time at which the signal rises above an arbitrary threshold
voltage. The signal sample rate, number of disc lines, performance of the optical sensor
and signal processing methodology determine the accuracy of the technique. For a nominal

rotational speed of 9500 rpm the uncertainty of the speed encoder is 24 rpm.

High Bandwidth
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Figure 3.24: DAQ cabinet.

Fig.3.25 provides a detailed schematic of the instrumentation and DA(Q arrangements
in the ORF. In addition, Fig.3.25 illustrates the increased complexity in the signal con-

ditioning process from the unsteady pressure sensors.
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3.3 Summary

The capability of the Oxford Research Facility was upgraded for investigation of turbine
rim sealing flows. An extended run time of the order of minutes was achieved by reducing
the annulus height to 20% of its original height span and by installing a new feed system
to provide steady state flow conditions in blow down mode. These two major modifica-

tions allowed gas concentration measurements to be sequentially logged in one run.

The extensive instrumentation installed in the ORF for this research has been de-
scribed. Low bandwidth pressure and temperature sensors were positioned in the main
gas path and purge flow feed system for flow monitoring purposes and in the stator-rotor
cavity to investigate the aerodynamics of the cavity flow. A new system to quantify the
sealing performance of the chute seal based on the tracer gas technique was installed. The
purge flow was seeded with CO, as a foreign gas whilst the mainstream flow maintained
atmospheric composition of carbon dioxide. A gas analyser determined the amount of
tracer gas present in the samples taken in the stator wall. Based on the readings of con-
centration of CO4 the sealing effectiveness was derived. The presence of foreign gas in
the annulus was also investigated to study the radial migration of the purge flow when it

is discharged into the main gas path.

High bandwidth pressure transducers were embedded in the stator cavity wall to
investigate unsteady flow features rotating at a fraction of rotor disc speed inside the
cavity. The unsteady pressure sensors were distributed circumferentially and radially to
investigate the presence, strength, quantity and speed of rotation of these rotating flow

features.
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Chapter 4

Rotationally-induced ingestion

The mean cavity flow aerodynamics and sealing performance of the chute seal under
purely rotationally-induced ingestion are examined in this chapter. The working section
configurations investigated here correspond to those named Stage 1 (bladeless main gas
path in absence of annulus flow) and Stage 2 (clean annulus but incorporating an axial
axisymmetric annulus flow). In absence of external pressure asymmetries, ingress occurs
due to the centrifugal forces that expell the flow in the rotor boundary layer radially out
establishing a pressure gradient in the cavity that sucks mainstream flow. This is referred

to as rotationally-induced ingestion (or disc pumping effect) and is displayed in Fig.4.1.

Inviscid core
Disc pumping
effect

Figure 4.1: Disc pumping effect as the driving mechanism of rim seal ingestion.
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The test conditions for each configuration are first summarised before detailed discus-
sion of the results is provided. The mean flow in the rotor-stator cavity based on pressure
measurements is examined in section 4.2. Preliminary data is first contrasted against the
work by Beard et al. [19] confirming that the modifications to the test facility did not
affect the aerodynamics of the cavity. Following this, the steady cavity flow behaviour is
examined in detail without and with an axial axisymmetric annulus flow. Results from
this project are compared to published data for other rim seal geometries studied under
rotationally-induced ingestion. The disc pumping effect orifice model correlation from
Chew [25] was fitted to the experimental data. The influence of axial annulus flow, seal
clearance size, rotor disc speed and purge flow over the sealing capability of the chute seal

is also analysed in this chapter.

4.1 Test matrix

The performance of a turbine rim seal operating under rotationally-induced ingestion
may be sensitive to changes in seal geometry, seal clearance, purge flow rate, rotational
speed, presence of annulus flow, inner cavity geometry, non-uniformities in the annulus,
eccentricity and vibrations. The current study focuses on the limiting case of rotationally-
driven ingestion for a chute seal, not studied under these conditions before. This particular
type of geometry presents an inclined surface in which a simultaneous radial and axial
overlap exists between the stator and rotor discs. As in many other rim seal studies,
eccentricity, vibrations and unintended circumferential asymmetries in the external flow
could arise from practical limits on rig design and manufacture. These are considered
to be small with a 0.3% pressure difference within the circumferentially spaced total
pressure measurements upstream of the working section (see Fig.3.13), but the possibility
of some influence on the finer detail of the results cannot be ruled out. Later results show
the importance of the disc pumping effect and the implications in modern aero-engines

highlighting the need for a dedicated study of this phenomenon.
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The effect of purge mass flow, rotor disc speed, rim seal gap size and annulus mass
flow were investigated, analysed and presented in terms of the non-dimensional param-
eters: non-dimensional (purge) mass flow, Cy, rotational Reynolds number, Re,, non-
dimensional seal clearance, s., and mainstream axial Reynolds number, Re,,. The test
range covered by these non-dimensional groups, defined in the nomenclature, is sum-
marised in Table 4.1. The presence of axial mainstream annulus flow is indicated through
the axial Reynolds number, Re,, = 0 if not present. Low bandwidth data and gas concen-
tration measurements were acquired at all test conditions. It is worth highlighting that
in the Re,, = 0 sealing effectiveness test campaign, the annulus was vented with a weak

axial flow to avoid build up of CO, in the annulus giving false readings.

Table 4.1: Test conditions for experiments under rotationally-induced ingestion.

Reax va Re¢ Se
1.5 x 108 5
0 800 — 9000 91 x 10° 4.2 x 10
2.7 x 108

2.6 x 10° 800 — 40000 7.8 x 1073

3 x 106

4.2 Mean cavity flow

This section provides insight into the flow structure within the rim seal cavity when
exclusively subject to the disc pumping effect in two configurations with a clean annulus:

(1) in absence of mainstream flow and (2) under axial axisymmetric annulus flow.

4.2.1 Validation of new working section

Results from this research are contrasted against those presented by Beard et al. [19].
The test campaign by Beard et al. included a full annulus and 30 uncovered disc bolts
below the overlapping seal. The frequency spectra of the unsteady pressures revealed

the signature of the bolts at the corresponding multiple of disc speed. For this study,
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the clamping arrangement of the ORF split disc was modified to ensure an axisymmetric
disc geometry without exposed protrusions in the cavity. In addition, this investigation
extended previous measurements—which terminated at r/b = 0.94 (p1016 in Fig.3.14) —
inboard down to r/b = 0.84 (p1011 in Fig.3.14).

The radial distributions of mean pressure coefficient, C},, inside the cavity for the full
annulus (with and without exposed rotor bolts) and reduced annulus are presented in
Fig.4.2. Pressures were obtained under conditions of no purge flow C,, = 0 and rotational

Reynolds number 3 x 108 for the small seal clearance s, = 0.0042.

= Full Annulus (with bolts)
o Full Annulus (without bolts)
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Figure 4.2: Radial distribution of the mean pressure coefficient in the rim seal and stator-
rotor cavity for Cy, =0, s. = 0.0042 and Re, = 3 x 10°.

The pressure coefficient is calculated as the pressure difference to the innermost mea-
surement point available in each test case and non-dimensionalised using the dynamic
head at the disc rim speed. C), is included as a measure of the vortex strength in the
rim seal cavity. For ease of comparison, an offset has been applied to the results ob-
tained for the full annulus datasets such that values at r/b = 0.95 are equal in all test
cases. Pressures at r/b = 0.995 are only available from the full annulus configuration.
In this study, this rim measurement point was removed to avoid the tapping protruding

and interacting with the mainstream flow. Previously, without the mainstream flow, this
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was not a concern. The excellent agreement of the cavity pressure measurements within
various builds of the ORF evidenced that the mean flow aerodynamics in the rim seal
cavity remained unaffected by the alterations to the working section (change to rotor disc
clamping arrangement, reduction of annulus height, re-assembly and augmented resolu-
tion in the stator wall instrumentation). The extended measurements included in this
study (r/b < 0.94) revealed a change in slope in the radial distribution of C;, showing
that two different swirl velocities exist at the inner and outer parts of the cavity. Lines
corresponding to forced vortices at 41% and 55% of disc speed are also plotted in Fig.4.2.

A more thorough analysis is provided in the following section.

4.2.2 Steady cavity flow behaviour

The radial distribution of (), in Fig.4.2 suggests coexistence of two different swirl veloc-
ities in the cavity rotating core. The same trends are reproduced in Fig.4.3 for a wider
range of operating conditions tested in absence of mainstream flow, Fig.4.3(a), and with
an axial axisymmetric annulus flow, Fig.4.3(b). Lines corresponding to forced vortices
at several fractions of disc speed are included in Fig.4.2 and Fig.4.3 to aid visualisation.
Following the radial direction, a change in slope at 7/b ~ 0.94 indicates an increase in
the vortex strength in the upper part of the cavity. In a shrouded plane disc rotor-
stator system with separate turbulent boundary layers on the rotor and stator surfaces,
the rotating core between the boundary layers typically rotates at ~ 40% of the rotor
disc speed [8]. The results in Fig.4.3 are consistent with this although they reveal some
effects of the non-planar geometry in the stator wall (0.91 < /b < 0.93). A reduction

in vortex strength in this region is consistent with an increased surface area for stator drag.

The turbulent flow parameter, Ay = C,/ Reg;g, has previously been shown to charac-
terise the flow in rotor-stator disc cavities. The individual effect of the purge flow rate and
rotational Reynolds number in the turbulent flow parameter is analysed in Fig.4.3 for the

two configurations under consideration. In absence of external annulus flow, Re,, = 0,
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doubling the rotational Reynolds number appears to have negligible repercussion in the
cavity pressures if the purge flow remains constant (halving A1), Fig.4.3(a). For a fixed
rotor disc speed however, an increase in purge supply strongly modifies the C}, distribu-
tion in the cavity. A larger input of radial flow into the cavity rises the pressure to allow
the increased mass flow passing through the seal area. Consequently, higher purge flow
rates aid the pressurisation of the cavity, thus achieving a more uniform radial profile and
reducing the pressure gradient across the stator wall. This translates onto better sealing
capability. Since hot gas ingestion is driven by a difference in the pressure across the rim
seal (between the gas path above and the cavity below), an increase in the cavity pressure

discourages the annulus flow from entering the cavity hence inhibiting ingestion.
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Figure 4.3: Effect of purge flow, (Y, and rotor disc speed, Rey, in the radial distribution
of the mean pressure coefficient in the rim seal cavity for s. = 0.0042: (a) Re,x = 0 and
(b) Rewx = 2.6 x 10°.

The introduction of axial mainstream annulus flow, Fig.4.3(b), exacerbates the impact
of Cy, and Re, in the pressure coefficient. An increase in rotational Reynolds number
strengthens the vortices by transferring angular momentum to the cavity flow. Owen [5]
pointed to the swirl inside the cavity as the driving force for the disc pumping effect,

therefore the ejection of sealing flow is favoured by large tangential velocities. Similarly
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to Fig.4.3(a), a larger supply of radial outflow aids the sealing of the cavity by decreasing
the cavity pressure gradient (steeper slopes) and reducing the intensity of the vortices.
Fig.4.3 suggests that the vortices may even be suppressed if enough sealing flow is pro-
vided. Under rotationally-induced ingestion, Fig.4.3(a) and (b) manifest higher sensitivity
of C}, to purge flow and annulus flow than to rotor disc speed under rotationally-induced
ingestion. This is consistent with the definition of the turbulent flow parameter. The
influence of C, and Re, on the pressure coefficient appears to be magnified when external
axial annulus flow is present in the system. The data from the ORF aligns with the early
study of Bayley and Owen [11] in which a reduction of the purge supply or an increase of

the rotor disc speed fostered ingestion due to a rise in the tangential velocity in the cavity.

The mean pressure coefficient at the outer measurement location, r/b = 0.99, is plotted
in Fig.4.4 against the turbulent flow parameter, A\, across the full range of test conditions
defined in Table 4.1. For values of At < 0.1, the data collapse to a linear regression
regardless of the rotational Reynolds number, seal clearance or the presence of axial flow
in the annulus. The scaling of the seal clearance with the disc boundary layer thickness
in the minimum flow rate for disc pumping justifies the independence of At from the seal

clearance [18].
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Figure 4.4: Effect of the external flow, Re, and s. in the mean pressure coefficient at the
rim, r/b = 0.99, correlated against the turbulent flow parameter.

98



Rotationally-induced ingestion

Higher values of Ap generate more uniform radial pressure profiles thus inducing a
lower pressure difference across the cavity and leading to a reduction of the swirl velocity
—see Fig.4.3. Interestingly, Fig.4.4 reveals that for Ay > 0.1, the pressure coefficient tends
to an asymptotic value that, depending on the rotational Reynolds number, will settle at
0.005 < C, <0.02. For a sufficiently high turbulent flow parameter, the pressurisation of
the cavity achieved by the purge flow is enough to overcome the disc pumping effect and
the recirculation of the swirling flow and vortex in the cavity are suppressed. Ultimately,
when the effects of the rotor disc lessen and the core region disappears, the vortex flow
is ejected into the main gas path as if adjacent to a free disc [11]. The solution for free
disc of von Karman’s momentum integral equation gives Cy, q = 0.219Re%8 (%)2.6, which
means Ar g = 0.219 when the rotating core flow is suppressed [4]. Estimates of free disc
pumping with allowance for the effect of a non-zero inner radius of the disc are consistent
with a change of flow behaviour at Ay ~ 0.1. Beyond this value, for C, < 0.02 other
effects contribute to the flow structure. This distinct behaviour of the flow at the lowest
rotational Reynolds number setting is further investigated in section 4.3.3 based on the

sealing effectiveness data.

4.3 Sealing performance

Results of sealing effectiveness with and without an axial annulus flow, including com-
parison against other rim seal designs and the disc pumping model by Chew [25] are

presented.

4.3.1 Disc pumping results

Numerous rim seal geometries under pure disc pumping effect have been explored by
other research groups, although purely rotationally-induced ingestion for a chute seal
of the type considered here has only recently been reported by Bru Revert et al. [27].

Results of sealing effectiveness for the ORF chute seal are plotted in Fig.4.5(a) (blue
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triangles) as a function of the seal-to-rotor rim velocity ratio, Uy, /(€20), also referred to
as non-dimensional flow ratio. Fig.4.5(a) also includes experimental data from Sangan
et al. [28] for an axial seal (red squares) and a radial seal (green circles). Correlation
curves (solid lines) derived from the orifice model formulated by Chew [25] — see Eq.2.1
— for rim seal performance exclusively under the disc pumping effect are also plotted for
various parameter k values. All experimental results show good agreement for axial and
radial seals with the disc pumping model using the k values suggested by Chew et al.
[26] for these rim seal types. The k parameter was not supplied for the chute geometry
investigated here, but the ORF provides experimental data to fit the orifice model and a
k = 1 has shown to provide the best match. Silhouettes for each geometry are included
for ease of comparison with the left component representing the stator wall and the rotor

disc being on the right.

Sangan er al. [28]

] A
° o
4 (m]
0.8 0.8+ A
_0.6[ 0.6 &
Py ©
047 04+ H©° ]
A Rey=0, s¢=0.0042
5 |0 Re,=0, s¢=0.0078
0.2 1 0.2 ¥ o Re,,=2.6 x 10°, 5,=0.0042
Chew et al. [26] Re, = 2.6 X 105, s,= 0.0078
0 . . 0 = Eq.2.1 k=1 Chew [25]
0 0.05 0.1 0.15 0 0.05 0.1 0.15
U_ /() () U_/(b)(-)

(a) (b)

Figure 4.5: (a) Comparison of the sealing effectiveness of different seal geometries against
non-dimensional flow ratio at /b = 0.96 and (b) effect of the annulus flow in the sealing
effectiveness as a function of U,,/(2b) at r/b = 0.96 for two different gap sizes.

For the radial seal tested by Sangan et al., the experimental results fall close to
the model with £ = 0.4 as associated with the simple radial seal used by Chew et al.

[26]. Chew et al. correlated data for two different axial seal geometries (as depicted in
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Fig.4.5(a)) with associated k values of 0.65 and 0.8 depending on whether the overhang
lip protruded from the stator or rotor wall. The axial seal tested by Sangan et al. shows
significantly better sealing performance than predicted by the model. This could be due
to the difference in seal geometries or possible re-ingestion of purge air from the gas path

associated with incomplete venting of the annulus space during these experiments!.

The chute seal includes both radial and axial variation so its performance may be
expected to lie between that of the axial and radial seals, as demonstrated by Phadke
and Owen [21] for their mitered seal. Notwithstanding, Fig.4.5(a) indicates that the chute
seal performs worse than the radial and axial seal geometries. Based on the analytical
predictions obtained with Eq.2.1, the chute, radial and axial seals were fully sealed with
U/ (£2b) values of approximately 0.12, 0.05 and 0.079 respectively. The performance of
the chute correlates well to the disc pumping model with £ = 1, compared to k = 0.4
and k£ = 0.65 for simple radial and axial seals. Nonetheless, it should be noted that the
results from Sangan et al. for the radial and the axial seal geometries are based on the
axial gap size. The tested chute seal has an axial gap a factor of 2.9 higher than an axial
seal with the same clearance. The chute seal data obtained in the ORF has been scaled
to an equivalent axial seal clearance and included in Fig.4.5(a) as blue inverted triangles.
This proves that the chute seal outperforms the axial seal for the same axial seal gap,
with the clearance being much less sensitive to axial movement of the rotor. The chute
geometry may also hold significant benefits over the axial and radial types, especially at

high purge flow rates, for HPT performance, cycle performance and cooling.

4.3.2 Effect of mainstream annulus flow

The effect of the annulus flow on the sealing performance of the chute seal has been inves-
tigated for a wide range of conditions of purge flow rate, rotational speed and seal gap. In

this stage of the study, the imposed annulus flow was purely axial with a Mach number

IThis was confirmed in correspondence with authors.
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of 0.34 (axial Reynolds number of 2.6 x 10° referenced to the nominal NGV axial chord),

representative of HPT in modern aero-engines.

The effect of the external crossflow is assessed in Fig.4.5(b) based on the sealing
effectiveness at radial position 7/b = 0.96 at the seal clearances of s. = 0.0042 and
s. = 0.0078, without and with an external axial axisymmetric annulus flow. The analytical
prediction from Eq.2.1 was adjusted with k& = 1 for best fit to the small seal clearance
data without external flow (shown by filled blue triangles). Good agreement is largely
observed in the presence of external flow (shown by filled red circles) until departure
above Uy, /(Qb) ~ 0.08. Beyond this point the data reveal that the cavity is never fully
sealed even at large supplies of purge, U,,/(Qb) ~ 0.275, suggesting that the complex
interaction between the sealing and mainstream flows will always lead to some levels of
ingestion at the rim. This outcome broadly agrees with the findings of the experimental
studies by Chew et al. [32] and Bohn et al. [33], although mindful comparison across the
datasets is required since their experimental set up included pressure asymmetries in the
mainstream. The lack of complete sealing in the cavity is suspected to be due to shear
effects, and possibly small non-uniformities around the annulus when the external flow is
introduced. Chew et al. also speculated with larger turbulent diffusion as the underlying
cause. These observations align with the findings of other research groups (see Green and
Turner [31], Chew et al. [32] and Savov et al. [29]) for different seal types illustrating the

complexity of the flow.

4.3.3 Effect of rotor disc speed

In this section, the sealing effectiveness along the stator cavity wall is correlated against
the radial distribution of the pressure coefficient at different conditions of rotational
Reynolds number for two flow rates. Initial discussion is based on the results of Fig.4.6
for a flowless annulus and a seal clearance of s, = 0.0078. Similar trends were identified

for the smaller gap size.
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At low rates of purge flow, Fig.4.6 (left), the strong radial pressure gradient across the
cavity draws larger amounts of external flow through the rim seal leading to lower values
of sealing effectiveness. As discussed in section 4.2, this is due to the pressurisation of
the cavity not being sufficient to overcome the disc pumping effect at any of the rotor
disc speeds studied. Fig.4.6 (right) shows how a higher non-dimensional purge flow rate
reduces the pressure difference across the cavity volume and provides a more uniform
radial pressure distribution. A drastic increase in sealing effectiveness occurs in Fig.4.6
(right) as a direct consequence of the drop in pressure coefficient. A fully sealed cavity is
achieved at Res = 1.5 x 10°. Larger sensitivity of both C, and ¢ to rotational Reynolds
number is observed for the highest purge flow supply. The pressure coefficient values at

Cw = 830 show that the disc pumping effect is equally strong at low and high rotor disc

speeds.
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Figure 4.6: Radial distribution of sealing effectiveness and pressure coefficient inside the
cavity in absence of annulus flow at different rotational Reynolds numbers for a gap size
of s. = 0.0078 at Cy, = 830 (left) and Cy, = 7400 (right).

