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Abstract. This study focuses on the sealing capability of a turbine rim seal subject to hot gas
ingestion driven purely by the rotor disc pumping effect rather than that induced by mainstream
features such as vane and rotor blade passing. The aimisto provide useful data for conditions
in which rotation dominates, and to clarify the flow physics involved in rim sealing.
Experimental measurements of sealing effectiveness for a chute seal are presented for the first
time without and with an axial, axisymmetric mainstream flow external to the seal. The test
matrix covers a range of rotational Reynolds number, Rey, from 1.5x10° to 3x10°, and non-
dimensional flow rate, C,,, from 0 to 4x10* with the mainstream flow (when present) scaled to
match engine representative conditions of axial Reynolds number, Re,,.. Results from steady
pressure and gas concentration measurements within the rotor-stator disc cavity and the rim
seal gap are presented and compared to published data for other seal designs. Sealing
performance of the chute seal is somewhat similar to that of axial clearance sealswith the same
minimum clearance.

1. Introduction

Up to 25% of theintake massflow in gasturbine enginesis channeled from the compressor through
asecondary air system, bypassing the combustion chamber and re-entering the main gas path at various
points in the turbine. The coolant air is of paramount importance to the integrity and reliability of the
hot section components throughout their operating life, but the amount of air bled from the compressor
must be optimised to limit the thermodynamic efficiency penalty.

A small gap in the turbine annulus hub line is required to alow for the relative radial and axial
movement of the rotor blades and the nozzle guide vanes (NGV's). However, this necessary clearance
must be sealed with aportion of the secondary air to prevent hot gas exiting the combustor from entering
the stator-rotor disc volume. To assist the sealing process, engine designers often include a lip at the
periphery of the stator disc that protrudes into the gap, known as rim seal, providing blockage to
entrainment of external flow into the cavity. In recent years, gas turbine designers have gained
awareness of the complexity of the interaction between the sealing air flow and the main gas path air,
both at the rim seal and in the cavity below. Hence, interest in improving the understanding of the
physics of sealing flows has significantly increased with the aim of devel oping more robust and accurate
design models.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1



ISROMACI18 IOP Publishing
Journal of Physics: Conference Series 1909 (2021) 012035  doi:10.1088/1742-6596/1909/1/012035

2. Literaturereview
Early studiesin rim sealing flows aimed to quantify the minimum flow rate necessary to completely
isolate simple cavity geometries from a quiescent external environment, Bayley and Owen [1]. Thisled
to empirical correlations of the minimum non-dimensional flow rate required to fully seal the cavity,
Cyw,min, from what is now known as rotationally-induced ingestion. Further experimental studies on
rotationally-induced ingestion provided data for a number of sedl types, and use of gas concentration
measurements allowed sealing effectivenessfor flow rates C,, < C,, min t0 be quantified. A rotating disc
immersed in afluid imposesits rotation to the surrounding fluid. Consequently, the flow in the boundary
layer on the rotating disc will be gected radially outwards owing to the centrifugal force. This
phenomenon is referred to as the disc pumping effect. Considering the flow in the turbine disc cavity to
be largely controlled by disc pumping, Chew [2] developed an orifice model to correlate research data
and estimate sealing effectivenessfor different seal designsin the absence of external annulus flow. For
small seal clearances, as considered in the present study, results from this model are approximated by
Eqg. 1 in which the value of the empirical constant k depends on the geometry of the rim seal, providing
ameasure of the seal’ s ability to inhibit ingestion into the cavity.
Um min 1
———— = 01214 k; £ = or 0 < Uy, < Unmi Eg. 1
Qb 0.8+002428k (2b/, ) ! m S D
m

Here U,,,, Q2 and b denote the mean velocity through the seal, rotor angular speed, and radial location of
the seal. The sealing effectiveness ¢ is based on concentration of atracer gasin the cavity.

Chew et al. [3] estimated the value of k for axial and radial seals and fitted the model to their
own experimental data finding good agreement also with results from other research groups in absence
of mainstream flow. For k = 0.8, the model gives Cy, i = 0.61s.Rey, Where s, is the non-
dimensional seal clearance, resulting in Bayley and Owen’s correlation for a simple axial clearance
seadl.