Consistently with the findings from the pressure data in Fig.4.3(b), a significant gap
between results at Rey = 1.5 x 10% and all the other rotor disc speeds is visible in Fig.4.6
(right). To further explore this effect, the sealing effectiveness as a function of the non-
dimensional flow ratio at different Re, is included in Fig.4.7 without (a) and with (b)

axial annulus flow.
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Figure 4.7: Sealing effectiveness as a function of the non-dimensional flow ratio at
r/b = 0.96 for s, = 0.0078 (a) in absence of annulus flow, Re,x = 0, and (b) with
axial axisymmetric annulus flow, Re, = 2.6 x 10°.

As already observed, data from the lowest rotational Reynolds number, Re, = 1.5 x
109, differ from the general trend followed by other rotor disc speeds considered. A slight
offset between Res = 1.5 x 10% (below curve of k = 1) and Rey > 1.5 x 10° (above k = 1)
can be identified in Fig.4.7(a). In Figure 4.7(b) however, a different curve for the sealing
effectiveness distribution at Rey = 1.5 x 10° is clearly observed. The unsteady pressures
discussed in chapter 6 also display departure from the other datasets at this particular
condition. The source of discrepancy is attributed to the unsteadiness arising from the

shear between annulus and purge flows being more intense at this condition.

4.3.4 Effect of seal clearance

The results for the large seal clearance, s, = 0.0078 (empty markers in Fig.4.5(b)), display
a different nature. Without external flow, the data show reasonable agreement with the
plotted correlation although the data genearally sits above the analytical prediction. The
1.85 mm seal clearance was achieved by axially displacing the rotor disc rearwards and,
as a consequence, the overlap in the chute seal was lost. This change in configuration
intrinsically modified the rim seal geometry. The sealing effectiveness data obtained with

the larger gap suggest a superior sealing capability of the open rim geometry. Bayley and
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Owen [11] reported a reduction of cavity swirl velocity as a consequence of an increase
of the seal clearance that is consistent with the ORF results. However, because the axial
displacement increases the seal clearance, it does result in more flow being required to seal
the cavity. With the introduction of external flow in the larger gap set up, an improved
seal performance is evident especially at high purge flow rates. However, scatter in the
data at conditions with high sealing effectiveness makes it difficult to conclude the value
of Uy, /() for a fully sealed cavity. The effect of the gap size on the radial distribution

of sealing effectiveness can be assessed by comparison of the data in Fig.4.8(a) and (b).

4.3.5 Effect of purge flow

Radial distributions of sealing effectiveness on the cavity stator wall are shown in Fig.4.8
for (a) s. = 0.0042 and (b) s. = 0.0078, without and with annulus flow for purge flows
varying from U, /(22b) = 0.02 to 0.09 (Cy, = 850 to 3400) at constant rotational Reynolds
number Res = 1.5 x 10°. A rise in sealing effectiveness is observed as purge mass flow
increases since the cavity pressure must rise to pass the increased purge flow through
the seal area, subsequently inhibiting ingestion. A decrease in sealing effectiveness for
the wider gap is evident when comparing data for constant Uy, /(Q2b) = 0.02 (Cy, = 850)

looking at the blue markers across the two plots.

The radial distribution of sealing effectiveness can be explained by the cavity flow
structure. According to the study presented by Daily and Nece [8], turbulent flow and
separate boundary layers are expected to develop inside the cavity. When ingestion oc-
curs, the external flow that reaches the cavity mixes with the outward purge flow in the
outer part of the volume. The combined flow then merges with the stator boundary layer
and migrates radially downwards. A constant radial distribution of sealing effectiveness
is observed in Fig.4.8(a) at the inner part of the cavity (r/b < 0.94) indicating that the
flow is fully mixed all along the stator boundary layer. On the contrary, at higher radii

(r/b > 0.94) radial variations in the sealing effectiveness distribution indicate partial
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mixing of the ingested and cavity flows. It is also worth noting that the geometrical dis-
continuity of the stator wall joining the flat vertical and angled faces at r/b = 0.94 aids
this affect and the trend change consistently takes place at this radial coordinate. The
effect also intensifies with increasing purge flow. Generally, variations are small and in

Fig.4.8(a) fall within measurement uncertainty.

AAARe =0
ALA Reg=0 000 Re,,=2.6 X 10
000 Rey=2.6 X 10° |
1 S @A @& Ao 4
it G| . @& & Ao o
‘; 2 N @& 5 A0 E
95
0.95 & T _ 0.93 & d» AO H
— o 0 6 40 Ao q
= ° > 3 6 20 Ag R
N e n =09 U,/ (Qb)=0.02
= 09 a ae Uy, /(Qb)=0.02 : & 20 Ag p|a0 Un/(02b)=0.
r=0.01 Ar=0.01
@ Up/ (Qb) = 0.04 & 20 A0 Plao Upy,/(Qb)=0.04
0.85 Ar=0.02 0.85 Ar=0.04
@ Ae U, /(Qb)=0.09 4 4 A9 Plao Uy, /(Qb)=0.09
0 05 1 Ap=0.03 0 05 I Ar=0.05
£(-) £(-)

(a) (b)

Figure 4.8: Effect of the purge flow on the sealing effectiveness radial distribution at
Res = 1.5 x 10° without and with annulus flow for: (a) s. = 0.0042 and (b) s. = 0.0078.

The effect of imposing the mainstream annulus flow is in agreement at both seal gap
sizes: at low purge flow rates, for example U,,/(Q0b) = 0.02, the effect is small, with
a consistent decrease in effectiveness near the rim seal in the mixing region between

0.94 < r/b < 0.99. For the smaller gap size, the largest change in effectiveness, of approx-

imately 0.03, is observed at r/b = 0.99.

As the purge flow is increased, the effect of the mainstream flow becomes more in-
fluential in both seal gaps although it is more pronounced for s. = 0.0078 due to the
larger supply of purge flow required to achieve the same Uy, /U,y. For U,,/(2b) > 0.04 in
Fig.4.8(b), the change induced at the rim is small, but a positive shift in seal effectiveness

is observed in the fully mixed region below r/b < 0.94. In combination, these result in
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a gradient in the mixing region between 0.94 < r/b < 0.99. Despite more noticeable in
the larger seal clearance, this shift in the lower cavity region appears in s. = 0.0042 as
well. Interestingly, the offset also appears to increase with the rate of purge flow supplied
into the cavity; at r/b = 0.84 it goes up from +0.06 at U, /(20) = 0.04 to +0.11 at
Un/(Q0) = 0.07.

Furthermore, Fig.4.8 reveals that further increasing the supply of purge flow leads to
an improved rim sealing capability of the chute seal in the presence of mainstream flow.
Due to the gradient in sealing effectiveness over 0.93 < r/b < 0.99 and the offset in the
inner region, there is a point in the radial distribution at which the sealing effectiveness
under axial annulus flow equals that of the configuration without it. From this point
(which depends on the purge supply) upwards, the presence of mainstream flow seems to
exert a beneficial effect on the sealing capability of the chute seal. This outcome is studied
across a larger range of purge flows and compared to the pressure difference across the
cavity volume in Fig.4.9. Data correspond to Re, = 1.5 x 10® (left) and Re, = 2.7 x 10°
(right) for the test cases without and with axial annulus flow. The results presented were

measured at the rim, r/b = 0.99, for the larger seal clearance, s. = 0.0078.
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Figure 4.9: Effect of the axial annulus flow on the sealing effectiveness and cavity pressure
difference as a function of the purge supply at Re, = 1.5 x 10° (left) and Re, = 2.7 x 10°
(right) measured at r/b = 0.99 and s, = 0.0078.

The pressure difference across the cavity is inversely proportional to the amount of

purge flow rate: the larger the supply of CY,, the more uniform pressure distribution is
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achieved inside the cavity and therefore the lower the value of C,,. As mentioned earlier,
high pressure differences across the cavity yield lower values of sealing effectiveness, indi-
cating substantial levels of ingestion. This outcome is observed regardless of the presence

of axial annulus flow, as the pressure coefficient collapses into a linear regression.

Fig.4.9 reveals an interesting effect consistent with what was observed in Fig.4.8: the
addition of axial annulus flow aids the sealing performance of the chute seal under certain
circumstances. The study conducted by Phadke and Owen [14] reported an improve-
ment of the sealing capability when the external environment presented a weak quasi-
axisymmetric flow. Past a certain threshold (Rean, > 2 x 10° for s, = 0.01), their data,
revealed a detrimental effect of the external flow. These results are in broad agreement
with the measurements obtained in the ORF. Bear in mind their experimental set up
struggled to achieve an axisymmetric mainstream and that the pressure non-uniformities
in the gas path amplified with higher flow rates. In this particular case, it appears that
a purge supply able to satisty C}, = 0.04 is sufficient to overcome the disc pumping effect
and could benefit the sealing performance. The value of C, for which this occurs depends
on the rotor disc speed - a stronger pressure gradient in the cavity will be generated at
higher rotational Reynolds number, thus demanding larger flow rates to pressurise the
cavity and outbalance the disc pumping effect. In the specific cases depicted in Fig.4.9(a)
and (b), values of Cy, ~ 4000 and Cy, ~ 5000 respectively are required to satisfy the

condition for the low and high rotational Reynolds number.

The observed changes in seal effectiveness — small decreases near the rim at low purge
flow rates and comparatively large positive shifts in the lower cavity at higher purge
— unveil that the addition of an external axisymmetric flow can infer a beneficial or
detrimental effect in the rim seal performance depending on the seal-to-axial mass flow
ratio and radial position. This improvement in sealing capability in the presence of

external flow could be a consequence of the flow recirculation in the rim seal region
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due to the interaction between purge and annulus flows that intensifies at higher rates
of sealing air supply. The flow visualisation technique employed by Phadke and Owen
[14] revealed a separation bubble at the rim that reduced the effective clearance between
the stator and rotor discs therefore restricting ingestion. The CFD analysis of Savov and
Atkins [77] showed that the gap recirculation zone reduced in size and was blown out of
the rim seal passage into the main gas path at high flow rates. The turbulent mixing
of the purge and annulus flow would then occur in the annulus and ingestion would be
inhibited. It is clear that the combination of the purge and annulus flows enhances the

complexity of the flow structure in the rim region and inside the cavity.

4.4 Summary

The mean cavity pressure coefficient has been contrasted against preliminary data from
the ORF confirming that the rebuild of the facility did not affect the cavity aerodynam-
ics. The addition of pressure instrumentation further inbound the stator wall revealed
the presence of different core swirl velocities in the inner and outer parts of the cavity
suspected to be due to the change in geometry of the stator wall. Higher sensitivity of the
(), to purge and annulus flow than rotor disc speed under rotationally-induced ingestion
was observed. A sufficiently high purge flow was shown to overcome the disc pumping
effect suppressing the vortex in the cavity and expelling the purge flow as free disc flow.
This behaviour was identified at A\t > 0.1, where the cavity pressure coefficient was al-

most invariant.

Sealing effectiveness data for a chute seal under purely rotationally-induced ingestion
have been reported for the first time by Bru Revert et al. [27] as an outcome of this
project. Results of sealing effectiveness have been compared to those for axial and radial
seal designs available in the published literature. The chute seal performs better than

an axial seal of the same axial clearance. The experimental sealing effectiveness data at
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r/b = 0.96 showed good agreement with the disc pumping effect orifice model derived by

Chew [25] for an empirical constant of k = 1.

The effect of the annulus flow on seal performance has shown to hinder complete seal-
ing of the cavity due to the complex interaction between the mainstream and purge flows.
Strong dependency on the operating conditions has been identified with some test cases
showing an improvement of the sealing capability of the chute seal when mainstream flow
was present. A significant difference in the sealing effectiveness at low and high rotational
Reynolds number has been identified. Further analysis of the data showed the impact of
Re, in the low and high bandwidth pressure signals. It is thought that an increase in the
unsteadiness due to the shear between the annulus and purge flows at these conditions
is causing this discrepancy. Larger scatter in the results of sealing effectiveness has been

observed for the larger seal clearance.
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Chapter 5

Externally-induced ingestion

A thorough analysis of the aerodynamic behaviour of the cavity flow and the sealing
performance of the chute seal under the influence of a non-axisymmetric external annulus
flow is conducted in this chapter. The introduction of nozzle guide vanes in the main gas
path adds a swirl component to the mainstream flow generating pressure and potential
field asymmetries, Fig.5.1. Ingestion of annulus flow occurs when the pressure downstream
of the vanes is above that inside the rotor-stator cavity and the pressure gradient across
the seal draws the hot mainstream gas into the cavity. This driving mechanism is known

as pressure-driven or externally-driven ingestion (see section 2.4).

Ingestion

Figure 5.1: Circumferential pressure asymmetries as the driving mechanism of ingestion.
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The configuration of the working section studied in this chapter was referred to as
Stage 3 in section 1.4. Experimental results in this set up are compared to those pre-
sented in chapter 4 so that the disc pumping effect and the influence of the pressure
asymmetries can be isolated and studied separately as independent drivers for ingestion

but also in juxtaposition.

The experimental conditions are described first and then results of the mean flow
structure in the cavity and the main gas path are evaluated. Next, the sealing performance
is assessed over a wide range of operating conditions to analyse the effect of the most
influential parameters. Following this, the impact of the purge flow in the aerodynamics

of the gas path downstream of the seal is investigated at the rotor blade leading edge.

5.1 Test matrix

The different operating conditions investigated in this parametric study are summarised in
Table 5.1, whereas Table 5.2 shows the rotational Reynolds numbers and flow coefficients
for the tests at each rotor speed. The variation of purge flow is captured by the seal-
to-disc rim velocity ratio, Uy, /(2b) (also called non-dimensional flow ratio). Values of

non-dimensional (purge) mass flow, Cy,, as commonly used in air systems are also given.

Table 5.1: Experimental test matrix for externally-induced ingestion investigation (*de-
notes test condition for non-axisymmetric annulus flow only).

Un/(20) (-) A () Cw () Reg (-)
No external flow 0.01 —0.11  0.005—0.05 820 —4200 3.8 x 10°*
: : 1.5 x 106
Axisymmetric flow 0.01 —0.65 0.006 —0.42 850 — 40000 93 % 10°
2.9 x 10°

Non-axisymmetric low  0.03 —1.3  0.028 — 0.63 3500 — 30000 33 % 106
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When present, the mainstream axial velocity component was kept constant throughout
all the experiments and was identical to Stage 2 (U,x = 115 m/s, M, = 0.34). Rotational
speed, seal clearance (s, = 4.2 x 1072 and 7.8 x 1073), purge flow rate and annulus flow
conditions were the handle variables in this experimental study.

Table 5.2: Rotational Reynolds number and flow coefficient at tested rotor speeds for
experiments with non-axisymmetric annulus flow.

N (tpm)  Reg (1) Ua/(20) (-)

1000 3.8 x 10° 4.5
4000 1.5 x 106 1.01
6000 2.3 x 106 0.67
7850 2.9 x 10° 0.52
9000 3.3 x 106 0.45

5.2 Mean flow structure

The circumferential pressure coefficient in the mainstream defined with annulus flow ve-
locity and rotor disc speed has been studied to assess the relative contribution of external
pressure asymmetries and disc pumping effect. Steady pressure measurements in the cav-
ity and the main gas path are presented in this section. The mean pressure coefficient in
the cavity, indicative of vortex strength, has been compared against the test configurations

without annulus flow and with axial axisymmetric flow reported in chapter 4.

5.2.1 Annulus pressure asymmetry

The circumferential mean pressure coefficient downstream of the NGVs was inspected
on the reduced annulus casing wall, at /b = 1.03. These pressure measurements were
obtained at nine equispaced points on the annulus covering a single NGV pitch of 10°.
The data are plotted in Fig.5.2 as circumferential mean pressure coefficient, C}, g, for a

purge flow rate corresponding to Uy, /U.c = 0.08, s, = 0.0042; and four values of flow
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coefficient varying from U, /(20) = 1.01 (4000 rpm) to U./(£20) = 0.45 (9000 rpm).
Therefore, Fig.5.2 shows the effect of U,y /(§2b) on the circumferential distribution of C, g
in the annulus. Note that the annulus flow was constant and the rotor disc speed was
the only variable parameter. Two approaches for non-dimensionalisation of C,y have
been used. In Fig.5.2 left, the dynamic head is calculated using the annulus flow velocity
providing values of Cj, gann, Whilst in Fig.5.2 right the dynamic head is based on the rotor

disc speed evaluated at the rim to give results of C, ggisc-
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Figure 5.2: Effect of Re, on C,p over one NGV pitch for s, = 0.0042 and U, /U., = 0.11
with Cj, g referenced to the annulus flow (left) and the rotor disc speed (right).

The distribution of C}, gann shows little variation with rotor disc speed implying the
vane wakes are unaffected by the purge flow. Looking at the C}, gqisc circumferential pro-
file instead, Fig.5.2 suggests that the annulus pressure asymmetry should be significant
(compared to rotational effects) at all conditions studied. At the highest and lowest tested
rotor speeds of 9000 rpm and 4000 rpm, the minimum-to-maximum pressure variation is

approximately 20% and 80% respectively of the disc speed dynamic head.

The effect of purge flow in the circumferential pressure coefficient is assessed at two

values of flow coefficient in Fig.5.3. A slight decrease in the amplitude of the annulus
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pressure variations is found at higher supplies of purge flow rate, represented by an increase
in the non-dimensional flow ratio in Fig.5.3. This effect can also be examined by plotting

the peak-to-peak pressure coefficient difference over a vane pitch as shown in Fig.5.4.
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Figure 5.3: Effect of purge flow, Uy, /(€20), on C, gaisc over one NGV pitch for s. = 0.0042
at Uax/(Q0) = 1.01 (left) and U,y /(020) = 0.45 (right).
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Figure 5.4: Effect of purge flow, U,,/(£20), on the peak-to-peak circumferential pressure

coefficient difference AC}, gaisc for s. = 0.0042 at (a) Ua/(£20) = 1.01 and (b) U,y /() =
0.45.

A decay of pressure amplitude with an increase of purge supply is identified. Two
constant values of flow coefficient, Uay/(£20) = 1.01 and U,y /(£2b) = 0.45, reveal a lower

influence of the purge flow ratio at low flow coefficient. These results align with the
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findings of Sangan et al. [39] where a small reduction of C}, ggisc Was identified for higher
sealing flows although they both contradict the lack of influence of the purge flow over
the pressure asymmetries reported by Roy et al. [44]. Nonetheless, the influence of the
purge flow is secondary to flow coefficient, see Fig.5.2. The third tapping from the right
hand side appears as an anomalous point that departs from the general sinusoidal trend.

It is suspected this is due to it falling directly under the influence of the vane wake.

5.2.2 Steady cavity flow behaviour

Examples of radial profiles of the mean pressure coefficient on the stator disc are shown
in Fig.5.5. These correspond to the smaller seal clearance and a constant purge flow
rate of Cy, = 3500 (U, /Uax = 0.08). Results with and without vanes are given at two
values of non-dimensional purge flow ratio corresponding to Re, = 1.5 x 10° (left) and
Res = 2.9 x 10° (right) respectively. The cavity pressure coefficient, C,, has been refer-
enced to the measurement point located furthest inboard in the cavity and the dynamic

head at disc rim speed has been used for non-dimensionalisation.