Abe et al. [4] showed that the turbine main annulus flow, specifically the pressure and velocity
potential field asymmetries introduced by the stator vanes, play akey role in ingestion of mainstream
flow. Phadke and Owen [5] then investigated the effect of external flow (in quasi-axisymmetric and
non-axisymmetric conditions) concluding that the ingestion of hot mainstream gas into the stator-rotor
cavity can be rotationally-induced, or externally-induced (when driven by the pressure asymmetries in
the main gas path).

Green and Turner [6] investigated the influence of NGV's and rotor blades and they found that the
introduction of the rotor blades aided the sealing of the cavity by smoothing out the potential field of
the NGVs. Further studies emphasised the role of the NGV's and the rotating blades. In their review
paper, Johnson et al. [7] listed rotor disc pumping, periodic pressure field in the annulus, geometrical
3D features within the rim seal region, asymmetries in the rim seal geometry, turbulent transport and
flow entrainment as the main mechanisms that influence rim seal ingestion. Some years after Johnson
et al.’sreview, Cao et al. [8] presented acombined CFD and experimental study identifying large-scale
unsteady flow features (unrelated to blade passing frequencies) as a key mechanism for gas ingestion
into the axial gap between the rotor and stator discs. CFD solutions indicated that these flow structures
and the ingestion were rotationally-driven. The rotating flow modes are interpreted as inertial waves
and may originate within the seal. Extensive reviews of turbine rim sealing have more recently been
given by Scobie et al. [9] and Chew et al. [10].

The current investigation focuses on understanding the flow physics of rim sealing exclusively
under rotationally-induced ingestion with a bladeless gas path. The conditions considered do not
reproduce the more hostile environment found in a gas turbine engine but are chosen to allow a more
fundamental study of the physical principles that drive the flow behavior. To the authors' knowledge,
thisisthefirst time that rotationally-induced ingestion is reported for a chute seal geometry.

A brief description of the experimental set up, instrumentation and test matrix is included. Next,
the mean cavity flow behavior is described followed by a comparison of the data obtained during this
investigation against other published experimental data and analytical correlations. An analysis of the
cavity flow behavior based on pressure measurementsis conducted. Finally, the sealing performance of
the chute seal is assessed under different test conditions based on sealing effectiveness data.
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3. Oxford Rotor Facility — Experimental Set up

The experimental data reported in this study was acquired in the Oxford Rotor Facility (ORF),
recently modified to focus on turbine secondary air systems research. An extended run time of duration
of minutes was achieved through an annulus line of reduced radial span to minimise the required
mainstream mass flow rate in combination with anew air supply system.

3.1. Mainstream reduced annulus and air supply systems

The casing annulus line radius was decreased to 20% of its original radial span to increase the test
time of thefacility —see Figure 2(a). Theaxial Mach number abovethe rim sedl at the exit of the NGV's
was matched to the previous engine-representative operating conditions of the ORF (M = 0.34). A
casing was designed to minimise pressure loss, with sufficient annulus height to allow representative
interaction between mainstream and cavity purge flows. Ambient air at 27.6 bar was supplied to the test
section through the parallel connection of aflow limiter and apressure reducing valve, Figure 1(a). This
configuration provided constant pressure upstream of separate | SO9300:2015 compliant choked nozzles
(uncertainty in Cy4 =+0.5%) supplying constant mass flux conditions to the mainstream and purge
streams. The annulus flow wasinitiated by an actuated ball valve upstream of parallel metering nozzles
that controlled the flow of mainstream air before it entered an inlet flow distributor and the turbine test
section.

Sealing air
Actuated ] Py ir foed svst nozzle
valves  Sealing air Manifolds irge air feed system ~___~
y nozzle
Po.Ty co,
~ 8 hoses supply
to cavity Mass Flow
ﬂ span 1 ch 2 chl
2% CO2
T span 2 G 1
—~— as analyser
Isolation Inlet flow :TUR-BINE ) zero
alv distributor [§ TEST 4% COy
valve JSECTION
Ly 1 !
Pressure Mainstream N2
regulator nozzles Pressure  Ball
Regulators Valves
@ (b)

Figure 1. (a) Mainstream and purge air feed supply, (b) Sealing effectiveness measurement system.

The purge flow passes through a single metering nozzle and then into a manifold that distributes
the flow through 8 flexible hoses, which are connected evenly around the circumference of the facility,
to an annular settling volumein the working section. In the absence of annulus flow and for low sealing
flow rates (m,,rg. < 0.035kg s1), the purge flow was instead metered by an Alicat MC Series 2000
mass flow controller, with atraceable uncertainty of £0.8% of 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.

3.2. Rim seal geometry

Details of the working section geometry adopted for this study are presented in Figure 2(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 chute seal design used in this study isidentical to that used by Beard et al. [11]. The nominal
seal clearance was designed to be 1 mm at the maximum rotor disc speed of 9000 rpm. The radial
growth of the rotor disc was previously evaluated by Beard et al. and accounted for in this study.
Introducing a spacer ring between the disc and the shaft increased the distance between the stator and
rotor ring, leading to a seal gap of 1.85 mm. The larger seal gap simulates a potentia engine off-design
condition, where the relative axial displacement between static and rotating components may vary. Itis
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worth highlighting that from a2 mm axial overlap, opening the seal clearanceled to a0.5 mm axia sedl
gap instead.

@ (b)
Figure 2: (a) Sectiona view of ORF working section with measurement locations and chute seal
geometry details, (b) Rim seal cavity measurement positions.

3.3. Instrumentation

Static pressure and gas temperature measurements were acquired extensively through the working
section, including: the mainstream annulus, purge flow feed system and the rotor disc and rim seal
cavities. All datawas sampled at 200 Hz by a Nationa Instruments PXI/SCXI data acquisition system.

3.3.1. Seady pressure and temperature

All steady pressure measurements were obtained by pneumatic pressure transducers connected 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. All gas
temperature measurements were obtai ned using k-type bare bead (d = 76.2 um) thermocoupl es (£0.45%
uncertainty).

The measurement locations in the purge flow feed system, rotor cavity and stator wall are shown
in Figure 2(a) and Figure 2(b). Radia distributions of static pressure tappings were installed at four
locations, distributed evenly around the cavity. At locationsA & B nine points extended acrosstheradial
span of the cavity, whereas at locations C & D a lower resolution of four repeat measurements was
included. The static pressure datawere acquired by First Sensor BTEM 5000 0-100 mbar 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).

Upstream mainstream total pressure, p,, and temperature, Ty, were measured using radial rakes,
each including 4 pitot tubes or four k-type bare bead thermocouples (+0.45% uncertainty) at
9° intervals respectively. The annulus static pressure p was sampled at nine axial positions on the
reduced annulus casing wall above the seal. The flow velocity in the annulus was calculated from these
measurements of p,, p and Ty,.

3.3.2. Sealing effectiveness measurement system

The tracer gas technique consists of seeding the purge flow with aforeign gas, commonly carbon
dioxide, whilst the mainstream flow is kept at atmospheric composition. A CO, concentration in the
purge air of 3% was used in this study. M easurements of tracer gas concentration in the air mixture then
indicated ingestion when the concentration fell below that supplied to the cavity, meaning that the extra
air from the mainstream diluted the air-CO, mixture. The performance of the seal against ingestion can
be quantitatively represented by the sealing effectiveness which can take values between 0 (100%
ingestion — solely mainstream flow) and 1 (no ingestion — solely purge flow).
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_ Cstator—Cann

€c = Cpurge—Cann Eq 2
CO, concentration measurements were acquired using a dual channel Pulsar IV Non-Dispersive
Infra-Red multi-gas analyser from Signal Group with linearity and repeatability below +0.5% and
+0.1% of full scale respectively. A schematic of the sealing effectiveness measurement system is shown
in Figure 1(b). A multiplexer allowed sequential sampling of up to 20 measurement points through
channel 1, whilst channel 2 continuously monitored the concentration of the purge air at the entry of the
rim seal cavity. A constant input of nitrogen purged the measurement sensors expelling the sample gas,
as well as defining the zero concentration calibration point. Compressed gas bottles of certified CO--
air mixtures of 2% and 4% CO- concentration (+1% uncertainty in concentration percentage) completed

athree-point calibration curve performed daily before the start of testing.