For the rotational Reynolds numbers shown, the flow in the cavity is expected to be
fully turbulent with separate boundary layers developing on each wall with a rotating core
in between [8]. Typically, for turbulent flow in shrouded rotor-stator cavities, the core
vortex rotates at approximately 40% of the rotor disc speed [8]. The vortex strength may
be affected by mainstream ingestion, cavity geometry, purge flow rate and rotor speed.
The combined effects of purge flow rate and rotor speed can often be captured by the tur-
bulent flow parameter (or throughflow parameter), Ay = Cy,/Re}®, where Cy, = /b is
the non-dimensional flow rate. This non-dimensional variable was already used in chap-
ter 4 to describe the cavity flow behaviour. The data shown in Fig.5.5 correspond to
throughflow parameter values of approximately 0.04 (left) and 0.02 (right) respectively.
The two different slopes in all radial profiles of C}, in Fig.5.5 suggest a change in the swirl

velocity between the outer and inner parts of the cavity at the inflexion point in the ge-
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ometry of the stator wall. Lines indicating pressure distributions for various forced vortex
strengths are also plotted for reference since they match the slopes in the radial distribu-
tions. Fig.4.2 showed that the disc pumping effect in isolation (no purge nor annulus flow)
would induce vortices in the cavity rotating at 41% and 55% of the disc speed. Fig.5.5
explores how the purge supply, type of external flow and rotational Reynolds number

affect the aerodynamics of the cavity flow.
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Figure 5.5: Radial profile of C}, inside the cavity without annulus flow, with axisymmetric
and with non-axisymmetric annulus flow for s, = 0.0042, U,,/U.x = 0.08 at U,,/(2b) =
0.09 (Rey = 1.5 x 10%) on the left and U,,/(Q20) = 0.045 (Re, = 2.9 x 10°) on the right.

For the test cases without vanes (no annulus flow and axisymmetric annulus flow),
Fig.5.5 shows that the outer and inner cavity swirl velocities increase as the rotational
Reynolds number is raised. For example, without annulus flow the swirl velocity in the
outer cavity goes up from approximately 44% to 47%. This is due to a larger transfer of

angular momentum from the rotor disc consistent with a change in throughflow parameter.

Interestingly, results for the vaned configuration are in close agreement implying a

suppression of the sensitivity to rotational Reynolds number. This is attributed to inges-
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tion of highly swirled annulus flow in this configuration compensating for the increase in
vortex strength expected from the reduction in Ar. Recent studies suggest a beneficial
impact of swirling the purge flow to reduce the viscous losses derived from the interaction
of the mainstream and sealing flows. The effect of rotation on ingestion is further explored
in the following section. The angular momentum of the annulus flow appears to influence
the cavity pressure. This explains why an axial annulus flow exerts negligible impact on

the cavity pressures when compared to the case of no annulus flow.

The cavity pressure coefficient evaluated near the rim (r/b = 0.99) has been plotted
as a function of the turbulent flow parameter across the test conditions in Fig.5.6. From
the definition, this represents the pressure difference across the cavity in the stator wall.
Fig.5.6 compares the cavity pressure gradient as a function of the turbulent flow parameter
under the influence of an axisymmetric and non-axisymmetric external annulus flows for

two clearance sizes. Therefore, this builds up from Fig.4.4 discussed in chapter 4.
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Figure 5.6: Cavity pressure coefficient as a function of Ap for two seal clearances under
axisymmetric and non-axisymmetric conditions of external annulus flow.

Overall, two distinct regimes are identifiable: a linear region for Ar < 0.1 and an
asymptotic region for Ar > 0.1 with larger data scatter. Similarly to what was described
in section 4.2, a sufficiently large supply of sealing flow, At > 0.1, overcomes the disc

pumping effect suppressing the rotating core in the cavity and ejecting free vortex flow
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into the mainstream. For a free-disc with zero radius this would occur at approximately
Ara ~ 0.22. Accounting for the effect of a non-zero inner radius of the disc, this change
in flow behaviour would occur at Ar ~ 0.1 in this set up hence agreeing with the experi-

mental data of Fig.5.6.

Under the influence of an axisymmetric annulus flow, section 4.3.3 revealed that the
cavity pressure coefficient and the sealing effectiveness were affected by the rotational
Reynolds number. This was observed in the distribution of C, — At as different asymp-
totic values of the cavity pressure coefficient depending on the rotor disc speed. For
At > 0.1, test data obtained at N = 4000 rpm asymptotically settled at C, ~ 0.02 whilst
a value of ~ 0.01 was observed for higher rotor disc speeds. In the linear region however,
all measurements showed satisfactory agreement and such an effect was not identified.
In Fig.5.6, data with non-axisymmetric mainstream conditions generally agree with the
behaviour above described. Notwithstanding, in the range of 0 < A < 0.07 of the linear
regime, rotor disc speed discrepancies are observed. This is consistently recorded for both
gap sizes under consideration. A zoomed in view in Fig.5.6 allows for better detailed

observation of this region.

At high rates of ingestion (low purge flow supply Uy, /U. = 0.08 and Uy, /U, = 0.11),
the experimental data in Fig.5.6 shows departure from the linear trend thus evidencing an
effect of the flow coefficient U, /(€2b). Considering a constant purge supply and change in
rotor disc speed, the cavity pressure coefficient experiences a slight increase with turbulent
flow parameter. Note that C}, was introduced as a measure of the vortex strength inside
the cavity in Fig.5.5 and therefore is proportional to the swirl velocity of the rotating
core. Unexpectedly, the dataset of Uy, /U, = 0.08 reveals that the swirl velocity (inferred
from the C}) and the rotor disc speed are inversely proportional. This goes against the
believed assumption that higher rotational Reynolds numbers would induce a stronger

rotating motion in the adjacent fluid. Nonetheless, this effect could be explained if larger
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ingress of highly swirled mainstream flow external to the cavity was occurring under
these conditions. A slightly higher supply of purge flow, U, /U, = 0.11, still shows
departure from the trend line in the linear regression but the vortex strength shows direct
proportionality with the rotor disc speed. This unusual phenomenon was observed for

s. = 0.0042 as well as for s, = 0.0078 at all conditions of Uy, /U, < 0.08.

5.3 Sealing performance

Results of sealing effectiveness under different conditions of purge flow rate, rim seal gap
size, rotational speed and annulus flow conditions are assessed in this section. Compar-
isons against the disc pumping correlation by Chew [25] and the simple orifice model for

pressure-driven ingestion by Hamabe and Ishida [30] are included.

5.3.1 Effect of mainstream flow conditions

Radial distributions of sealing effectiveness on the stator wall under three different condi-
tions of annulus flow are represented in Fig.5.7 for constant Rey, = 1.5 x 10° (4000 rpm)
and Cy, = 3500 (corresponding to Uy, /U, = 0.08). Silhouettes of the rim seal and cavity
geometry are aligned with the radial position of the ordinate. At this operating point,
the addition of axisymmetric flow in the annulus induced a 5% reduction in the sealing
capability of the chute seal under rotationally-induced ingestion. With non-axisymmetric
annulus flow, the introduction of swirl velocity and circumferential variations in pressure
in the annulus drastically reduced the sealing effectiveness by 33% in the inner cavity and
60% near the rim seal. Under these circumstances, the ingestion mechanism is clearly
driven by the annulus pressure asymmetries. For the cases without annulus flow and with
axisymmetric annulus flow, the cavity appears to be almost fully sealed with a uniform
radial profile of sealing effectiveness. However, for the vaned configuration, the outer
part of the cavity is significantly affected by the entrainment of mainstream flow. This is

reflected through high gradients that cause a remarkable decrease in sealing effectiveness
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in the proximity of the rim seal. Again, departure from the typical Batchelor flow is
observed in the upper cavity due to a larger mixing region where the ingressed external
flow dilutes the radially outward purge flow. Similar behaviour was reported by Horwood
et al. [53] for their study of a chute seal, but not for those previously conducted with
other rim seal geometries. This flow structure was attributed to the rotor boundary layer

impinging directly upon the stator wall that acted to encourage mixing.
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Figure 5.7: Effect of the external flow conditions in the sealing effectiveness radial distri-
bution at Cyy = 3500 (U /Usx = 0.08) at Rey = 1.5 x 10° and s, = 0.0042.

The effectiveness profiles with annulus flow (without and with vanes) from Fig.5.7 are
reproduced in Fig.5.8(a), alongside results at lower flow coefficients. The purge supply,
annulus flow rate and seal clearance are identical for all data in this figure. Therefore,
these results show the effect of rotational speed for the cases without and with annulus
pressure asymmetries from the NGVs. The speed variation also corresponds to changes

in flow coefficient, reflecting the balance of rotational and pressure-driven ingestion when

vanes are present, Table 5.2.

Fig.5.7 shows an evident deterioration of the sealing performance at all radial positions

when pressure asymmetries in the annulus are induced by the NGVs. However, Fig.5.8(a)
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reveals a very interesting inversion of the effect of rotational speed in combination with the

external flow conditions. To the author’s knowledge, this effect has not been previously

identified.

Axisymmetric Swirled I
annulus flow || annulus flow
l vo %0 | |eAa mv 1
vao 40 o\ Ov .
vo ¢ Ov n
. 0.95 vo o ooy E
- vo ‘9 o 'i
\f;\ va 20 r » '
~ 09 vo ‘o ® [oU,/(0b)= 1.01
, U,../(Qb)=0.67
0.85 ve e ® BUpn/(Qb)=0.52
’ va ‘o ® v U, /(Qb)=0.45
|
0.5 1 05 1
€(-) &(-)
(a)
Axisymmetric Swirled
annulus flow annulus flow
I oDbollon
ool |em
mo| | @
0.95 oo o
O oo oo
2 oo oo
=09 oo oo
0.85 ae ne oU../(Qb)=0.99
’ oo oo nU,,/(Qb)=0.51
]
0.5 1 0.5 1
&(-) &(-)

(b)

Figure 5.8: Effect of flow coefficient and annulus pressure asymmetries at: (a) Cy, = 3500
(Upn/Uax = 0.08) for s. = 0.0042, (b) Cy = 4800 (U, /U.x = 0.06) for s, = 0.0078.

For the case with axisymmetric annulus flow, the increase in rotor speed induces a
stronger pressure difference across the rim seal, and more annulus flow is entrained into
the cavity — see Fig.5.5. In the case of non-axisymmetric annulus flow, a decrease in the
flow coefficient (higher rotational speed), results in an increase of sealing effectiveness,
indicative of less annulus flow being entrained into the cavity. Therefore, Fig.5.8(a) sug-

gests that fostering the disc pumping effect with higher rotor speeds prevents ingestion

122



Externally-induced ingestion

of mainstream flow. This unexpected outcome was consistently observed across the test
matrix for several combinations of purge flow rates and seal clearances. At the lowest flow
coefficient tested, U, /(Q2b) = 0.45, the sealing effectiveness for the axisymmetric annulus

flow dropped just below that for the vaned configuration at the outer radii.

Phadke and Owen [14] postulated that pressure asymmetries in the annulus gas path
drive the hot ingestion mechanism when NGVs are present. The disc pumping effect under
these circumstances was generally expected to be significantly lower although both mech-
anisms were thought to co-exist under certain circumstances. The high flow coefficient
results presented in Fig.5.7 and Fig.5.8(a) are consistent with this statement. However,
at higher rotational speeds (or lower flow coefficients), Fig.5.8 challenges the assumption
that ingestion will be dominated by the external pressure asymmetries when vanes are
fitted. The data shown in Fig.5.8 suggest that the rotationally-induced flow can suppress
pressure-driven ingestion. This was also captured by the numerical study conducted by

Palermo et al. [78] for similar seal and cavity geometries using URANS.

Fig.5.8(b) shows comparable results for the larger seal gap at a fixed purge flow rate, for
flow coefficients of U,,/(£2b) = 1.01 and U, /(€2b) = 0.51. For the axisymmetric annulus
flow scenario, increasing rotation results in larger ingestion, aligning with Fig.5.8(a). For
the case with vanes, the results are consistent with the findings from the smaller clearance:
better sealing performance at lower flow coefficient is found near the rim. However, the
influence of rotation is weaker for the larger clearance. This could be due to purge and
pressure-driven mass flows increasing for the larger clearance while disc pumping flows
are less dependent on the gap size. Nevertheless, as the seal clearance is increased by
changing the axial spacing between the rotor and stator only, geometrical similarity is
lost, particularly in terms of the axial overlap of the chute seal, and this could also

account for the different behaviour of the two seals.
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5.3.2 Overall sealing effectiveness dependencies

Fig.5.9 presents a summary of the smaller seal clearance studies as a map of sealing
effectiveness against the non-dimensional purge flow, U,,/(20). Data were all obtained
at a radius near the rim, r/b = 0.99, and included for all rotor speeds and purge flow
rates investigated. The colored lines in Fig.5.9 connect results at the same flow coefficient
(rotor disc speeds) whilst the dotted black lines join the data at constant purge flow rate
for different rotor disc speeds, assessing the effect of flow coefficient. Results are compared
against the test case with external axisymmetric flow and the analytical correlation for

disc pumping effect given by Eq.2.1 with k£ = 1.
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Figure 5.9: Map of sealing effectiveness against non-dimensional purge flow ratio,
Un/ (), at r/b = 0.99 for different seal-to-axial velocity ratios, Uy, /Uy, and flow coetfi-
cients, U, /(£20), under axisymmetric and non-axisymmetric external annulus flow.

Effect of flow coefficient

Higher seal-to-axial velocity ratios consistently provide better sealing by increasing the
pressure inside the cavity so that less external fluid is drawn into the cavity. The effect
of reducing flow coefficient (increasing rotor speed) at a constant purge supply can be

analysed by following each of the black dotted lines from right to left. At low values of
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Un/Uax (where significant ingestion occurs) strong sensitivity to flow coefficient is evi-
dent. For example, the results for Uy, /U, = 0.08 reveal an important 30% improvement
of the sealing effectiveness as the flow coefficient decreases from 4.05 to 0.45. This trend
was observed along the flat surface of the stator wall (upper cavity volume) in Fig.5.8(a)
and it can be related to the reduced amplitude of the non-dimensional annulus pressure
asymmetries in Fig.5.2(b). The U, /() = 4.05 test case represents a virtually stopped
rotor in which the disc pumping effect is negligible. This scenario is relevant during
under-speed of the engine - through engine start-up and part-load operation. The sealing
effectiveness values at U,y /(2b) > 1 (N = 1000 rpm and 4000 rpm) in Fig.5.9 are very

similar thus indicating that pressure-driven ingestion dominates at lower speeds.

As shown in Table 5.2, both rotational Reynolds number, Re,, and flow coefficient,
Us.x/(02b), vary with rotor speed in the present experiments. Previous rim sealing studies
have found that for fixed U, /(€2b) there is little or no dependency on rotational Reynolds
number. Thus the effects of rotor speed shown here can be interpreted, at least to first
order, as the effects of the flow coefficient which is equivalent to the ratio Re.x/Re, used
by Phadke and Owen [14]. Fig.5.9 shows that ingestion is pressure-driven at high values

of the flow coefficient, such as those that might occur in low pressure turbines.

At high purge flow rates, Uy, /Ua.x > 0.22, Fig.5.9 reveals an almost invariant sealing
effectiveness value albeit changes in flow coefficient. It becomes apparent that a fully
sealed cavity is not reached under any of the test conditions considered during this inves-
tigation, highlighting the complexity of the interaction of the purge and annulus flows in
the rim seal region. For low flow coefficients, such as might be found in core turbines, both
rotational and pressure-driven effects may be important. As the flow coefficient reduces
to 0.45 the sealing effectiveness approaches values associated with rotationally-driven in-
gestion suggesting that the disc pumping effect prevails. This is particularly the case at

low purge flow rates. The effect of disc speed has important implications for engines,
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especially high pressure turbines which usually have flow coefficients in the range where
the sealing effectiveness is sensitive to rotor disc speed. Indeed, some references in the
open literature define the design point flow coefficient in modern high pressure turbine
stages at U,y /(20) = 0.5 (with this value being slightly lower than those found in previous

designs due to the increasingly larger flow angles achieved at the exit of the NGVs).

Previous studies investigating the effect of flow coefficient at off-design conditions were
published by Savov et al. [29] for a single and double lip seal geometry and Scobie et al.
[71] for single radial and axial seals as well as a double radial seal. Savov et al. investigated
the effect of modifying the flow coefficient for a constant non-dimensional flow ratio and
they identified a reduction of the sealing capability at low rotor disc speeds. The study
conducted by Scobie et al. [71] at a turbine test rig at the University of Bath consisted of
varying the non-dimensional purge flow rate for a constant flow coefficient. This process

was then repeated at different flow coefficients as shown in Fig.5.10 for a radial and an

axial seal.
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Figure 5.10: Effect of flow coefficient on the sealing effectiveness for (a) a radial seal and
(b) an axial seal [71].

The investigation undergone within this project combined both approaches: firstly, a
fixed rotor disc speed maintained a constant value of flow coefficient and by varying the

purge flow rate, a sweep through U, /(2b) was conducted. Secondly, for a constant purge
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flow rate, the rotor disc speed was modified based on Table 5.2 providing the different
flow coefficients. Nonetheless, it should be noted that, whilst Savov et al. had an invari-
ant non-dimensional purge flow ratio (vertical lines in Fig.5.11), the study in the ORF
maintained a constant U, and the variations in rotor disc speed led to the inclined blue

lines in Fig.5.11.
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Figure 5.11: Comparison of test conditions of published experimental studies ([29] and
[71]) on the influence of the flow coefficient over the sealing performance.

Scobie et al. argued that externally-induced ingestion dominates at design point
(Uax/(20) = 0.538 for the Bath test rig) and fitted their experimental results to the orifice
model derived by Owen [38] for Combined Ingress (CI). This is an intermediate regime
defined by this research group between the externally-induced ingestion and rotationally-
induced ingestion for the scenario where the disc pumping effect gains relevance. The
data from Scobie et al. showed departure of the CI curve at low values of flow coefficient,
which was attributed to the effects of separation of the mainstream flow over the turbine
blades at large deviation angles between the flow and the blades. Given the similarity
in the test conditions between the experiments of Scobie et al. and those obtained in

this research according to Fig.5.11, the departure from the CI curve could be explained
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based on the larger predominance of the disc pumping effect. This could imply that the
influence of rotationally-induced ingestion may have been undermined in the CI orifice
model and not only it is significant, but it could even be dominant. Notwithstanding, it
is important to highlight that the cavity, seal and annulus configurations were different,

with blades present in Scobie et al.’s experimental set up and not in that investigated here.

Variations in flow coefficient due to changes in tangential velocity at the rotor rim
affect the velocity triangles by inducing a variation of the annulus flow angle. The closest
agreement between the NGV exit tangential velocity and that of the purge flow is found
at Ua/(Q20) = 0.45. This could imply that similarity in the swirl component of the
mainstream and the outbound purge flow reduces shear between the two streams and
improves the sealing capability of the rim seal. CFD prediction from Palermo et al.
[78] captured some of the trends described here. In particular, at lower flow coefficient,
CFD predicted that the chute seal may offer some insensitivity to pressure-driven effects,
in agreement with measurements. Nonetheless, the CFD underpredicted the levels of

ingestion.

Effect of seal clearance

The influence of the rim seal gap size on the sealing performance of the chute seal at
the rim can be assessed by visual comparison of Fig.5.12(a) and Fig.5.12(c). The reader
is reminded that, apart from the 1 mm nominal gap size, a second larger seal clearance
was studied in order to simulate the rearward displacement of the rotor disc at off-design
conditions in an engine, such as an over-speed event. The increase of the seal clearance
was achieved by including a spacer between the rotor disc and the shaft. As a consequence
of the axial displacement of the rotor disc, maintaining the geometrical similarity in the
cavity was not possible: from a 2 mm axial overlap at the chute rim in the configuration
of s, = 0.0042 the increase to s. = 0.0078 led to a 0.5 mm axial separation with no overlap

of the rotor and stator discs.
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Figure 5.12: Map of sealing effectiveness against the seal-to-rotor disc speed velocity ratio,
U/ (€20), under axisymmetric and non-axisymmetric external flow at: (a) r/b = 0.99 and

se = 0.0042, (b) r/b = 0.84 and s, = 0.0042, (c) /b = 0.99 and s. = 0.0078 and (d)
r/b=0.84 and s. = 0.0078.

At first glance, the same trends observed in Fig.5.12(a) are reproduced in Fig.5.12(c)
thus confirming that the improvement in sealing performance detected at low flow coeffi-
cients occurs regardless of the seal clearance size and the overlap between the stator and
rotor platforms. The sensitivity to flow coefficient at low purge flow rates is lower in the
larger gap (smaller gradients in the dotted lines of constant U, /U,y) especially at low
Unm/Uax. Tt is suspected that the larger ingress of swirled annulus flow (caused by a larger
gap area) increases the swirl of the rotating core inside the cavity at all rotor disc speeds.
As a result, the annulus pressure asymmetries gain relevance in the detriment of the disc
pumping effect at low flow ratios where this was seen to dominate at s, = 0.0042. This is

observed by a larger departure of the data for U,y /(§2b) = 0.44.
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An interesting fact shedding from Fig.5.12 is that the non-dimensional purge flow ra-
tio required to seal the cavity volume (taken at ¢ = 0.95) is lower at s. = 0.0078. This
counter-intuitive output might be explained by the change in cavity geometry mentioned
above. The 1 mm nominal seal clearance of the chute has been measured in the perpen-
dicular direction to the rotor disc at the rim which, in the axial direction corresponds
to a 2.9 mm axial seal clearance. Due to the axial overlap, the flow passing through
2 mm/2.9 mm of this axial distance is experiencing high levels of shear induced by the
rotor disc rotation being positioned close to the stationary surface. Increasing the gap
in this case removes the shear between rotating and stationary surfaces and leads to a
0.5 mm axial seal clearance. The increase in sealing performance for the wider gap was
already identified in the axisymmetric annulus flow configuration (and can be deduced

from the crosses in Fig.5.12(a) and Fig.5.12(c)).

Effect of radial position

The sealing effectiveness map in Fig.5.9 was thoroughly analysed for the data obtained
near the rim, r/b = 0.99, and s. = 0.0042. This section aims to explore the influence of
the purge flow and flow coefficient over the sealing effectiveness at a point further inboard
in the cavity, /b = 0.84. These data are plotted for s, = 0.0042 and s. = 0.0078 in
Fig.5.12(b) and (d) respectively. At this radial position, the ingested mainstream flow,
if at all present, is expected to be fully mixed with the stator wall boundary layer and
widely independent of the mainstream flow coefficient. Indeed, the radial profiles of seal-
ing effectiveness in Fig.5.8 showed that the ingested mainstream flow was fully mixed as
displayed by an invariant profile independent of flow coefficient and radial position. Con-
sistently, Fig.5.12(b) shows an almost constant horizontal line for each Uy, /U, confirming

the external flow coefficient had minimal effect.

For the lowest purge flow rates represented in Fig.5.12(b), a slight increase in the

sealing performance is observed for the larger flow coefficients. This effect becomes more
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obvious in Fig.5.12(d) for s. = 0.0078. In the inner cavity, the rotor disc pumping effect
prevails thus resisting transport of the ingested annulus flow along the stator wall. As
a result, the ingested mainstream flow does not reach the inner cavity and the influence
of the external annulus flow is hardly felt. Consequently, an improvement of the sealing
effectiveness with increasing flow coefficient (similar to that observed for the case of ax-
isymmetric annulus flow shown in Fig.5.8) is identified. These observations are consistent
with the findings of Savov et al. [29] who detected a decrease followed by a raise in sealing

effectiveness in the inner cavity as the rotor disc speed was reduced.

5.3.3 Comparison to previous work

The results from the current research are compared in Fig.5.13 to the data for a chute
seal obtained by Horwood et al. [53] in a turbine rig at the University of Bath. The flow
coefficient for the turbine was 0.35 compared to 0.45 for the results shown from the ORF.
Notwithstanding, it is worth mentioning that Horwood et al’s experiments included effects
of the rotating blades and a different vane design. Values of effectiveness are obtained at

r/b=0.96 in the ORF and the facility at the University of Bath.

1 T : ’wﬂ%a& 1 X ® x ! ¥
o
0.8 ,:pﬂhﬂe' 1
0.6 % ]
i =]
‘;’ ]
04f B : _ |
@ | — Disc pumping correlation k=1 [25]
02l x ORF without NGVs (UL /(Qb)=0.45-1.01)
: o ORF with NGVs (U /(Q2b)=0.45)
@ Bath with NGVs + blades (U, /(26)=0.35)

0 0.05 0.1 0.15 02 0.25 0.3 0.35
U /(Qb) (-)

Figure 5.13: Comparison of sealing performance of the ORF chute seal under different
external flow conditions at /b = 0.96 against the chute seal from Horwood et al. [53] and
the disc pumping correlation from Chew [25].

Good agreement is evident despite the different test conditions. Sealing effectiveness
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measurements at the University of Sussex for a chute seal by Gentilhomme [79], as pre-
sented in references [54] and [78], also show some agreement with the present results.
The Sussex experiments were conducted in a turbine rig with a flow coefficient ~ 0.6,
and included a significant density difference between the purge and main annulus flows.
Calculation of U,,/(€b) for the Sussex data was subject to some uncertainty so these are
not shown in Fig.5.13. Nonetheless, the similarity of the results with data from other
research facilities suggests some insensitivity to turbine design at low flow coefficients,
which is encouraging for extrapolation of rig data to engine conditions. The inflection
point in the sealing effectiveness curve was the focus of the study of Hualca et al. [64]
who attributed it to the presence of rotor blades. The discreet data points from the ORF

do not provide enough information to investigate this effect.

Engine representative conditions in scaled test facilities are simulated by matching the
relevant non-dimensional parameters. The non-dimensional purge flow U,,/(€2b) defines
the extent of ingestion and the turbulent flow parameter characterises the flow structure
inside the cavity. Values between 0 and 0.1 are typically found in aero-engines for both
quantities thus this research is considered to represent the flow behaviour in an engine
cavity. Characteristic values of rotational Reynolds number in aero-engines are of the
order of 107. Despite the range of Re, covered in this study being an order of magnitude
below engine-realistic conditions, Fig.5.9 suggests that extrapolation to values of flow co-
efficient found at engine operating conditions would intensify the disc pumping effect.
This is the case especially for high pressure turbines which usually have flow coefficients

in the range where the sealing performance displays high sensitivity to rotational speed.

Considering correlation of results, it is also of interest to compare present measure-
ments with the orifice model. While numerous variations of the orifice model are available,
Hamabe and Ishida’s version [30] assuming a sinusoidal pressure distribution and constant

discharge coefficient has been used for an initial comparison. The amplitude of the cir-
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cumferential pressure variations have been obtained from the data shown in Fig.5.2 for
se = 0.0042 and U,, /U, = 0.08. Fig.5.14 compares sealing effectiveness at flow coeffi-
cients of 0.45 and 1.01 with the orifice model at a radial position r/b = 0.96 assuming

discharge coefficients of 0.4 and 0.6 at these two conditions.
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Figure 5.14: Comparison of experimental data against prediction from [30] and [25].

For U, /(£2b) = 1.01 (4000 rpm), the orifice model displays satisfactory agreement
with Cq = 0.6. At U,/(20) = 0.45 (9000 rpm), Cq = 0.4 fits the data better at low
effectiveness and Cy = 0.6 is more suitable at high sealing effectiveness. The disc pumping
effect correlation by Chew [25] is also included for comparison. The experimental data and
orifice model predictions approach the disc pumping correlation at low flow coefficients.
In addition, Fig.5.14 suggests that discharge coefficients in the orifice model predictions
could be redefined and be considered a function of flow coefficient, reducing as the orifice

model predictions approach values for rotationally-driven ingestion.

5.3.4 Effect of relative position to NGV trailing edge

The improvement in sealing effectiveness at low U, /(€b) sparked the question of whether
this only occurred because the cavity measurement points were located directly under the
influence of the NGV wake or in the middle of the passage. In order to investigate the
effect of the relative position between the cavity measurements and the trailing edge of

the NGVs, a stator ring was machined with a 5° offset of the radial measurement points
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as described in section 3.2.2 and shown in Fig.3.21. In addition, two rows of tappings
at r/b = 0.89 and r/b = 0.98 were included in the circumferential direction covering one

NGV pitch of 10°. Tests were repeated for Uy, /U, = 0.08 and s, = 0.0042.

Radial profiles

The dataset obtained at Afngy = +1° confirmed the previously reported improvement
of rim sealing performance at low flow coefficients, see Fig.5.15. The observed trends are
consistent with those shown in section 5.3.1. Nonetheless, Fig.5.15 reveals a positive shift
towards higher values of sealing effectiveness at all conditions studied. This increase in
sealing performance could be attributed to the change in relative position of the cavity
measurement points respect to the NGV trailing edge in the annulus. A more in depth

analysis is required before drawing any conclusions.
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Figure 5.15: Comparison of the sealing effectiveness radial profiles in configuration of
Stage 3 for two different circumferential locations Afngy = —4° and Afygy = +1° at
Un/Uasx = 0.08 and s. = 0.0042.

It is worth highlighting that the higher resolution in the cavity instrumentation re-
sulted in more pneumatic tubes stemming from the NGV ring. Despite all efforts, some
of the tubing ended up being totally or partially blocked during installation. These dat-
apoints were not able to provide trustful results and have been removed from the plots

(r/b=0.84 and r/b = 0.98 for Afxgy = +1°in Fig.5.15).
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Values of sealing effectiveness inside the cavity were taken at different circumferential
positions that covered one NGV pitch. The circumferential distributions of sealing effec-
tiveness did not reflect the Ae ~ 20% variation observed in Fig.5.15 for a Af = 5°. The
presence of blocked and partially blocked tubing casted doubt in the validity of the results
and therefore these have not been included. The possibility of a leak in the measurement
system was explored: the rig was dismantled, pneumatic tubes checked and cleaned, NGV
ring removed and components recommissioned. The repeat test campaign reproduced the
same effect as before with extraordinary repeatability confirming the improvement in

sealing effectiveness at this position, see Fig.5.16.
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Figure 5.16: Radial profiles of repeat tests for cavity points at Afngy = +1° taken at
Un/Uasx = 0.08 and s. = 0.0042.

5.4 Spoiling effect on the mainstream aerodynamics

This section aims to analyse the purge flow in the main gas path when it interacts with
the mainstream flow. The main objective is to determine the impact of the purge flow
at the rotor blade leading edge through measurements of gas concentration in a 6 — r
section of the annulus. Previous research reported a strong interaction of the purge and
annulus flows causing aerodynamic losses in the main gas path due to a strengthening of
the passage vortex. Nonetheless, this may enhance the cooling of the rotor blade due to

radial migration of the passage vortex on the suction surface [53].
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Before proceeding to the analysis of the mainstream results, it is worth highlighting
that the reduced annulus arrangement may be affecting the development of the secondary
flows. Therefore, the limitation of the results of this section is acknowledged. A static
pressure distribution of both NGV and rotor blades should be included and compared

with full span blade passage in order to study a representative flow field.

Following the methodology described in section 3.2.2, sealing effectiveness data were
extracted from 15 points that covered the radial span of the reduced annulus (3 points)
over one vane pitch (5 points) at the axial position equivalent to the rotor blade leading
edge (with no blades). Purge-to-annulus mass flow ratios of 1% and 1.2% were chosen.
All test data presented in this section correspond to the seal clearance s. = 0.0042. The
circumferential variation in sealing effectiveness at the three radial positions studied are

included in Fig.5.17.
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Figure 5.17: Influence of flow coefficient, radial position and purge-to-annulus flow rate
on the circumferential variation of sealing effectiveness in the main gas path.
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At the closest position to the hub, r/b = 1.008, traces of CO; from the sealing flow
are clearly detected whilst the presence of foreign gas is negligible at the casing wall. The
amount of tracer gas in the rim strongly depends on the relative position of the probe
respect to the NGV trailing edge, indicating large dependency on the circumferential pres-
sure variations induced by the stator vanes. The effect of the rotor disc speed can also
be observed: at higher rotor disc speeds, the disc pumping imposes higher momentum
onto the ejected purge flow which then resists mixing with the annulus unseeded flow.

Consequently, this leads to higher content of CO5 at the lowest annulus radial position.
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Figure 5.18: Distribution of € in a traverse plane in the main gas path downstream of the
NGVs for two flow coefficients and two ratios of purge-to-mainstream mass flow.

Contour plots of sealing effectiveness along the traverse plane at the rotor leading edge
are included in Fig.5.18 for visual aid since the circumferential variations of CO5 in the
main gas path are better depicted. Results are shown for the highest and lowest flow co-
efficients (corresponding to U,y /(£2b) = 1.01, 4000 rpm, and U, /(Q2b) = 0.45, 9000 rpm,

respectively). No significant differences arise from increasing the purge-to-mainstream
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flow ratio at high flow coefficient (top and bottom left). The peak of tracer gas con-
tent observed in Fig.5.17 near the rim is easily identified here as the yellow region in
0/Abxgy = —0.1. Its presence can be sensed at all four conditions in Fig.5.18, although

it is more predominant at low flow coefficients and high purge flow rate.

The reader is reminded that, as stated in chapter 3, a study to assess the development
of secondary flows in the reduced annulus was not conducted and it is likely that these
are not representative due to the boundary layers in the endwalls. Therefore, a cautious

analysis of the mainstream flow aerodynamics of this set up and its limitations is required.

5.5 Summary

The performance of a rim chute seal and cavity subject to pressure-driven ingestion has
been studied and compared to the behaviour reported in chapter 4 under rotationally-
induced ingestion. Main gas path test configurations with no flow and axisymmetric
flow simulated conditions of rotationally-driven ingestion. The introduction of turbine
vanes upstream of the seal superimposed pressure-driven effects by creating a swirl veloc-
ity component in the annulus flow and generating circumferential pressure and velocity
asymmetries. Thus two of the main drivers for hot gas ingestion in a turbine stage have

been investigated.

Steady pressures have been acquired inside the cavity and on the reduced annulus cas-
ing. The radial profile of pressure coefficient on the stator wall revealed the coexistence of
two vortices with different swirl velocities in the upper and lower cavities. At all test con-
ditions, the annulus pressure asymmetries were significant compared to rotational effects.
At the highest rotor speed tested, the minimum-to-maximum circumferential pressure
variation in the annulus was approximately 20% of the dynamic head associated with the

rotor rim speed.
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Ingestion of mainstream flow into the rotor disc cavity has been evaluated using the
tracer gas technique to quantify the sealing effectiveness of the chute seal. The intro-
duction of vanes led to an overall reduction of sealing effectiveness. This effect was most
severe at the largest flow coefficients studied. Decreasing the flow coefficient improved
the sealing effectiveness. At the lowest flow coefficient tested, the sealing effectiveness
approached that associated with rotationally-driven ingestion alone. Comparison of the
radial distribution of sealing effectiveness inside the cavity for axisymmetric and non-
axisymmetric flow showed opposing trends as rotor disc speed increased. A reduction in
sealing performance for higher disc speeds was observed in absence of annulus flow and for
an axisymmetric annulus flow. However, with vanes present, the lowest values of sealing
effectiveness were found at the slowest rotational speeds investigated, with a considerable
improvement at high speeds. This finding is of particular relevance for core turbines since
the disc pumping effect would be intensified and sealing capability improved at the low

flow coefficients found at engine conditions.

A map of sealing effectiveness against non-dimensional flow ratio showed a remark-
able influence of rotor disc speed (or flow coefficient) on the sealing capability of the chute
seal, especially at low purge supplies and high rotational speeds. Excellent agreement with
the correlation developed by Chew [25] for the purely rotationally-driven ingestion was
found at low flow coefficient. Departure from this condition increased with flow coeffi-
cient. At the lowest value considered, U,y /(§2b) = 0.45, the effectiveness was close to the
rotationally-dominated condition. For U, /(€b) > 1, ingestion was dominated by annulus
flow effects. Previous research investigating the sealing performance at off-design condi-
tions also acknowledged a reduction in the capability to prevent ingestion at low rotor
speeds. Lower sensitivity to flow coefficient was observed for an increased seal clearance.
This was attributed to the ingestion of highly swirled external flow at all conditions. The

change in rim geometry (loss of shear in the overlapping region of the chute) originated
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by the axial rear displacement of the rotor disc is thought to be the cause of the enhance-
ment in sealing capability observed for s, = 0.0078. The influence of the flow coefficient
at a further inbound point in the cavity is minimal as the rotor disc pumping dominates.
Consequently, a similar effect of the flow coefficient to that observed for an axisymmetric
annulus flow has been detected at /b = 0.84 - the sealing effectiveness improves at higher

flow coefficients (lower rotor disc speeds).

Comparison to an orifice model suggests an interesting dependence of the discharge
coefficient to flow coefficient. Remarkable agreement was found when the data of this
investigation was compared to that from a previously published study of a similar chute
seal at the University of Bath. The resemblance of the results from different test facili-
ties reveals a degree of insensitivity to low flow coefficient promising for extrapolation to

engine conditions.

The effect of the relative position of the cavity measurements in respect to the NGV
trailing edge in the annulus seems to play an important role in the sealing effectiveness
results. The improvement in sealing capability at lower flow coefficients still holds re-
gardless of the circumferential position of the measurements. However, a quantitative
mismatch suggests that there is a strong dependency on whether the measurements in
the cavity are taken under the influence of the NGV wake or in the mid passage. Due to

limitations in the instrumentation of key points this study was deemed inconclusive.

A traverse measurement system was installed in the reduced annulus gas path to obtain
data of radial migration of the purge flow at the rotor blade leading edge. Presence of
tracer gas was detected near the hub (contained within 5% of the real blade span) but it did
not reach the casing of the reduced annulus. Significant variations in the circumferential

direction were observed especially at low flow coefficient and high purge supply.

140



Chapter 6

Unsteady rim seal flow structures

Since Cao et al.’s [15] breakthrough reporting large-scale unsteady flow structures inside
the cavity, this topic has gauged the interest of several research groups. Subsequent
studies have followed different approaches to investigate the number of vortices, the speed
at which they rotate, the frequencies and amplitude of the peaks they generate in the
frequency domain. Research in recent years has demonstrated that the unsteadiness in
the rim seal cavity can also be a driving mechanism for hot gas ingestion. The rim seal

instabilities are depicted as inertial waves in Fig.6.1.

Figure 6.1: Unsteady rim seal flow structures as the driving mechanism of ingestion.
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The aim of this project is to provide high quality experimental data that could con-
tribute to improve the understanding of the underlying flow physics governing these com-
plex flow structures also referred as rim seal instabilities. High bandwidth pressure probes
have been placed in the stationary wall of the ORF cavity in order to investigate the be-
haviour of the unsteady cavity modes across a wide range of conditions. The data collected
during this investigation could potentially be employed to update existing empirical corre-
lations currently used in the design process of rim seals which do not account for unsteady

effects.

The experimental conditions examined in this chapter are first described. The complex
nature of the data acquired during these test campaigns requires a section dedicated to
explain the methodology followed for the phase analysis. Results collected during the
current project are compared to those from previous studies conducted in the ORF to
verify the changes undergone in the working section of the facility did not affect the
aerodynamic behaviour of the unsteady flow features in the cavity. Next, a study of the
mean time-averaged cavity flow pattern is conducted and extended with thorough analysis
of the data in the frequency domain. Finally, cross-correlation of the circumferentially-
spaced pressure sensors allowed a phase analysis to determine the number and rotating

speed of the flow structures.

6.1 Test matrix

Previous studies have shown that the unsteady flow features in the cavity may be sen-
sitive to seal geometry, purge mass flow, rotor disc speed, rim seal gap size, conditions
of the annulus flow, radial and circumferential coordinates inside the cavity, eccentricity,
protrusions in the geometry and vibrations. The origin and nature of these structures is
not fully understood therefore more research is required. In this study, the existence and

characteristics of these structures have been analysed in the three working section config-
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urations introduced in section 1.4 as Stage 1 (bladeless gas path with no annulus flow),
Stage 2 (bladeless gas path with axisymmetric axial annulus flow) and Stage 3 (NGVs in

the gas path creating a non-axisymmetric annulus flow).