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 through the
distribution manifold was homogeneous. The CO, mass flux was set by an Alicat MCR mass flow
controller and recorded as a 0-5V proportional output signal. The quoted accuracy for the mass flow
controller is +£0.8% of reading plus £0.2% of full scale.

Measurements of CO, concentration were taken at nineradial positions along the stator wall of the
rim seal cavity (cstqrorr) — USING the static pressure tappings at location B in Figure 2(b) — along with
the concentration of the mainstream annulus flow (c,,,,) — Stétic pressure tapping p1214 in Figure 2(a)
— and the seeded purge flow (c,yge) — Monitored for reference at the entry of the test section. The
associated absolute uncertainty with the sealing effectiveness measurement was £0.068 (repeatability
error of +8.4x10° that provided good ability to measure differences between test cases).

3.3.3. 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
external (axia) annulus flow, inner cavity geometry, non-uniformities in the annulus, eccentricity and
vibrations. The present study focuses on the limiting case of rotationally-driven ingestion for the chute
seal. As in many other rim seal studies, eccentricity, vibrations and unintended circumferential
asymmetries in the external flow will only arise from practical limits on rig design and manufacture.
Although these will be small, the possibility of some influence on the finer detail of the results cannot
be ruled out.

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 parameters. non-dimensional
(purge) mass flow, C,,; rotational Reynolds number, Rey; non-dimensional seal clearance, s, and
mainstream Reynolds number, Re,,.. The test range covered by each of the non-dimensional parameters
is summarised in Table 1. The presence of axial mainstream annulus flow is indicated with the axial
Reynolds number. Low bandwidth data and gas concentration measurements were acquired at all test
conditions. It isworth highlighting that inthe Re,,, = 0 sealing effectivenesstest campaign, the annulus
was vented with aweak axial flow to avoid build up of CO, above the rim giving fal se readings.

Table 1: Experimental test matrix

Regy Cu Reg S
1.5x10° "
0 800 to 9000 2 1x10° 4.2x10
2.7x10° 3
2.6x10° 800 to 40000 3x10° 7.8x10

4, Mean cavity flow structure

This section provides insight into the flow structure within the rim seal cavity when subjected to
purely disc-pumping in the absence of mainstream flow and blading and when axial axisymmetric
annulus flow is included.
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4.1. Seady cavity flow behaviour

The radial static pressure profile on the stator wall, shown in Figure 3(a), provides a measure of
thevortex strength inthe rim seal cavity. The pressure coefficient is calcul ated as the pressure difference
to the innermost measurement point available in each test case, non-dimensionalised using the dynamic
head at the disc rim speed. In comparison to Beard et al. [11], this study was performed with a modified
disc clamping arrangement to remove the influence of exposed disc bolts, areduced casing annulusline
and with measurements extended inboard from p1016 to position p1011 in Figure 2(b). Although not
showed here, excellent agreement of the cavity pressure measurements between these test campaigns
provided evidence that the mean flow aerodynamics beneath the hub remained unaffected by the various
changes to the working section.

The extended measurements included in this study (r/b < 0.94) revea achange in slope in the
radial distribution of C,, showing two different swirl velocities for theinner and outer parts of the cavity.
Lines corresponding to forced vortices at several fractions of disc speed are also shown in Figure 3(a).
In a shrouded plane disc rotor-stator system with separate turbulent boundary layers on the rotor and
stator, the rotating core between the boundary layerstypically rotates at ~ 43% of the rotor disc speed.
The resultsin Figure 3(a) are consistent with this, but show some effects of the non-planar geometry in
the stator wall (0.91 < r/b < 0.94). A reduction in vortex strength in this region is consistent with an
increased surface area (per radial distance) for stator drag.

@ (b)
Figure 3: (a) Effect of C,,, Rey and Re,, in the radial distribution of mean pressure coefficient in rim
sedl cavity for s, = 0.0042, (b) Effect of the external flow, Rey and s in the mean pressure
coefficient at therim, r/b = 0.99, correlated against the turbulent flow parameter.