Unsteady pressure measurements inside the cavity have been logged in the radial and
circumferential directions to explore the effect of non-dimensional (purge) mass flow, C,
(often replaced by the non-dimensional flow ratio Uy, /(€2b)), rotational Reynolds number,
Rey, non-dimensional seal clearance, s., and type of annulus flow. The range covered by
the sweeps of each one of the handle variables is summarised in Table 6.1 (analogous to
the test conditions described in chapter 5). Data was acquired for 1 s (corresponding to

150 revolutions at N = 9000 rpm) sampled at 1 MHz.

Table 6.1: Experimental test matrix for unsteady-induced ingestion investigation (*de-
notes test condition for non-axisymmetric annulus flow only).

Un/(Q0) () A () Cw () Rey (-)
No external flow 0.01 —0.11 0.005—0.05 820 —4200 3.8 x 10°*
. . 1.5 x 10°
Axisymmetric flow 0.01 —0.65 0.006 —0.42 850 — 40000 93 % 10°
2.9 x 109

Non-axisymmetric low  0.03 —1.3  0.028 — 0.63 3500 — 30000 33 % 106

6.2 Methodology

Previous studies have reported that the unsteady flow features travel around the annu-
lar cavity rotating at a fraction of the rotor disc speed. Numerical investigations have
provided good insight into the cavity aerodynamics by showing regions of high and low
pressure in the rim region which are understood to be as displayed in Fig.6.2. These
regions of high and low pressure are depicted as L lobes of ingress and egress separated

an angle # and rotating at an angular speed w in the same direction as the rotor disc.
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Cao et al. [15] pointed out that the number of flow structures in the annulus at any given

time may vary due to a large degree of randomness in the phenomenon.

sensor 2

sensor 1

\

Figure 6.2: Schematic of the rotating cavity flow structure [59].

The number of lobes and the specific angular speed at which they rotate can be ob-
tained from a phase analysis consisting of the cross-correlation of two signals spaced in
the circumferential direction that provide the time or phase lag. This methodology is
based on the resolution of a system of four equations to find six unknown parameters.
The unsteady flow features are modelled as periodic characteristics with L lobes equally
spaced in the circumferential direction by an angle § = 27/L. The time required by
one of these flow structures to rotate an angle 5 is Atz = /w as indicated in Fig.6.2.
Measurement probes were positioned in the stator cavity wall separated by a known angle
a. Assuming the flow structures rotate at a constant angular velocity w, two stationary
probes detect the same lobe with a time lag At, = a/w that represents the time that took
for one same flow structure to travel the distance separating both probes. The sensors

would log the same frequency f = 2w /Atg.

The frequency spectra provides the frequency of the lobes f allowing the calculation
of Atg. The separation between the probes is a known physical angle, «, and the phase

lag between the two, At,, is obtained from the cross-correlation of the two probes under
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consideration. These last two parameters (o and At,) allow for the rotating speed of the
lobes, w, to be determined. With it, the angle between flow structures and, subsequently,
the number of lobes in the cavity is unveiled. To summarise, the four equations required

to find out the number of lobes and their angular speed are shown in Eq.6.1.

Atg =27/ f; w=a/Aly; B = Atgw; L =2n/p5; (6.1)

Due to the random nature of the phenomenon, the time lag and characteristics of
the flow pattern vary from one revolution to the next. As a result, different values of
time lag would be obtained for each revolution (bear in mind that 150 revolutions were
logged during an acquisition time of 1 s at 9000 rpm). A histogram visually displays
the most concurrent time lag (or band of time lags) for all the revolutions in the dataset
under investigation. Two examples of histograms obtained in the same test campaign
(conditions of no external flow at Cy, = 3500 and Rey = 3 x 10° for s, = 0.0042) are
shown in Fig.6.3. The pairing of two sensors spaced 20° is included in Fig.6.3(a) showing
a dominant time lag obtained in over 50 of the revolutions. The time lag of two pressure
transducers separated by 80° is shown in Fig.6.3(b) displaying a wide spread of the time

lag indicative of the high degree of randomness.
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Figure 6.3: Example of histogram (a) with a dominant time lag and (b) with large spread.
Common practice has assumed an average time lag value (Horwood et al. [53]) to
conduct the calculations above described, although Town et al. [58] emphasised the in-

creased source of error that may derive when an average time lag is used instead of the

dominant time lag of the flow structures.
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Beard et al. [19] suggested an alternative methodology that overcomes this incon-
venience by plotting the time lag obtained at all rotor revolutions in the summary plot
included in Fig.6.4. The non-dimensional time lag provided by the cross-correlation of
two spaced signals is shown in the x axis in Fig.6.4. In addition, by spacing several pres-
sure sensors in the circumferential direction and pairing them in different combinations,
various « values can be obtained. This is what appears in the y axis. The summary plots
generated by Beard et al. contained the information for all revolutions and all possible
pair of sensors revealing an aligned distribution in which it was possible to fit trend lines.
The slope of the trend lines was identified as the angular speed of the flow structures.
The horizontal spacing corresponds to the time lag of the flow structures, AS, whilst the
vertical separation of the lines provides information about the angle of the flow structures,

B. However, only the positive values of the time lag have been included.
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Figure 6.4: Summary plot for s, = 1 mm, Re, = 3 x 10% and C,, = 3400 [19].

The signal recorded with the unsteady pressure transducers required a more complex
post-processing methodology than the steady results presented in chapters 4 and 5. The
conditioning process of the high bandwidth data sets started with AC coupling of the

signal to remove the DC content (f ~ 5 Hz) followed by the amplification of the signal
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using the Fylde amplifiers FE-579-TA mentioned in section 3.2.3. Small variations in
run-to-run test conditions (typically £1%) were affected by, for example, the drift in the
regulated pressure upstream of the feed nozzles, variation in atmospheric conditions at
exit of the reduced annulus or the operator’s ability to hold a steady rotational speed
(usually within £10 rpm). To account for this, the post-processing of the data resampled
the acquired length data in each revolution. By doing this, the ensemble-averaging of the

pressures was simplified.

The Fast Fourier Transform (FFT) converted the time-dependent pressure signals
into the frequency domain revealing the presence of high amplitude distinct peaks. The
characteristic peaks indicate the presence of unsteady flow structures rotating in the
cavity. The amplitude of the spike is proportional to the intensity of the perturbance

whilst the frequency relates to its angular speed.

6.3 Cavity flow structure

The aerodynamic behaviour of the cavity flow is thoroughly analysed in this section based
on the unsteady pressure measurements collected with high bandwidth sensors installed
in the stator wall. The nature of the signals allows for a study of the frequency spectra
which complements the mean time-averaged flow field and sealing effectiveness results

presented in chapter 4.

Firstly, a comparison against previous data obtained in the ORF demonstrates that
the modifications to the working section have not altered the unsteady aerodynamics in
the cavity and therefore the phenomenon of interest is present. The unsteady cavity flow
aerodynamics is then assessed, first based on the mean flow, and then more in depth
in the frequency domain. High bandwidth sensors were radially and circumferentially

distributed along the annular cavity volume as shown in Fig.3.23. The effect of the
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variables of interest (purge flow, annulus flow, rotor disc rotation and gap size) is evaluated
from both distributions of high bandwidth sensors. Finally, a phase analysis based on the
cross-correlation approach by Beard et al. is conducted using data from different pairings

of probes spaced in the circumferential direction.

6.3.1 Validation of new working section

The measurements by Beard et al. [19] evidenced the presence of unsteady flow structures
in the axisymmetric rim cavity geometry of the ORF in an experimental setting without
external mainstream flow nor stator/rotor blade pressure fields. The frequency spectra
revealed distinct peaks at f/€ ~ 21 that correspond to large scale flow features rotating
inside the cavity at approximately 80% of the rotor disc speed. Distinct frequencies at a
higher amplitude also recorded multiples of f/Q = 30 at all test conditions as observed
in Fig.6.5. Subsequent analysis concluded that the source of these highly energetic peaks

were the 30 uncovered bolts holding the rotor disc together below the overlapping seal.

Full annulus with bolts

0 20 40 60 80 100
JE)

0 20 40 60 80 100
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Figure 6.5: Frequency spectra of the unsteady pressure signals at three radial positions
inside the cavity (r/b = 0.95,0.97,0.99) across test campaigns at Cy, = 3500 and Rey =
3 x 10% in the full annulus configuration with bolts (top) and in the reduced annulus
without bolts (bottom).
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The clamping arrangement of the split rotor disc was changed during a posterior
rebuild of the facility to bolt the discs from the downstream component providing an
axisymmetric geometry in the front face of the rotor disc. In addition, Beard et al.
reported an increase in distinct peak amplitude with decreasing radius confirmed by the
data of the reduced annulus, Fig.6.5. This suggested that the measured unsteadiness
originated further inboard, potentially at the overlapping seal feeding the rim seal cavity.
To further investigate this, additional unsteady pressure sensors were installed deeper
inbound in the rim cavity at r/b = [0.84,0.87,0.89] — see p1111 to p1113 in Fig.3.23 —
and above and below of the overlapping seal (r/b = 0.72 and r/b = 0.78) — see Fig.3.14.
Negligible unsteadiness was recorded at either side of the overlapping seal indicating
that the unsteady flow features inside the cavity did not originate there, Fig.6.6. This
result was consistent with the computational study conducted by Gao et al. [59] whose
LES simulations of a similar geometry showed that the inner cavity did not excite the
unsteady flow features. In a subsequent study in which several rim seal arrangements
were numerically investigated under the same conditions, Gao et al. [20] speculated that

a change in flow radius within the seal is required to generate unsteadiness.
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Figure 6.6: Peak amplitude of the distinct cavity frequency against radial position within
the cavity at (', = 3400 and Rey = 3 x 10% for s, = 0.0042 in absence of external flow.

Typical frequency spectra of the ensemble-averaged pressure signals with and with-
out the exposed disc bolts are compared in Fig.6.5 for the radial positions /b = 0.95,

r/b = 0.97 and r/b = 0.99 (model points pl1116, p1118 and pl110 in location E of
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Fig.3.23). The distinct frequency at f/2 ~ 21 was still evident in the results with the
reduced annulus and the frequencies corresponding to the exposed bolts (f/Q = 60) no
longer present. Moreover, these observations were consistent across the entire dataset
and the results show better agreement, in terms of amplitude, with the LES simulations
of Gao et al. [59]. Non-axisymmetric features such as bolts and hooks may be present
on real engine hardware, intensifying the strength of the rotating flow structures. Pro-
trusions can severely affect the flow and heat transfer characteristics by inducing losses.
The difference in tangential velocity of the fluid core and the bolts in the rotor disc leads
to a relative speed that results in drag losses and the increased unsteadiness observed
in Fig.6.5. Moreover, owing to the unsteady flow structures rotating in the cavity, it is
thought that the presence of the bolts was interacting with the lobes further increasing
the unsteadiness. Removal of the frequencies associated with the bolts reduced the am-
plitude of the peaks by a factor of approximately 2. The overall unsteadiness severely
decreased at all measurement points, although most noticeably at the rim. Gao et al.
[59] speculated that eccentricity may be the cause of the broadband frequencies observed
near the rim in the tests of Beard et al. However, this could also be associated with the

increased shear between the overlapping stator and rotor surfaces in the chute seal.

6.3.2 Unsteady cavity flow behaviour

A more thorough analysis of the unsteady pressure signals in the time and frequency
domains is conducted in this section. The influence of each one of the handle variables is

individually examined in the radially and circumferentially spaced measurement points.

Time domain

The specific requirements of the data acquisition system did not allow the unsteady and
steady pressures to be logged at the same time. The radial profiles of cavity pressure

coefficient calculated from unsteady and steady pressure data acquired in different test
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runs are compared in Fig.6.7. Results in the three annulus flow configurations prove that
the aerodynamics were repeatable, therefore any interpretation of the cavity flow field
derived from the unsteady pressure measurements is consistent and directly applicable to

the mean flow.
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Figure 6.7: Mean pressure coefficient radial distribution obtained in the steady and un-
steady runs at U, /(Q0) = 0.04 and s. = 0.0042 for: (a) no external annulus flow, (b)
axial axisymmetric annulus flow and (¢) non-axisymmetric annulus flow.

It is worth highlighting the change in definition of the pressure coefficient, Cj,, pre-
sented in this section. Section 3.2.3 mentioned that the high bandwidth instrumentation
was not installed at radial position /b = 0.84, the point p1011 used in the definition of
(), in previous chapters. To account for this, the pressure coefficient has been redefined

based on the lowest radial measurement point available, /b = 0.87 for both data types.

Frequency domain

The aim of this section is to identify the dominating frequencies in the cavity in view to
further deepen the understanding of the unsteady cavity flow in terms of origin and sen-
sitivity to the handle variables and mainstream conditions. The wide range of conditions
tested provided an extended data set to study the influence of radial and circumferential
position, seal clearance, purge supply, rotor disc speed and external pressure asymmetries.
For this purpose, the time-dependent high bandwidth signals from the Kulite™ pressure
transducers were converted into the frequency domain with the discrete Fast Fourier

Transform (FFT) as previously detailed. The frequencies were non-dimensionalised by

151



Unsteady rim seal flow structures

the rotor disc speed to assess the results across the test matrix independently of rotation.

Effect of radial position. The frequency spectra of the unsteady pressure signals
recorded at different radial positions along the stator wall is presented in Fig.6.8 for

different gap sizes. The influence of the radial position is analysed in Fig.6.8.
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Figure 6.8: Frequency spectra in absence of external flow at different radial positions inside
the cavity at (a) U, /(Qb) = 0.037, s. = 0.0042 and (b) U,,/(2b) = 0.036, s. = 0.0078.

The data are plotted for approximately constant values of non-dimensional flow ratio
at the two seal clearances under investigation. This was achieved with C, = 3450 and

Res = 3.3 x 10° for s, = 0.0042 in Fig.6.8(a) whilst Cy, = 5280 and Re, = 2.9 x 10°
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provided the desired Uy, /(£2b) = 0.036 at s, = 0.0078 in Fig.6.8(b). Each subplot presents
frequency spectra data for the radial measurement position highlighted in the correspond-
ing silhouette sketch. The reader is referred to section 3.2.3 for the exact positions and
specifications of the instrumentation used to collect these data. The abscissa shows the
non-dimensional frequency at which the peak is registered and the ordinate axis indicates
the magnitude of the FFT peak obtained from the fluctuating component of the pressure
signal. Note that the frequency signals shown in Fig.6.8 have not been ensemble-averaged,
as opposed to those in Fig.6.5. The analysis has been carried out with the frequency spec-
tra of the signal without manipulation to avoid smoothing of the distinct frequencies and
reduce the error that the resampling technique may introduce. Nonetheless, compara-
ble values of the peak frequencies were observed and the discussion is applicable to the

ensemble-averaged results.

An outstanding peak in the frequency spectra at f /2 ~ 20 is easily identified through-
out the cavity and for both gap sizes. Moving radially outwards from the innermost mea-
surement point in the cavity (bottom to top in Fig.6.8), the peak initially increases in
amplitude, reaches a maximum at /b = 0.95 and then reduces in intensity with proximity
to the rim seal. This trend aligns with the findings of the extended instrumentation shown
in Fig.6.6, which already dismissed the hypothesis of the unsteadiness emerging further
inboard in the cavity at the overlapping seal. The maximum amplitude of the pressure
signals in the frequency domain has been observed at r/b = 0.95 across all test campaigns
performed in the ORF, including the study reported by Beard et al. [19]. This coordinate
corresponds to the first measurement point (when increasing radius from the inside of the
cavity) on the vertical face of the stator wall after the non-planar geometry, therefore
suggesting that the geometrical discontinuity may be key in this phenomenon. Relating
this increased pressure amplitude of the high bandwidth signal to the mean flow cavity
pressure coefficient examined in section 4.2.2 provides further insight into the cavity flow

behaviour (acknowledging the change in C, definition).
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The C,, radial distributions analysed in sections 4.2.2 and 5.2.2 revealed the presence
of two vortices that coexisted inside the cavity volume rotating at different fractions of
the disc speed. The change in vortex strength appeared roughly at r/b ~ 0.94, in the
angled face of the stationary surface. No measurement point is available at this specific
coordinate in the high bandwidth data set, but the evidence seems to suggest that the
increased shear originating from the interaction of the two vortices rotating at different
angular speeds at approximately this radial position may be the cause of the higher un-
steady activity registered at this point. Savov et al. [29] showed important sensitivity to
geometric tolerances and highlighted the need for careful interpretation of the results and

prediction of seal performance.

To summarise, the amplitude of the unsteady pressures recorded in the rim seal cavity
varies with radial position, with a maximum at the measurement point located in r/b =

0.95. No sensitivity of peak non-dimensional frequency with radial position was identified.

Effect of seal clearance. The influence of the seal clearance for a constant non-
dimensional flow ratio can be assessed by direct comparison of Fig.6.8(a) and Fig.6.8(b).
The amplitude of the distinct frequency peak at f/Q ~ 21 is very similar at all radial po-
sitions for both seal gaps. However, an increase in the seal clearance appears to shift the
distinct frequency towards slightly lower frequencies. This is consistent with the observa-
tion made by Chew et al. [18] who extensively reviewed the available published literature
and noticed that generally, lower frequencies were found at higher axial clearances with
higher values of f /2 registered in tighter and more complex types of seal. Nevertheless, it
must be stated that the data set of s, = 0.0078 chosen to satisfy the requirement of con-
stant non-dimensional flow ratio was obtained at a lower rotor disc speed (N = 7850 rpm)
than the smaller clearance (evaluated at N = 9000 rpm). Therefore, caution when de-
termining the cause of the decrease in the amplitude and frequency of the peak must be

taken until a more thorough analysis of all the key players is complete.
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Effect of purge supply. Changes in amplitude and frequency of the distinct frequency
peak induced by an increase in the purge flow are scrutinised here. The study of the
effect of purge supply is based on the case with no external annulus flow included in
Fig.6.9. All variables of interest (other than purge mass flow) remained fixed at Re,, = 0,
Rey = 3 x 10% and s. = 0.0042. This analysis is centered on radial position r/b = 0.95,
expected to be the most sensitive to changes in the operating conditions. The mean cavity
pressure coefficient revealed two vortices coexisting in the cavity in chapter 4, and the
increased shear between the two different tangential velocities has been pointed as the
reason for the increased unsteadiness observed at the position closest to the change in
stator wall geometry. A plot of the mean flow cavity pressure coefficient as a function
of the turbulent flow parameter is included in Fig.6.9. Similarly, the curve of sealing
effectiveness as a function of the non-dimensional flow ratio is also displayed. These are
intended to support the interpretation of the flow physics in the cavity by allowing a
combined approach that complements the experimental unsteady signals with the mean
flow and sealing performance data collected at the same operating point (see chapters
4 and 5 for more details). Note the difference in definition of the mean time-averaged
pressure coefficient calculated from the pressure difference between the point of interest
and the innermost available measurement in r/b = 0.87 (as opposed to r/b = 0.84 used
in chapter 4) non-dimensionalised by the dynamic pressure based on the rim speed. The
frequency spectra is not shown as a pressure amplitude but as the amplitude pressure

non-dimensionalised by the dynamic head at the rotor rim.

The first detail stemming from Fig.6.9 is a slight reduction of the non-dimensional
frequency peak with increasing non-dimensional purge flow. This effect was also observed
by Beard et al. [19] in the published work that preceded this project. Section 4.2.2
reported a contraction of the core region at large purge supplies that imposed higher
resistance to the free rotation of the core due to a thicker rotor boundary layer. The same

principle applies to the rotation of the unsteady cavity flow structures which is restricted

155



Unsteady rim seal flow structures

at high sealing flow rates and appears reflected as lower frequencies (thus angular speeds if
the number of lobes is unaffected). This trend has been identified across all configurations
(no external flow, axisymmetric and non-axisymmetric annulus flow) regardless of the
seal clearance. No clear trend has been identified when assessing the impact of the purge
supply on the amplitude of the principal frequency. Fig.6.9 shows that the magnitude
of the peak initially drops and then increases with larger sealing flow. Nonetheless, the

highest value of C,, appears of lower amplitude than the previous one.
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Figure 6.9: Effect of the purge supply on the frequency spectra at r/b = 0.95 in absence
of external annulus flow for constant Re, = 3 x 10°, s, = 0.0042.

Effect of rotor disc speed. The influence of the rotor disc speed is studied in isolation
for a more in depth analysis that complements what was described above. Beard et al.
[19] speculated that the non-dimensional frequency of the peak was independent of rotor

disc speed. The range of rotational Reynolds numbers covered in their study has been
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twofolded in the current investigation therefore a wider span of operating conditions is
analysed here. The frequency spectra from the signal measured with the pressure probe at
r/b = 0.95, with a constant rate of sealing flow (Cy, ~ 3500) and seal clearance s. = 0.0042
is examined in Fig.6.10 under changing conditions of rotational Reynolds number. Note
that the x axis in Fig.6.10 (left) has not been non-dimensionalised by the rotor disc speed
to allow comparison with a stopped rotor, Regy = 0. The non-rotating disc in absence
of external flow represents the baseline scenario in which the frequency spectra does not
identify any unsteadiness. Fig.6.10 (right) shows the non-dimensional frequency f/€ in

the abscissa.
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Figure 6.10: Effect of the rotational Reynolds number on the frequency spectra for con-
stant Cy, = 3500 at /b = 0.95, s. = 0.0042 in absence of external annulus flow.

A distinct peak with high energy content appears as the rotor disc spins faster, in-
creasing its amplitude and frequency proportionally. Under disc pumping predominance,
higher rotor disc speeds induce a stronger pressure gradient in the cavity which trans-
lates into an isolated outstanding peak of higher amplitude. One main conclusion may

be drawn from Fig.6.10: an increase in the angular velocity shifts the unsteady frequency
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towards higher values. This is reflected in Fig.6.10 (right) as a slight decrease when non-
dimensionalised against rotor disc speed. Beard et al. showed that the peaks almost align
with varying conditions of angular speed, but a slight offset consistent with the findings
of this research can also be identified. Cao et al. [15] reported minor and proportional
changes in peak frequency due to variations in rotor speed consistent with the results

presented here.

For a constant ratio of U,,/(€2b) different peak values are observed depending on ro-
tational Reynolds number. A clear effect of rotor disc speed on the non-dimensional
frequency of the distinct peak reflects that the rotor disc angular speed and the purge
flow rate are relevant. The latter has already been discussed based on Fig.6.9 and the
effect of rotor speed from Fig.6.10. Variations of the non-dimensional amplitude and
frequency of the distinct peaks have been thoroughly studied under different operating
conditions in absence of external flow in Fig.6.11. The influence of non-dimensional flow
ratio at different radial positions in the cavity for four rotational Reynolds numbers and

two seal clearances are analysed.

Good collapse of the peak amplitude results is observed at most locations. However,
the scatter of the data, particularly at r/b = 0.95, reveals high sensitivity to changes at
this position, in concordance with previous discussions about the largest peak detected
in the cavity. The non-dimensional peak amplitude displays a slight increase with non-
dimensional purge flow ratio at /b = 0.95 which contrasts with the invariance registered
by the rest of the sensors. This weak raise of p/payn, observed in Fig.6.11(a) for s. =
0.0042 appears magnified at s, = 0.0078 in Fig.6.11(b). In fact, not only it is observed
at r/b = 0.95 but it can also be appreciated at r/b = 0.98. A reduction in overlap at the
rim seal region is suspected to be the reason for a greater influence of the sealing flow at

the larger clearance.
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Figure 6.11: Non-dimensional pressure and frequency of the distinct peak for different
rotational Reynolds numbers and Uy, /(€20) in absence of annulus flow at two gap sizes (a)
s. = 0.0042 and (b) s. = 0.0078.

The non-dimensional peak frequency appears to be more sensitive to non-dimensional
purge flow ratio at low rotor disc speeds, based on a more acute reduction of the blue
triangles in Fig.6.11 across U,,/(2b) over a wider range of f/€,. In addition, Fig.6.11
reveals that an acceleration of the rotor disc speed from Re, = 2.7 x 10% to Rey = 3 x 10°

supports the claim of Beard et al. of insensitive non-dimensional frequency peak to
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rotational Reynolds number. Albeit this, when the rotational Reynolds number is reduced

beyond their lower limit (7000 rpm) discrepancies arise.

Effect of external annulus flow conditions.

The introduction of flow in the main

gas path directly impacts the cavity flow dynamics. The influence of the purge supply for

a constant rotational Reynolds number is analysed under axial annulus flow in Fig.6.12.
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Figure 6.12: Effect of the purge supply on the frequency spectra at r/b = 0.95 with
external axisymmetric flow at Reg = 3.1 x 109, s, = 0.0078.

A shift towards slightly lower peak non-dimensional frequencies with increasing purge

supply was identified in absence of external flow. Under an axial axisymmetric annulus

flow, this is only observed for values of At < 0.1 where the disc pumping effect dominates

the cavity flow aerodynamics. Beyond this value, the sealing effectiveness curve shows

that the purge supply is sufficient to seal the cavity and the sealing flow is expelled as free

vortex flow to the external environment. The asymptotic trend observed in the C;, — A

160



Unsteady rim seal flow structures

distribution of Fig.6.12 for a turbulent flow parameter above 0.1 (see discussion in sec-
tion 4.2.2) is linked to an insensitivity of the peak non-dimensional frequency to further
increases in the purge flow. Indeed, the non-dimensional frequency appears to plateau at

C,, > 15500 in Fig.6.12.

With the introduction of external axial flow an increase in the unsteady activity is
registered around f/Q ~ 10. The broadband unsteadiness is highly reduced at high
rates of non-dimensional purge flow (C, = 46600 in Fig.6.12). This points towards the
ingress of mainstream flow and annulus/sealing flow interaction as potential sources of
this unsteadiness indicating that a fully sealed cavity may have the potential to cancel

the excitation of these frequencies.

The influence of the mainstream flow is evaluated for a constant value of purge supply,
Cy = 3500, with changing conditions of rotational Reynolds number and annulus flow
configurations in Fig.6.13. At high rotational Reynolds number, the disc pumping effect
still prevails thus characteristic peaks associated with the presence of cavity modes con-
tinue to stand out in the frequency spectra. As the angular momentum of the rotor disc
is reduced, the distinct frequency associated with the rotation-induced unsteady flow in-
stabilities in the cavity decreases in amplitude and frequency reflecting a loss of strength
and angular speed. The frequencies identified at f/Q ~ 10 in Fig.6.12 that emerged
with the introduction of annulus flow are observed at a constant frequency f ~ 1400 Hz
invariant across rotor disc speed and annulus flow settings. The energy content of this
unsteadiness is registered even when the rotor is not spinning therefore confirming it arises
from the interaction of mainstream and purge flows and is not related to disc rotation.
It is suspected that large levels of shear in the rim region originated by the difference in
tangential velocities between the purge flow and the mainstream could induce large scale

asymmetries that could excite this band of frequencies.
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Length scales larger than the sector size used in the CFD models could explain why
these frequencies are detected in the experiments but not captured computationally. Small
asymmetries in the annulus flow from the experimental set up were also investigated as
a potential cause. The vortex shedding frequency of the struts located upstream of the
working section was found to be of the order of ~ 400 Hz and therefore dismissed as the
potential origin of the localised increase in unsteadiness. The resonance frequency of the
diaphragm of the pressure sensor was also considered a potential trigger, but it was orders
of magnitude larger (300 kHz). The spike originated from the rotating flow structures
blended with the broadband frequencies at low rotor disc speeds. From close examination
of the different conditions, the distinct frequency peak was observed to be very small for
N = 4000 rpm in Fig.6.10 and disappear (or be camouflaged by the larger broadband
unsteadiness) at low rotational Reynolds number in Fig.6.13 where the disc pumping was

not dominating the cavity flow physics.
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Figure 6.13: Effect of the rotational Reynolds number on the frequency spectra for con-
stant Cy, = 3500 at r/b = 0.95, s. = 0.0042 in absence of external annulus flow, under an
axisymmetric annulus flow and under non-axisymmetric annulus flow.
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In the most complex gas path configuration studied within the scope of this project,
the introduction of the pressure asymmetries in the main gas path further intensifies
the broadband unsteadiness already observed in the axial annulus flow configuration,
see Fig.6.13. Moreover, the non-axisymmetric annulus flow frequency spectra shows an
increased excitation of the frequencies around f ~ 1400 Hz that become the most energetic
phenomena at the lowest rotational Reynolds number. Nonetheless, the spike related to
the rim seal instabilities still stands out at the highest rotor disc speed. To summarise,

the main conclusions that can be extracted from Fig.6.13 are:

1. The peak frequency of the rotating structures in the cavity increases with disc speed.

2. Two sources of unsteadiness are identified at different frequency ranges. The first
one, invariant with rotor disc speed, appears as a spread in a range of frequen-
cies around ~ 1400 Hz and is attributed to the interaction between purge and
mainstream flow. The second one, associated with the disc pumping effect and the
presence of rotating structures in the cavity, can be seen as an outstanding peak

that appears at different frequencies depending on rotor disc speed.

The effects deduced from Fig.6.13 and Fig.6.15 are in close alignment with previous
research publications. For instance, Cao et al. [15] reported a minor increase of the peak
frequency with speed and demonstrated that the annulus swirl velocity had larger impact

than rotational speed.

The rotationally-dominated test cases of each annulus configuration shown in the
last row of Fig.6.13 have been analysed based on spectograms in Fig.6.14. The non-
dimensional peak frequency is included in the y axis, the amplitude of the peak is rep-
resented by the colour contour and the rotor revolutions during which data was taken
are shown in the x axis. In absence of external flow, a band of high frequency content is
identified at f/€ ~ 20 across all rotor revolutions that corresponds to the unsteady flow

structures. The introduction of an axial axisymmetric flow in the annulus significantly
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changes the frequency spectra. As aforementioned, a highly energetic region correspond-
ing to the unsteady interaction of mainstream and purge flows is observed at f /{2 ~ 8—10.
The band of frequencies related to the unsteady cavity flow structures dominated by the
disc pumping effect can still be identified at f/Q ~ 20, although they are less distinct
for all rotor revolutions and have been relegated to second most energetic phenomenon.
Including NGVs in the main gas path to add a swirl component to the annnulus flow in-
creases the amplitude of the overall unsteadiness in the frequency spectra. The frequency
spectra distribution appears to be very similar to that of the previous test case, with high
unsteadiness across a range of frequencies between approximately f/Q ~ 8 — 10 and a
narrower line at f/€2 ~ 20 in which the phenomenon appears to have a higher degree of

randomness.

No annulus flow Axisymmetric annulus flow Non-axisvmmetric annulus flow

p (Pa) p (Pa) p (Pa)
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Rotor revolutions Rotor revolutions Rotor revolutions

Figure 6.14: Frequency spectra for constant Cy, = 3500, Rey = 3 x 10° at /b = 0.95,
s. = 0.0042 in absence of external annulus flow, under an axisymmetric annulus flow and
under non-axisymmetric annulus flow.

Previous investigations by Cao et al. [15], Chilla et al. [49] and Savov et al. [29]
showed that the specific geometry and dimensions of the rim seal cavity would determine
the frequency of the unsteadiness. The latter study concluded that the narrower double
lip seal tested registered higher frequencies (of the order of 30 < f/2 < 40) than the wider
single lip arrangement (25 < f/Q < 35), consistent with Chew et al. [18]. In addition,

these authors presented an expanded spectrogram in which they detected a range of low
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frequency unsteadiness at the rim seal region similar to those described here. For their

specific geometry, they appeared at ~ 3 < f/Q <5.

Fig.6.15 shows another method to interrogate the influence of the mainstream flow
over the frequency spectra. Frequency spectra at various radial positions for all three
mainstream conditions are shown alongside sealing effectiveness results for Cy, = 3500.
Data for different non-dimensional flow ratios and flow coefficients were achieved through
changes in the rotor disc speed (4000 rpm in Fig.6.15(a) and 9000 rpm in Fig.6.15(b)).
Results derived from steady pressure transducers and gas concentration measurements

are also included to assist interpretation of the results.

On the one hand, the frequency spectra in Fig.6.15(a) shows an enlarged overall un-
steadiness when annulus flow is included, particularly in the upper cavity (r/b > 0.95).
The obvious distinct peak reported in absence of annulus flow at f/Q ~ 21 may still
be present with annulus flow, but it no longer stands out owing to the larger overall ac-
tivity across the frequency spectra. The largest levels of unsteadiness were suspected to
be found at the rim for a non-axisymmetric annulus flow configuration. This is because
ingress of highly swirled external flow into the cavity was found in this case due to the
strongest pressure gradient across the cavity. However, the increased shear between the
two vortices detected in the cavity and the separation zone in the corner of the stator

wall (discussed in chapter 5) increased the unsteadiness at r/b = 0.95.

On the other hand, Fig.6.15(b) displays a significantly lower overall unsteadiness across
all radial positions and test configurations, with distinct peaks and a clear effect of the
pressure asymmetries in the annulus over the non-dimensional frequency. The introduc-
tion of an axial flow through the main gas path increased the overall unsteadiness and
activity in the frequencies around f/§2 ~ 8. However, this did not affect the amplitude

nor frequency of the peak (behind the purple one in Fig.6.15(b)).
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Figure 6.15: Effect of the external annulus flow conditions on the frequency spectra for
constant Cy, = 3500 and s. = 0.0042 at (a) Ua/(220) = 1.05 and (b) U,y /(§2b) = 0.45.
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Incorporating a swirl component to the external flow velocity further increases the
overall unsteadiness in the cavity. The characteristic peak is amplified and shifted to-
wards lower frequencies. The radial profiles of pressure and sealing effectiveness show
how, at this particular test condition, there is good agreement in the lower part of the
cavity between the results from the test campaigns without and with an axial annulus
flow and a slight mismatch with the case of swirled mainstream flow. This is confirmed in
the plot of sealing effectiveness as non-dimensional flow ratio where the three data points
fall on top of each other. Following on previous discussions, displacements of the spike
towards higher frequencies are observed for lower rotor disc speeds in all three configura-

tions when comparing across Fig.6.15(a) and (b).

The behaviour observed in the frequency spectra can be explained based on the seal-
ing effectiveness map discussed in chapter 5 (and included in Fig.6.15). The same flow
pattern is identified in absence of mainstream flow in Fig.6.15(a) and (b). This test con-
figuration was included as the scenario of pure disc pumping effect. The rotation of the
rotor disc dominated ingestion and the sealing performance was theoretically correlated
to the Chew orifice model for k£ = 1, [25]. The flow coefficient is a concept not applicable
to this case due to the lack of external flow. In the two other annulus flow configurations
however, and especially under externally-induced ingestion, chapter 5 reported that the

flow coefficient became the most influential parameter, therefore the analysis is continued

based on U,y /(§2b).

For years, the extended assumption within the turbine rim seal community was that
the pressure asymmetries and potential field interaction of the NGVs and rotor blades in
the main gas path would dominate the mechanism of ingestion. Chapter 5 however, pro-
vided evidence that contradicted this hypothesis. The ability of the Chew orifice model to
fit the sealing effectiveness experimental data was good for the configurations without an-

nulus flow, with an axial axisymmetric annulus flow and under a swirled non-axisymmetric
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mainstream at low flow coefficients. Nevertheless, the disc pumping correlation failed to
match the sealing effectiveness data at high flow coefficients in an environment with
swirled external flow, Fig.6.15(a) and Fig.5.9. The ingestion mechanism was deemed to
be dominated by the pressure asymmetries in the annulus flow therefore aligning with the
widespread assumption of pressure-driven ingress mentioned above. Ingestion of highly
swirled annulus flow into the cavity intensifies the mismatch in the tangential velocity
component between the ingested flow and that of the rotating fluid core, therefore lead-
ing to high levels of shear that translate into the increased unsteady activity detected in
Fig.6.15(a). In this case, the region of higher frequency content falls between f/) ~ 15
and 20 whilst it was observed at f/Q ~ 8 for the rotationally-induced dominated test
scenario in (b). This is due to the non-dimensionalisation with rotor disc speed, since
Fig.6.13 showed that the frequency originating from the interaction between the main-

stream and the purge flow was invariant across the different rotational Reynolds numbers.

Finally, the distinct frequency peak attributed to the unsteady large scale structures
rotating in the cavity may be merged and/or dissipated by the overall increased unsteadi-
ness but it can also be reduced or even suppressed. The higher broadband frequencies
observed in Fig.6.13 with the addition of external annulus flow (axial and swirled) sur-
passed that of the distinct peak so that it was no longer detectable in the frequency spec-
tra. This suggests that the effects arising in the annulus-purge interface could be used to
neutralise the rotating cavity structures. The work of some research groups has provided
evidence of increased levels of ingestion led by the unsteadiness in the rim. Therefore,
suppressing the rim seal instabilities may have a beneficial effect on engine performance.
Previous published studies have suggested a stabilisation of the cavity modes with high
purge supplies ([47]) until they were completely eliminated with a fully sealed cavity.
Nonetheless, results presented in this chapter have provided evidence of the distinct peak
being detected in a fully sealed cavity, see Fig.6.12. Gao et al. [20] showed the impor-

tance of the choice of rim seal geometry when aiming to suppress the cavity modes or
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the rim seal instabilities. Evidence of suppression of the unsteadiness arising from the
interaction between the annulus and purge streams has also been provided in this chapter,
where Fig.6.12 showed that a fully sealed cavity significantly reduced the excitation of

the frequencies around f/Q ~ 8.

Effect of circumferential position. High bandwidth pressure transducers were also
distributed along the circumferential direction in the annular wall of the stator at uneven
angular distances (but at the same radial coordinate, /b = 0.96). The frequency spec-
tra of these data points at two conditions of non-dimensional flow ratio are included in
Fig.6.16. The presented data correspond to Uy, /(2b) = 0.09 and U,,,/(Q2b) = 0.04 obtained
with a constant purge supply of Cy, = 3500 and different rotor disc speeds (N = 4000 rpm

and N = 9000 rpm respectively) for s. = 0.0042 in absence of external annulus flow.
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Figure 6.16: Effect of the circumferential position on the the frequency spectra for constant
Cy = 3500, s. = 0.0042 in absence of external annulus flow.
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The same trends described above have been identified at all operating conditions of
the test matrix studied: reduced amplitude of the distinct peak at low rotational Reynolds
number with a more obvious peak as the disc pumping effect gains relevance and domi-

nates the aerodynamics in the cavity at high rotational Reynolds numbers.

No significant changes in non-dimensional frequency or amplitude of the peaks are
reported with circumferential position. Of particular interest are the higher levels of
unsteadiness present in the signal from the Kulite transducer located at § = 347° measured
in the clockwise direction from top dead center when viewed from downstream (model
point p1157 in Fig.3.23). It is suspected that higher levels of noise arose in this sensor at

these specific operating conditions.

6.3.3 Phase analysis

The unsteady flow features developing in the rim seal cavity are further investigated
through phase analysis of circumferentially distributed pressure signals. The methodol-
ogy followed here was described in section 6.2 and it allows to determine the number
of flow structures in the annular cavity and angular speed at which they travel. Cross-
correlation of two signals separated by a known angle provides the time lag of the flow
structure to travel from one measurement point to the next, therefore allowing to calcu-

late its rotational speed.

The non-dimensional frequencies of the distinct peaks presented in Fig.6.11 appeared
to be contained within the range of f/Q = [15,25]. Prior to the phase analysis, the
pressure signals were filtered to remove the components outside this region of frequen-
cies of interest with a 3rd order bandpass Butterworth filter. The output signal of this
intermediate step can be seen in Fig.6.17(a). Cross-correlation of all possible combina-
tions of Kulites (15 pairing possibilities in total) was calculated across all revolutions and

summary plots similar to those of Beard et al. are discussed in Fig.6.18 and Fig.6.19.
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Model points p1117 and p1127 installed 10° apart in the stator ring have been selected
to describe the process in more detail and an example from the cross-correlation of their
signals is provided in Fig.6.17(b). The time lag has been non-dimensionalised by the
time taken by the rotor to complete one revolution. Further analysis of the signal reveals
the presence of a rotating pattern as indicated by the equispaced peaks. The separation

between two peaks represents the time lag between two neighbouring vortical structures.
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Figure 6.17: (a) Example of an unfiltered (top) and filtered (bottom) FFT case and (b)
model cross-correlation distribution for a = 10°.