Theturbulent flow parameter, A; = C,,/Re,>®, haspreviously been shown to characterise the flow
in rotor-stator disc cavities. Theindividual effect of the purge flow rate and rotational Reynolds number
in the turbulent flow parameter is analysed in Figure 3(a) for the two annulus flow configurations under
consideration. In absence of annulus flow and for alow supply of purge flow, Figure 3(a) left reveals
that doubling the rotational Reynolds number appears to have a negligible effect in the radial pressure
distribution. For a constant rotor disc speed however, an increase in the purge flow aids the
pressurization of the volume, reducing the pressure gradient along the stator wall and providing better
sealing. The introduction of mainstream annulus flow, Figure 3(a) right, exacerbates the effects of C,,
and Rey in the pressure coefficient. The pressure gradient across the cavity increases with rotational
Reynolds number thus increasing the strength of the vortices. Again, alarger supply of purge flow aids
the sealing capability of the chute seal and suppresses the rotating core in the cavity.

The mean pressure coefficient, C,, at the outer measurement location p1019 is plotted in Figure

3(b) against the turbulent flow parameter, A, acrossthe full range of test conditions defined in Table 1.
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For values of A+ < 0.1, the data collapse to a linear regression regardless of the rotational Reynolds
number, seal clearance or the presence of axia flow in the annulus. As the supply of purge flow
increases, the swirl velocity in the cavity reduces and amore uniform radial pressure profileis generated
on the stator cavity wall — see Figure 3(a). Consequently, the pressure difference across the cavity
reduces with increasing turbulent flow parameter.

Interestingly, Figure 3(b) revealsthat after the initial linear regression, the pressure coefficient tends to
an asymptotic value of C,, ~ 0.01for Rey > 2x10°. A similar trend is observed for the lowest rotational

Reynolds number of Rey = 1.5x10°, although the pressure coefficient establishes at approximately
C, =~ 0.02. For asufficiently high value of A7, the purge flow supplied is enough to overcome the disc
pumping, and recirculation of the swirling flow and vortex in the cavity are suppressed. Estimates of
free disc pumping with alowance for the effect of anon-zero inner radius of the disc are consistent with
achange of flow behavior at 1 ~ 0.1. Beyond this value, for ¢, < 0.02 other effects contribute to the
flow structure. Free vortex flow might be expected for A > 0.1.

5. Sealing performance
This section presents results of sealing effectiveness with and without an axia annulus flow, including
comparison to other seal types and the disc pumping model by Chew [2].

5.1. Comparison to previous work

Several geometries under pure disc pumping effect have been explored by other research groups,
although purely rotationally-induced ingestion has not previously been reported for a chute seal of the
type considered here. Results of sealing effectiveness for the ORF chute seal are plotted in Figure 4(a)
(blue circles) as a function of the seal-to-rotor rim velocity ratio, U,,/(Qb), aso referred as non-
dimensional flow ratio.

€Y (b)

Figure 4: (a) Comparison of different seal geometriesin the distribution of sealing effectiveness
against seal to rotor rim velocity ratio, (b) Effect of the annulus flow in the sealing effectiveness asa
function of the non-dimensional flow ratio at r/b = 0.96 for two different gap sizes.

Figure 4(a) aso includes experimental data from Sangan et al. [12] for an axial sea (red squares)
and radial seal (green triangles). Correlation curves derived by Chew [2] — see Eq. 1 — for rim seal
performance exclusively under the disc pumping effect are also plotted for various parameter k values.
All experimental results show a similar trend shape for the variation of seal effectiveness to the disc
pumping model. For theradial seal tested by Sangan et al., the datafall close to the model with k = 0.4
as associated with the earlier results used by Chew et al. [3] to correlate a simple radial clearance seal.
Chew correlated datafor two different axial seal geometries (as depicted in Figure 4(a) with solid lines)
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with associated k values of 0.65 and 0.8 depending on whether the overhang lip protruded from the
stator or rotor wall. For the axial seal tested by Sangan et al., the experimental data shows significantly
better sealing performance that the model. This could be due to the difference in seal geometries or
possible re-ingestion of purge air from the annulus in these experiments associated with incomplete
venting of the annulus space.