Summary plots for the configuration without external flow are included in Fig.6.18
for a low and high rotational Reynolds numbers and the two seal clearance sizes under
investigation. Following the approach by Beard et al. [19], the slope of the trend line that
unites the measurements of all pressure transducers has been adjusted for best fit in each

case and provides the rotational speed of the flow structures.

Minimal differences are observed across the different test cases in Fig.6.18. An in-
crease in the scatter of the results appears when the azimuthal distance between the pair
of cross-correlated pressure sensors increases, especially in Fig.6.18(b). However, this does

not seem to be replicated in the other conditions (Fig.6.18(a), (c¢) and (d)).
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Figure 6.18: Summary plots of cross-correlation results for C, = 3500 in absence of
external flow at (a) Rey = 1.5 x 10% and s, = 0.0042, (b) Re, = 3 x 10° and s. = 0.0042,
(c) Rey = 1.5 x 10°% and s, = 0.0078 and (d) Res = 3 x 10° and s. = 0.0078.

The plots indicate that the flow structures rotate around the cavity at w = 79% of
rotor disc speed for the test cases at low rotational Reynolds number, Rey = 1.5 x 10°
in Fig.6.18(a) and (c). These derive in 28 flow structures in the cavity. Increasing the
seal clearance (from Fig.6.18(a) to Fig.6.18(c)) at this condition appears to add scatter

to the data, but the angular speed of the flow structures remains unchanged. When the
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rotor spins faster, Rey, = 3 x 10° in Fig.6.18(b) and (d), the slope for best fit reduces to
w = 0.76 leading to a count of 28 and 27 flow structures for s, = 0.0042 and s. = 0.0078
respectively. These values are consistent with those of Beard et al. who found between

26 to 29 lobes rotating at 79 — 80% of rotor disc speed.

The same methodology has been applied to the datasets obtained with an axisymmet-
ric (Fig.6.19(a), (b)) and non-axisymmetric external annulus flow (Fig.6.19(c), (d)). In
this instance, a constant rotor disc speed, Re, = 3 x 10°, and low and high purge cases
are analysed. Fig.6.13 demonstrated that the addition of the mainstream flow increased
the broadband frequencies and, at low rotor disc speeds, the distinct peak indicative of
the rotationally-induced cavity modes would no longer be visible in the frequency spectra.

For this reason, only cases under the disc pumping effect dominance are analysed.

The configuration with an axisymmetric annulus flow presents a more clear pattern in
which the best fit line is more obvious at high rates of sealing flow. It appears that, for
a fully sealed cavity with external axial flow, Fig.6.18, the flow behaviour shows higher
resemblance to that of the pure disc pumping effect in a quiescent environment. The
angular speed of the unsteady flow structures is the same as that observed in Fig.6.18(b)
for the strongest case of disc pumping effect in absence of external flow. Larger purge
supplies cause a reduction in the speed at which the flow structures travel in the cavity
volume, that goes down from w = 0.78 at U,,/(2b) = 0.04 to w = 0.76 at U,,/(Q2b) = 0.32.

This translates into a decrease in the number of lobes that goes down from 27 to 26.

The addition of a tangential velocity component in the annulus flow increases the
scatter at low sealing flow rates, where large ingestion takes place. Ingress of highly
swirled flow seems to transfer part of that tangential velocity to the cavity flow structures

which appear to travel faster in Fig.6.19(c).
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Figure 6.19: Summary plots of cross-correlation results at Re, = 3 x 10% and s, =
0.0042 in (a) axisymmetric annulus flow at Cy, = 3800, (b) axisymmetric annulus flow at
Cy = 31800, (c) non-axisymmetric annulus flow at Cy, = 3800 and (d) non-axisymmetric
annulus flow at C, = 20800.

Nonetheless, it should be noted that the higher scatter in the datapoints introduces
larger error in the adjustment of w. The scatter and the angular speed reduce for larger
supplies of purge in which the sealing effectiveness of the cavity is expected to be close to
unity. Again, this scenario appears to reproduce the pure disc pumping effect in absence

of external flow where the rotating structures travelled at 76% of the rotor disc speed.
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Interestingly, despite the variation in w, the lobe count is mostly unaffected, revealing 23
lobes at U, /(Q20) = 0.04 and U,,/(2b) = 0.2. This fact suggests that ingress of swirled
flow does not influence the count of flow structures but it does impact the speed at which

they travel.

A summary of the rotational speed and lobe count of each of the test cases presented
in this section is included in Table 6.2. From the information gathered in this table and

the discussions above, it can be inferred that:

o Effect of rotor disc speed. A faster spinning rotor tends to induce a slight
reduction in the number of lobes that rotate inside the cavity. The disc pumping
effect has been shown to dominate the flow behaviour at Re, = 3 x 10° with the
unsteady structures travelling at a constant w = 76% of rotor disc speed regardless

of the external flow configuration.

o Effect of seal clearance. Increasing the seal clearance did not influence the
angular speed of the rotating structures but caused a decrease in the number of

lobes.

o Effect of purge flow. Overall, larger purge supplies lead to a slight reduction of
the lobe count but most importantly, a reduction in the angular speed of the flow
structures that seems to tend towards an asymptotic value of w = 0.76 regardless

of the test configuration.

o Effect of annulus flow. The number of flow structures in the cavity decreased
with each incremental increase of complexity of the system. Generally, the addition
of an axial external flow reduced the lobe count by approximately 3.5% compared
to the baseline case, but including a swirl component had the largest impact with

a decrease of ~ 18% to the number of rotating flow structures.
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Table 6.2: Summary of rotating flow structures.

Annulus flow Rey U/ (20) Se w L

No external flow 1.5 x 106 0.09 0.0042 0.79 28.44
No external flow 3 x 10° 0.04 0.0042 0.76 28.27
No external flow 1.5 x 106 0.05 0.0078 0.79 28.14
No external flow 3 x 106 0.02 0.0078 0.76 27.00
Axisymmetric flow 3 x 106 0.04 0.0042 0.78 27.49
Axisymmetric flow 3 x 10° 0.32 0.0042 0.76 26.15

Non-axisymmetric low 3 x 10° 0.04 0.0042 0.82 23.47
Non-axisymmetric low 3 x 10° 0.20 0.0042 0.76 23.68

6.4 Summary

A thorough analysis of the high bandwidth pressure signals collected from the stationary
wall of the rim seal cavity volume in the ORF has been conducted. The time history data
has been converted to the frequency domain through the Fast Fourier Transform to focus
the study in the frequencies corresponding to the unsteady flow structures developing in
the cavity. A phase analysis of these frequencies determined the number and rotating

speed at which these structures travel around the annular cavity.

Results obtained in the new working section have been contrasted against those from
previous test campaigns prior to the rebuild of the facility. The frequencies corresponding
to the 30 bolts clamping the split rotor disc were successfully removed. As a consequence,
the high broadband levels of unsteadiness, attributed to the presence of such bolts in the
cavity, reduced. Three more pressure transducers were introduced further inboard across
the overlapping seal to investigate the origin of the unsteady frequency peaks, confirming

that this was not the source of such flow structures.

From the seven radially-spaced sensors, the most intense frequency peak was detected
at a radial position corresponding to /b = 0.95 with the amplitude decreasing with prox-

imity to the rim region. This trend was consistently observed across the test matrix and
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has been related to the change in swirl velocity in the cavity reported in chapter 4. Based
on this, it is speculated that the difference in tangential velocity of the vortices coexist-
ing in the cavity increases the shear at this region. A reduction in the non-dimensional
frequency of the distinct peak was identified for a larger seal clearance and constant flow

ratio.

Large purge supplies have shown to shift the non-dimensional frequency of the peak
towards lower values. This was observed across all configurations of annulus flow and
seal clearance. Interpretation of these results has been aided by comparison to the steady
pressures and sealing effectiveness values described in chapters 4 and 5. This approach
has allowed to identify that, for values of turbulent flow parameter beyond that corre-
sponding to the free disc, the peak non-dimensional frequency plateaus owing to the purge

flow being ejected as free vortex flow in a fully sealed cavity.

The rotational Reynolds number has proved to be one of the most influential pa-
rameters on the frequency of the distinct peak. In terms of absolute frequencies, faster
spinning discs induce higher frequencies in the flow structures that slightly decrease when

non-dimensionalised with the rotor angular speed.

Changes in the conditions of the flow in the main gas path provoke the most notice-
able variations in the frequency spectra. Introduction of an axial flow increases the overall
unsteadiness but most significantly, it excites the frequencies around ~ 1400 Hz. This
does not change when the external flow is swirled. Therefore, the source of these energetic
frequencies has been attributed to the interaction between the annulus and purge flow
that generated large scale fluctuations in the rim region. Moreover, it has been demon-
strated that in the conditions at which ingestion is largest, the energy content of these

frequencies rises, thus further supporting this statement.
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Unsteady rim seal flow structures

Albeit some specific differences potentially due to tolerances and sensitivities of the
instrumentation, no significant changes have been identified across the data from the cir-

cumferentially spaced sensors.

A phase analysis study has revealed that when the disc pumping effect dominates, the
rotating flow structures in the cavity tend to a unique angular speed of 76% of the rotor
disc speed regardless of the configuration, seal clearance and purge supply. Nonetheless,
the count of unsteady structures strongly depends on the settings of the external annulus
flow showing a clear reduction when the NGVs turn the flow. Overall, slight reductions of
the rotating speed of the flow features have been observed when the disc spins faster and
more sealing air is provided, whilst the seal clearance and rotor disc speed also showed a

slight decrease in the number of unsteady events.
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Chapter 7

Conclusions

The concluding remarks of each one of the relevant chapters are summarised here to wrap
up the discussion reported in this thesis. Suggestions for potential lines of future research

are made based on the outcome of this investigation.

7.1 Experimental method

The capability of the Oxford Research Facility was upgraded for investigation of turbine
rim sealing flows. The geometry of the working section was modified with a reduction
of the annulus casing line to 20% of its original span. A basic CFD study concluded
that the mainstream aerodynamics near the hub remained unchanged. Higher resolution
in the pressure and temperature instrumentation in the main gas path and purge flow
feed system allowed better monitoring of the flow conditions. The air feed system was
redesigned to satisfy the new mass flow requirements and allow for steady state conditions

in blow down mode for longer run times (of the order of minutes).

A new measurement system to quantify the sealing performance of the chute seal
based on the tracer gas technique was installed. The purge flow was seeded using CO,
as a foreign gas whilst the mainstream flow remained at atmospheric content. Gas was

sampled from the stator wall and its concentration of carbon dioxide determined by the
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gas analyser. One channel of the gas analyser was used to monitor the purge supply
whilst the other one was connected to a multiplexer that sequentially sampled the gas
from the measurement points in the stator wall. The gas analyser was calibrated at the
start of each day to reduce the time drift. Based on the readings of CO, content the
sealing effectiveness was derived to an accuracy within +0.0068. The presence of foreign
gas in the annulus downstream of the rim seal was also investigated to study the radial

migration of the purge flow in the main gas path.

High bandwidth pressure transducers were embedded in the stator cavity wall to
investigate the unsteady flow features rotating inside the cavity. The unsteady pressure
sensors were distributed in the radial and circumferential directions to investigate the

presence, strength, quantity and speed of rotation of these rotating structures.

7.2 Rotationally-induced ingestion

The steady pressure measurements under rotationally-induced ingestion revealed the pres-
ence of different swirl velocities in the inner and outer parts of the cavity. Sealing effec-
tiveness data unveiled a very complex effect of the annulus flow on the seal performance
in which the cavity never sealed fully even at high purge supplies. Strong dependency

on the test conditions was identified thus challenging extrapolation of the observed trends.

Results of sealing effectiveness have been compared to other seal designs available in
published literature and existing correlations to validate the new methodology. Good
agreement with the disc pumping orifice model of Chew [25] was found with an empirical
constant of £ = 1. The chute seal performs considerably better than an axial seal of the

same axial clearance.
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7.3 Externally-induced ingestion

The introduction of NGVs led to an overall reduction of the sealing effectiveness when
compared against Stage 1, with the largest decrease of 60% found in the rim seal. This
effect was most severe at the largest flow coefficients studied. Comparison of the radial dis-
tribution of sealing effectiveness inside the cavity for axisymmetric and non-axisymmetric
flow showed opposing trends as rotor disc speed increased: with vanes present, the lowest
values of sealing effectiveness were found at the highest flow coefficient. A reduction of

the flow coefficient displayed an improvement in the sealing effectiveness.

A map of sealing performance displayed a remarkable influence of flow coefficient on
the sealing capability of the chute seal, especially at low purge rates and high rotational
speeds. Excellent agreement with the disc pumping orifice model developed by Chew
[25] was found at low flow coefficients. Departure from this condition increased with flow
coefficient suggesting that the disc pumping effect dominates at low flow coefficients with
the pressure asymmetries in the annulus becoming the governing mechanism at high flow
coefficients. Lower sensitivity to flow coefficient was observed for an increased seal clear-
ance. This outcome was attributed to the ingestion of highly swirled external flow at all
conditions. The influence of the flow coefficient at a further inbound point in the cavity

is minimal as the rotor disc pumping dominates.

Comparison to a pressure-driven orifice model suggests an interesting dependence of
the discharge coefficient to flow coefficient. Remarkable agreement was found when the
data of this investigation was compared to that from previously published studies of
similar chute seals conducted in turbine rigs with vanes and rotor blades present. The
resemblance of the results from different test facilities reveals a certain degree of insensi-

tivity to low flow coefficient, which is promising for extrapolation to engine conditions.

The effect of the relative position of the cavity measurements to the NGV trailing
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edge in the annulus seems to play an important role in the sealing effectiveness results.
The improvement in sealing capability at lower flow coefficients still holds regardless of

the circumferential position of the measurements.

A traverse measurement system was installed in the reduced annulus gas path to study
the radial migration of the purge flow at the rotor blade leading edge axial position. Pres-
ence of tracer gas was detected near the hub but it did not reach the casing of the reduced
annulus (therefore being contained within 5% of the real blade span). Significant varia-
tions in the circumferential direction were observed especially at low flow coefficient and

high purge supply.

7.4 Unsteady rim seal flow structures

Results obtained in the new working section have been contrasted against those from
previous test campaigns prior to the rebuild of the facility. Measurements across the
overlapping seal confirmed that the unsteady flow structures did not originate further

inboard agreeing with the study of Gao et al. [59].

The most intense frequency peak was detected at a radial position corresponding to
r/b = 0.95 with the amplitude decreasing with proximity to the rim region. This effect
was observed across the test matrix. It is speculated that the difference in tangential
velocity of the vortices that were found to coexist in the cavity increased the shear in this
region. A reduction in the non-dimensional frequency of the distinct peak was identified

for larger seal clearance and constant flow ratio.

Larger purge supplies shifted the non-dimensional frequency of the peak towards lower

values. This was observed across all configurations of annulus flow and seal clearances.
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Interpretation of these results was aided by comparison to the steady pressures and sealing
effectiveness values described in chapters 4 and 5. For values of turbulent flow parameter
beyond that corresponding to the free disc, the peak non-dimensional frequency plateaued

owing to the purge flow being ejected as free vortex flow in a fully sealed cavity.

Higher rotational Reynolds numbers induced higher frequencies in the flow structures.
Changes in the main gas path flow conditions produced the most noticeable variations in
the frequency spectra. Introduction of an axial flow increased the overall unsteadiness but
most significantly, it excited the frequencies around ~ 1400 Hz. The introduction of a
swirl component to the annulus flow further excited this band of frequencies and increased
the overall unsteadiness. The source of these energetic frequencies has been attributed to

the interaction between the annulus and purge flow.

Albeit some specific differences potentially due to tolerances and sensitivities of the
instrumentation, no significant changes have been identified across the data from the cir-

cumferentially spaced sensors.

A phase analysis has revealed that when the disc pumping effect dominated, the ro-
tating flow structures in the cavity tended to an angular speed of 76% of the rotor disc
speed regardless of the configuration, seal clearance and purge supply. Nonetheless, the
count of unsteady structures strongly depends on the settings of the external annulus flow

showing a clear reduction when the NGVs turn the flow.

Overall, larger purge supplies led to a slight reduction of the lobe count but most
importantly, to a reduction in the angular speed of the flow structures to an asymptotic
value of w = 0.76 regardless of the test configuration. The number of flow structures in the
cavity decreased with each incremental increase of complexity of the system. Generally,

the addition of an axial external flow reduced the lobe count by approximately 3.5%
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compared to the baseline case, but including a swirl component had the largest impact
with a decrease of ~ 18% to the number of rotating flow structures (please note these are

rough estimates).

7.5 Future research studies

Future lines of work are suggested in this chapter based on the most relevant parameters
intervening in the hot gas ingestion mechanism that Johnson et al. [16] listed. Focus is
on those effects which have not been thoroughly investigated as well as some new findings

from the most recent studies.

The current project has provided evidence that challenges the widely accepted domi-
nance of the pressure-driven ingestion over the disc pumping effect when pressure asym-
metries exist in the annulus. Experimental data collected at the ORF in a vaned gas
path suggests that the disc pumping effect induced may play a key role, and prevail over
the pressure asymmetries, in the ingestion of hot mainstream air. These results are of
significant relevance if extrapolation to engine conditions is sought, especially for high
pressure turbines in modern aero-engines. Further research to push the limits of the test
conditions to achieve even more engine realistic environments would be recommended as
well as to explore whether this effect is geometry-dependent and linked to the particular
rim seal arrangement investigated in this testing facility. The effect of varying the axial
Reynolds number of the annulus flow could also be of value. During this research the
flow coefficient was only modified by the rotor disc speed maintaining the axial annulus
velocity constant. A step further in this research would contemplate increasing the axial
Reynolds number in the main gas path through higher pressure ratios to achieve a flow
environment more representative of that found in a real gas turbine. This would allow

extrapolation of rig data to engine-realistic conditions with a higher degree of confidence.
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The numerical study of Gao et al. [20] showed that the cavity unsteadiness was damped
out with a radial seal geometry. This result has not been experimentally validated yet,
therefore testing other seal arrangements at the same range of operating conditions, with

particular interest in a radial seal, could be of high interest.

The study of the effects in the circumferential direction in the annular cavity was
deemed incomplete due to limitations in the instrumentation that derived from the in-
stallation of the equipment. The presence of different numbers of unsteady flow structures
in the rim region and in the cavity has been highlighted by some authors. An interesting
study would be to include high bandwidth pressure measurement spread along the cir-
cumferential direction at two radial positions to investigate the interaction of the cavity

modes and the unsteady rim seal instabilities.

Following on the work conducted by previous research groups, Green and Turner [31]
showed that the presence of rotor blades improved the sealing performance of an axial
seal clearance. Hills et al. [35] questioned the validity of this outcome and proved through
a CFD study that albeit the circumferential pressure asymmetry introduced by the rotor
blades was smaller than that due to the stationary vanes, it had a large impact on in-
gestion. They concluded that the rotor blades would detriment the sealing performance.
The experiments of Bohn et al. [33] agreed with Green and Turner’s results in a con-
figuration with a shrouded stator and unshrouded rotor, whilst a working section with
two unshrouded discs aligned with the findings of Hills et al. The contradictory results
evidence the complexity of the topic and highlight the need for further research. More
recent studies by Savov et al. [29] and Hualca et al. [64] have addressed this topic through
experimental campaigns in which the rotor blades were removed and their effect evalu-
ated. Hualca et al. identified an interesting relationship between a kink in the sealing
effectiveness - flow ratio curve that was attributed to the effect of the blades. The investi-

gation of the chute seal sealing performance under the potential field interactions of stator
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vanes and rotor blades is considered of high value. Therefore, a recommended next step
would be to complete the investigation with the Stage 4 configuration that included rotor
blades in the ORF. This would imply major modifications to the test facility to return
the working section to its original capability with a full annulus and rotor blades. Work
towards this goal was initiated during this project, such as a redesigned rotor disc and
clamping arrangement to preserve the geometry of the cavity as much as possible. The
light piston tube would need to be recommissioned and tests would have to be conducted

under transient operation.

Moving onto a full annulus transient operation of the ORF would not allow sealing
performance data to be obtained in its current form. A high frequency concentration
measurement technique would be required to log CO, concentration data in a runtime of
ms. The development of such measurement technique was initiated in the early stages of
this project but was abandoned when it was confirmed that tests with blades would not

take place.

Protrusions in the annular cavity act to increase the broadband frequency spectra
as described in chapter 6. Manufacturing tolerances, rig installation misalignments and
vibrations during operation may also effect the highly sensitive aerodynamics in the cav-
ity. Savov et al. [29] captured greater broadband noise in a brief study of the effect of

eccentricity that would be interesting to expand.

The suggested lines for further research that could be of high value to the current

understanding of rim sealing flows are summarised below.

1. Expand experimental capability to achieve more engine-representative environments.

2. Experimentally investigate different rim seal arrangements, with special interest in

the radial seal.
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3. Further explore the effect of the circumferential pressure asymmetries inside the

cavity.
4. Include rotor blades in the main gas path.

5. Develop a concentration measurement technique with a high frequency response to

run in transient facilities.

6. Study the influence of protrusions and experimental inaccuracies (eccentricty and

vibrations) over the cavity aerodynamics.

7.6 Research impact

The findings of this research are considered to contribute to the current understanding
of the aerodynamics of rim sealing flows. The sealing performance map has provided ex-
perimental data that challenges the extended assumption that the pressure asymmetries
govern the flow physics in the rim seal. The influence of the disc pumping effect in a
full turbine stage has been often neglected as it was thought to be orders of magnitude
lower. However, this study has revealed that rotationally-induced ingestion coexists and
may even dominate over the pressure asymmetries of the gas path under certain operating

conditions.

During this investigation, the flow coefficient has been found to be a critical parame-
ter when assessing the driving mechanism for hot gas ingestion. Over the years, various
analytical correlations have been developed to assess the sealing capability of a specific
rim seal geometry based on rig data. These models are often used by the engine manufac-
turers during the design process. The results of the sealing performance map presented in
this thesis have been contrasted against real engine data confirming the findings of this
research: the disc pumping effect dominates in the HP turbine which operate at low values

of flow coefficient whilst the LP turbine results sit within the region of pressure-driven
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ingestion defined at high flow coefficients. Therefore, the outcome of this study allows the
engine designer to define the operating regime of the turbine stage under consideration to
support a better choice of modelling strategy, eventually allowing higher levels of fidelity

during the early stages of design.

In addition, the dynamic pressure data collected during this investigation has revealed
a high degree of unsteadiness arising from the interaction between the mainstream and
purge flows that the engine designer can now account for. The wide parametric study
reported here also provides unsteady experimental data over an extensive range of oper-
ating conditions that could potentially help the designer if suppressing the unsteadiness

in the cavity or the rim seal region was deemed of interest.
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Appendix A

Uncertainty analysis

An uncertainty analysis has been performed with the reported bias error of the instru-
mentation and the precision error registered during tests. Due to the complex definition
of most of the variables of interest, propagation of error resulted in an increase of the
uncertainty of the derived quantities. The approach followed has been based on the linear
terms of a Taylor series expansion that approximates the error of the total quantity as
the uncertainty in each measurement with the root sum square of the sensitivity indexes
of each of the variables involved multiplied by the uncertainty in each measurement. The
same process is repeated for the calculation of the bias and precision error and then the
root sum square of both provides the total uncertainty of the derived quantity. In general
terms, the process is detailed below using a compound variable ) which is a function of

z variables x1 to x,.

Q = f(th% -'-7xz)

The uncertainty of the derived quantity @) is calculated with Eq.7.1 to Eq.7.4.

« Bias error

Denoted by B is obtained directly from the manufacturer of the measuring device.

2 2 2
_ oQ oQ Q)
AQp = =+ (a_xlB“) + (a_sz“> Fot (8—%sz> (7.1)
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e Precision error
The precision error of the measurement is calculated based on the standard deviation
with Eq.7.2, where z; is the reading of () at each one of the 7 samples evaluated at

the design point test case specified in Table 7.1.

z z
1 ) 1
T=4l7 E (x; —p)?  with p= 7 ;:1 x; (7.2)

i=1

Table 7.1: Design point conditions for uncertainty analysis.

Parameter Symbol Value Units
Sample time ts 30 S
Sample frequency fs 200 Hz
Samples A 6000  samples
Non-dimensional purge flow Cy 3500  (-)
Rotor disc speed N 7850  rpm
Axial Reynolds number Reax 0 (-)

Disc radius b 0.2368 m

The uncertainty associated to the precision error for the 95% confidence interval
is +20. The precision error must be calculated for each one of the x, variables

involved in the definition of R to provide the total precision error following Eq.7.3.

2 2 2
OR OR OR
ARgs =+ (8_me1> + <6_x25””2> + ..+ (a—%5x2> (7.3)

« Total error

The total uncertainty of the sealing effectiveness was derived from the root sum

square of the bias and precision errors as shown in Eq.7.4.

AR =\/2 (AR} + ARY) (7.4)

The uncertainty analysis carried out for the most relevant derived quantities used

throughout the discussion of this thesis are listed in this chapter.
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Sealing effectiveness, ¢

The uncertainty of the sealing effectiveness derived quantity is calculated in this section
from the bias and precision errors of the gas analyser. The gas analyser was calibrated
for a range of carbon dioxide content in air of 0 — 4%. The design point test case chosen

corresponded to € = 0.75.

« Bias error
The gas analyser uncertainty had a linearity error of +0.5% and repeatability error
below +1% of the full scale. The drift error was neglected since the device was
calibrated every day before a run. The total uncertainty of the device was calculated
with the sum for the calibrated range of 0 — 4%CO; content in air. As a result, the

total bias error of the gas analyser is B, = 40.06% CO,.

Linearity error +0.5% x 4%C0O, = £0.02% CO,
Repeatability error +1% x 4%C0O, = +0.04% CO,

Total bias error B, = £0.06% CO,

B =B = B, = £0.06%

Cstator Cpurge Cann

e Precision error
The test case chosen as design point yields p = 1.5585 and ¢ = 0.0053. The
uncertainty associated to the precision error in the gas concentration measurement

for the 95% confidence interval is +20 = +0.0106.

S

Cstator

=S,

Cpurge

=5,

Cann

= £0.0106%

o Total error
The partial derivatives of the sealing effectiveness respect to each one of these vari-

ables were required and are shown in Eq.7.5 to Eq.7.7.
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Oe 1

OCstator B Cann — Cpurge (7'5)

85 _ Cpurge — Cstator (7 6)
OCann  (Cann — Cpurge)? '

Oe _ _Gstator — Cann (7.7)
Ocpurge  (Cann — Cpurge)? '

Gas concentration readings from the gas analyser at the design point are seen below.

Cpurge = 19881%7 Cstator — 15624%7 Cann = 01207%7

% _ ouza —% o053 O

= 0.4134;

aCpurge aCst ator a Cann

Total uncertainty of the sealing effectiveness measurement is:

Ac = /2 (Ach + Ac2) = /2 ((0.0475)2 + (3.404 x 10-2)2) = 0.068

Pressure coefficient, C,

The cavity pressure coefficient is defined as the difference of pressure across the stator wall
non-dimensionalised by the dynamic head at rotor rim speed as indicated in Eq.7.8 and
is evaluated at the conditions shown in Table 7.2. The density used for the calculation
of the dynamic head is obtained from the experimental measurements of pressure and

temperature in the feed cavity for higher accuracy.

_ P~ P _ P — Pio11 (7.8)
P 05P(Qb)2 0.5p1051/(RT2051)<Qb)2

The values of the variables of interest at the point of evaluation are:

« Bias error
The bias error of the variables of interest for the calculation of C|, are summarised

in Table 7.3.
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Table 7.2: Design point conditions for the cavity pressure coefficient uncertainty analysis.

Parameter Symbol Value Units
Pressure at the rim P1019 1.087 x 10> Pa
Pressure at the inner cavity P1o11 1.075 x 10> Pa
Pressure at the feed cavity P1051 1.0054 x 10> Pa
Temperature at the feed cavity Tho51 289.138 K

Table 7.3: Bias error of variables for C,.

Parameter Instrumentation Bias error

P1o19, P1o11 FS HCE 0-100 mbar 0.2% FS Bp1019 = Bp1011 =2 x 107 bar
D10s1 FS HCE 0-10 bar 0.1% FS Bpi0s1 = 1072 bar
Too51 k-type thermocouple d = 76.2um  Brogsy =11K

Qb speed encoder Bay = 0.0248 m/s

« Precision error

The precision error of the relevant parameters is summarised below in Table 7.4.

Table 7.4: Precision error of variables for C},.

Parameter Precision error

P1o19 Sp1019 = 1.6524 bar
Dio11 Sp1o11 = 1.6881 bar
P1os1 Sp1051 = 1.3763 bar
T5051 ST2051 =28x 103K
Qb Saw = 0.2729 m/s

« Total error
The partial derivatives evaluated at the design point provide a total uncertainty of

the cavity pressure coefficient of +0.0017.

9Cy = 37.7; 9Cy = —37.7; 9Cy = —0.4;
858'19 g]é;on a291051
P —0.1499; —2 = —-0.4139;
8T2051 ’ 8Qb ’
ACp,B = 0.0012

AC,s =1.4379 x 10~
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Total uncertainty of the cavity pressure coefficient measurement is:

AC, = /2 (ACZ 5 + AC2) = /2 ((0.0012)2 + (14379 x 10-1)%) = 0.0017

Mass flow through the nozzles

As detailed in chapter 3 the mainstream annulus flow and the purge flow in the configu-
rations corresponding to Stages 2 and Stage 3 were provided by choked venturi nozzles.

The uncertainty of the diameter measurement was B = 0.05 mm.

The dimensions of the nozzles providing the flow depended on the upstream pressure
and therefore were different for Stages 2 and 3. Two mainstream flow nozzles of diam-
eter duogge = 32.8 mm provided the axial annulus flow of Stage 2 and were replaced by
Anozzle = 25.5 mm nozzles for the tests in Stage 3. Similarly, the sealing flow nozzles for
Stage 2 had diameters ranging from 5.2 to 22.4 mm. For Stage 3, three more nozzles
were added to this list to complete the wanted seal-to-axial velocity ratios, with sizes
dyozzte = [4.5,6.6,7.8] mm. The uncertainty of the nozzles machined for the experimental

campaign of Stage 3 ranged from 0.7% to 2.31% depending on the size of the nozzle.

First of all, the uncertainty in the nozzle diameter was accounted for and the area and

area uncertainty for each one of the nozzles was calculated based on Eq.7.9.

Anozz e+ Anozz e
Anozzle - %(dnozzle)Q; AAnozzle == 114:‘: : 100 (79)
nozzle

The uncertainty of the discharge coefficient, pressure and temperature measurements
was estimated in ACyq = 0.5, Ap = 0.1 bar and AT = 0.45 K respectively as shown in
Tables 7.5 and7.6. The mass flow for a choked nozzle was calculated according to Eq.3.8
assuming a discharge coefficient of 0.99. The derived total uncertainty of the mass flow

passing through the nozzles was then obtained from the individual uncertainty of the
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discharge coefficient, pressure and temperature as show in Eq.7.6.

At = \JAA2,, + ACS + Ap? +0.5 AT? (7.10)

Table 7.5: Uncertainty quantification for the mass flow through Stage 2 nozzles.

d (mm) d+ Ad (mm) Apee (mm) AAygme (mm) Cq p(bar) T (K) A (g/s)
32.75 842.3886 -0.3046 0.5 0.1 0.45 0.6738
32.8 32.8 844.9628 0 0.5 0.1 0.45 0.6010
32.85 847.5408 0.3051 0.5 0.1 0.45 0.6740
5.15 20.8307 -1.91386 0.5 0.1 0.45 2.0059
5.2 5.2 21.2371 0 0.5 0.1 0.45 0.6010
5.255 21.6475 1.9323 0.5 0.1 0.45 2.0236
22.35 392.3241 -0.4459 0.5 0.1 0.45 0.7484
224 224 394.0814 0 0.5 0.1 0.45 0.6010
22.45 395.8426 0.4469 0.5 0.1 0.45 0.7489

Table 7.6: Uncertainty quantification for the mass flow through Stage 3 nozzles.

d (mm) d=+ Ad (mm) Ayome (mm) AAnge (mm) Cyq p(bar) T (K) Am (g/s)
25.45 508.7044 -0.3918 0.5 0.1 0.45 0.7175
25.5 25.5 510.7052 0 0.5 0.1 0.45 0.6010
25.55 512.7099 0.3925 0.5 0.1 0.45 0.7178
4.55 15.55285 -2.2098 0.5 0.1 0.45 2.2901
4.5 4.5 15.9043 0 0.5 0.1 0.45 0.6010
4.45 16.2597 2.2345 0.5 0.1 0.45 2.3139
10.35 84.13381 -0.9592 0.5 0.1 0.45 1.1319
10.4 10.4 84.9486 0 0.5 0.1 0.45 0.6010
10.45 0.9638 0.4469 0.5 0.1 0.45 1.1359
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Non-dimensional sealing flow, C\,

The sealing mass flow is often non-dimensionalised to provide a parameter that can be

compared across configurations and geometries, see Eq.7.11.

Cy = m;—“bg (7.11)

The purge supply was provided by an Alicat MC Series 2000 SLPM mass flow controller
whose quoted accuracy was set by the manufacturer of the device to +£0.8% of reading
plus +0.2% of full scale. The viscosity of the fluid is temperature-dependent and has been
calculated with the temperature measurement available underneath the overlapping seal,

model point 2054, following the Sutherland Law introduced in Eq.3.6.

Table 7.7: Design point conditions for the CY, uncertainty analysis.

Parameter Symbol Value Units

Output voltage (MFC) Viooz 1.992 V
Temperature at feed cavity T5054 310.399 K

« Bias error

The bias error from the MFC and the thermocouple are summarised in Table 7.8.

Table 7.8: Bias error of variables for C,.

Parameter Instrumentation Bias error
Vioo2 Alicat MC series 0.8% reading + 0.2% FS  Bvuaoo2 =029V
To054 k-type thermocouple d = 76.2 um Braost =11K

« Precision error

The precision error of the measurement is detailed in Table 7.9.

o Total error
The partial derivatives are shown below, and the calculated total uncertainty of the

sealing flow coefficient is 62.385. note that this is a non-dimensional parameter.
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Table 7.9: Precision error of variables for C,.

Parameter Precision error

‘/;1002 Sv4002 = 9.2093 x 10_5 \Y
T5054 ST2054 = 0.0032 K

Where the partial derivatives evaluated at the conditions in Tab.7.7 are:

oC oC
Y =1.665 x 103 Y= —8.172;
8‘/4002 8T2054
ACy g = 44.107; ACy s = 0.716;

The total uncertainty of the sealing flow coefficient is:

ACy = /2 (AC2 5 + AC2 ) = /2 [(B4107) + (0.716)7] = 62.385

Non-dimensional sealing flow ratio, ® = U,,/(Qb)

The sealing flow can also be non-dimensionalised as a velocity ratio between the average
velocity of the purge flow exiting through the rim seal and the rotor rim speed, U,,/(2b).
The average velocity through the rim clearance was calculated from the continuity equa-
tion Eq.7.12.

Um mseal mseal R T2051

o = = = 7.12
(Qb) pAseal(Qb) P1os1 AseaI(Qb) ( )

The values of each one of the required variables at the evaluation point together with
the bias and precision errors were already detailed in Tables 7.2, 7.3 and 7.4 respectively.
The uncertainty associated with the purge supply is Bugea = 2.0256 x 107* kg/s and
Smseal = 7.175 x 1077 kg /s. Evaluation of the partial derivatives in the point specified in
Tab.7.2 provides:

0 0 0P 0P
=—4.07x 1077, =1.415 x 107%; —— =2628; —— = —1.954 x 107%
Op1os1 0T5051 OMgeal 8(Qb)
Adp = 6.88 x 1074 Adg = 5.308 x 1075;
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The total uncertainty of the sealing flow coefficient is:

Unm

2w

= /2 (A%} + A®Z) = /2 ((6.88 x 10-1)2 + (5.308 x 10-5)2) = 9.76 x 10~

Rotational Reynolds number, Rey

The rotational Reynolds number has been used as an indication of the strength of the
disc pumping effect since its definition is based on the ratio of inertial over viscous forces
in the cavity. The rotor disc speed at the rim has been used as the representative velocity
in this case and the rim radius, b as the characteristic length, Eq.7.13. The density of
the purge flow has been calculated with the closest available pressure to the rim and the
temperature measurement of the flow in the cavity. The viscosity of the cavity flow was

accounted to be dependent on the temperature by the Sutherland law, Fq.3.6.

p (§2b) b _ Pro1g/ (R T2054)(£20)b
j K

Re¢ = (713)

The rotational Reynolds number is a function of the temperature, pressure and rotor
rim speed which have already been detailed in Tab.7.2 at the point of evaluation. In the
same way, the bias and precision errors of this measurements were summarised in Tab.7.3
and Tab.7.4 respectively. The evaluation of the partial derivatives at the design point

under consideration yields to:

8Re¢ 0Re¢, 8Re¢
= —1.737x 1077;
ap1019 05054 8(96)

AReyp = 1.912 x 10%  ARe,ys = 3.967 x 10%;

= 28.15; = 1.462 x 10%;

The total uncertainty of the rotational Reynolds number is:

ARey = \/2 (ARe} 5 + ARel g) = v/2 [(1.912 x 10%)? + (3.967 x 10%)2] = 2.762 x 10"
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Axial Reynolds number, Re,,

The axial Reynolds number of the annulus flow was calculated with the axial component
of the annulus flow velocity considering the axial chord of the NGVs as the characteristic
length. The relevant flow density in this case was that of the mainstream flow and
therefore calculated with values in the casing of the reduced annulus, see Eq.7.14. The

Sutherland law was used again to find the annulus flow viscosity.

v—1
P1215 Y
Prakes

The point of evaluation of the previous quantities corresponded to the configuration

Uax Cax 2 1
Reax _ P _ P1215 COS(O-/NGVexit)\/ Y R T1215 Y= 1 [ - 1]

(7.14)

of Stage 1 in which there was no external annulus flow. In order to assess the properties
of the mainstream axial component, the operating conditions of Stage 3 (with NGVs)
have been used at the same purge flow, gap size and rotor disc speed as the previously

evaluated cases.

Evaluating the partial derivatives at the specified operating conditions leads to an

uncertainty quantification of:

aR’ ax ax
Cax _ _(.2945: ORe
Op1215 OT1a15

ARe,, p = 2.589 x 103, ARears = 9.009;

ORe.x

— 15153 x 103; ——_
a(prakes)

= 1.959;

The total uncertainty of the rotational Reynolds number is:

AReu = 1/2 (AREZ, , + ARe? = /2 [(2.589 x 103)2 + (9.009)2] = 3.661 x 10°
ax,B

ax,S
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Uncertainty Analysis

Uax
(€20)

The flow coefficient is defined as the ratio of the axial velocity component of the annulus

Flow coefficient,

flow over the rotor rim speed therefore the point of evaluation will be that defined in

section 7.6 from the configuration of Stage 3.

U — | 2 1 1
\II = (Qb) = COS(O(NGVeXit) Y R T1215 v — 1 [ o 1 — ].] (Qb) (715)
P1215 g
Prakes
oV ov ov oV
= —6.247 x 10, = 0.737 x 1074 = 1.6032; ——— = —0.003;
Op1215 01215 OPrakes o(2b)
AU = 0.0063; AUg = 1.714 x 1077;

The total uncertainty of the sealing flow coefficient is:

Uax

2wy

= /2 (AW + AT2) = /2[(0.0063)% + (1.714 x 10-5)2] = 0.009
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