As the chute seal includes both radial and axial variation its performance may be expected to lie
between that of the axial and radia seals, as demonstrated by Phadke and Owen [5] for their ‘ mitered’
seal. However, results indicate that the chute seal performs worse than the radial and axia seal
geometries. Based on the curves obtained with Eq. 1, the chute, radial and axial seals are fully sedled
with U,,,/(Q b) values of approximately 0.12, 0.05 and 0.075 respectively. The performance of the
chute correlates well to the disc pumping model with k = 1, compared to k = 0.4 and k = 0.8 for
simple radial and axial seals. However, it should be noted that the equivalent axial gap of the 1 mm
tested chute seal isafactor of 2.9 higher than that found in an axial seal with a 1mm clearance. Hence,
the chute seal outperforms the axial seal for the same axial seal gap, and the clearance is much less
sensitive to axial movement of the rotor. The chute may also hold significant benefits over the axial and
radial types, especialy at high purge flow rates, for HP turbine and cycle performance and cooling.

5.2. Effect of mainstream annulus flow

The effect of the annulus flow on the sealing performance of the chute seal has been investigated
for a wide range of conditions of purge flow rate, rotational speed and sea gap. In this study, the
imposed annulus flow was purely axial with aMach number of 0.34 (axial Reynolds number of 2.6x10°
referenced to anominal NGV axia chord of 0.034 m), representative of a HP turbine in modern aero-
engines.

The effect of the external crossflow is assessed in Figure 4(b) based on the sealing effectiveness at
radial position /b = 0.96 for both gap sizes without and with the annulus flow. Good agreement
between the small seal clearance data without external flow (shown by filled blue triangles) and the
analytical prediction from Eq.1 with k = 1 isevident. Thesametrendislargely observed in the presence
of external flow (shown by filled red circles) until departure above U,,, / (Q2b) =~ 0.06. Beyond this point
the data shows the sedl is never fully sealed even at U,,,/(Qb) ~ 0.275, suggesting that the complex
interaction of purge and mainstream flows will always lead to some levels of ingestion at the rim. The
larger scatter in the results at Re,, = 2.6x10° and differences between the datasets at high sealing
effectiveness indicate higher interaction between purge and annulus flows. Thisis suspected to be due
to shear effects, and possibly small non-uniformities around the annulus when the externa flow is
introduced. These observations are consistent with the findings of other research groups for different
seal typesillustrating the complexity of the flow.

5.3. Effect of seal clearance

The results for the large seal clearance (empty markers) display a different nature. Without the
external flow, the data again trend well with the plotted correlation although they sit above the analytical
prediction. The 1.85 mm seal clearance was achieved by axialy displacing the rotor disc rearwards. As
aconseguence, the overlap in the chute seal waslost. Thischangein configuration intrinsically modified
the rim seal geometry. The sealing effectiveness data obtained with the larger gap suggest a superior
sealing capability of the open seal clearance (based on the same minimum clearance) of the open seal
geometry. 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 especialy at high purge flow rates, however, scatter in the data
at conditions with high sealing effectiveness makesit difficult to conclude the value of U,,,/(Qb) for a
fully sedled cavity.

5.4. Effect of purge flow

Radial distributions of sealing effectiveness on the stator wall are shown in Figure 5(a) and (b) for
s, = 0.0042 and s, = 0.0078 respectively, without and with annulus flow for purge flows varying from
Up/(Qb) = 0.02t0 0.09 (C,, = 850 to 3400) at constant rotational Reynolds number Rey = 1.5x10°.
Anincrease in sealing effectiveness is observed as purge mass flux increases since the cavity pressure
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must rise to pass more mass flow through the seal area, subsequently inhibiting ingestion. A decrease
in sealing effectiveness for the larger seal gap is evident comparing data for constant C,, = 850 (blue
markers) between 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 [13] turbulent flow and separate boundary layers
are expected to develop inside the cavity. When ingestion occurs, 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. Regarding Figure 5(a), a
constant radial distribution of sealing effectiveness is observed in the inner part of the cavity
(r/b < 0.94) indicating that the flow is fully mixed all along the stator boundary. On the contrary, at
higher radii (r/b > 0.94) radial variations in the sealing effectiveness distribution indicate partial
mixing of the ingested and cavity flows. It is also worth noting that the geometrical discontinuity of the
stator wall joining the flat vertical and angled faces at /b = 0.94 aidsthis affect and the trend change
consistently takes place at this radial coordinate. The effect also intensifies with increasing purge flow.

@ (b)
Figure 5: Effect of the sealing mass flux on the sealing effectiveness radial distribution at
Reg = 1.5x10° without and with annulus flow for: (a) s, = 0.0042, (b) s, = 0.0078.

The effect of imposing the mainstream annulus flow is generally consistent for both seal gap sizes.
At low purge flow rates, for example U,,,/(Qb) = 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, ~ 0.03, is observed at r/b = 0.99.

As the purge flow isincreased, the effect of the mainstream flow is more significant for both seal
gaps athough it is more pronounced for s, = 0.0078 due to the larger supply of purge flow. For
U,/ (©b) > 0.04in Figure 5(b), the change in seal effectiveness at therimis small, but a positive shift
in seal effectiveness is observed in the fully mixed region below r/b < 0.94. In combination, this
results in a gradient change in the mixing region between 0.94 < r/b < 0.99. This shift in the lower
cavity region was observed for both seal gaps. Interestingly, the shift also appears to increase with the
rate of purge flow; at r/b = 0.84, the shift increases from 0.06 a U,,/(Qb) = 0.04 to 0.11 at
Un/(Qb) = 0.07.

The observed changesin seal effectiveness — small decreases near the rim at low purge flows and
comparatively large positive shiftsin the lower cavity at higher purge— show 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 flux ratio and radial position. This improvement in sealing capability in the
presence of externa flow could be a consequence of the flow recirculation in the rim seal region due to
the interaction between purge and annulus flows that intensifies at higher rates of sealing air supply. 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.
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CONCLUSIONS

The capability of the Oxford Rotor Facility has been enhanced to investigate the phenomena of hot
gas ingestion following the findings reported by Beard et al. [11]. The air supply system has been
upgraded, the instrumentation resolution inside the cavity increased and the working section modified
with a reduced annulus casing line.

Steady pressure measurements in the current experiments revealed the presence of different core
swirl velocities in the inner and outer parts of the cavity. A gas concentration measurement system to
assess the sealing performance has been installed and commissioned. Sealing effectiveness data for a
chute seal under purely rotationally-induced ingestion have been reported for the first time. The effect
of the annulus flow on seal performance has proven to be very complex and heavily dependent on the
test conditions, challenging extrapolation of some of the observed trends.

Results of sealing effectiveness have been compared to those for axial and radial seal designs
available in published literature. The capability of the chute seal studied here to protect the cavity by
preventing ingestion was lower than expected, showing worse sealing performance than previously
reported for an axial seal. The experimental seal effectiveness data at /b = 0.96 matched well to the
analytical correlation by Chew [2] with an empirical constant of k= 1. Based on the axia gap of the
chute seal, the chute geometry outperforms an axial seal of the same equivalent axia clearance and
presents lower sensitivity to rotor axial displacement. The chute may aso hold significant benefits over
the axial and radial types, especially at high purge flow rates, for minimising secondary flows and
mixing losses in the turbine and potentially providing benefits for thermal management of the HP
turbine thereby aiding component life.

The results presented here build directly on those by Beard et al. [11], and are the first part of a
wider study of rim sealing flow physics. Further experimental results, showing the effects of including
NGVsin the annulus are to be presented in Bru Revert et al. [14]. Complementary CFD results for the
chute seal considered here are given in references [15] and [16].
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NOMENCLATURE
b disc radius, m Greeks
c tracer gas concentration, % € sealing effectiveness
Cox axia chord, m A turbulent flow parameter =
Ca discharge coefficient C/Reg™®
Cy non-dimensional purge flow rate = m/ub  u dynamic viscosity, Pas
Cp cavity pressure coefficient p fluid density, kg m®
= (p — P1011)/0.50(Qb)? Q angular rotational speed, rad s*
d diameter, m Subscripts
g rim seal gap size, m 0 total conditions
k empirical constant ann annulus value
m mass flux, kg s? ax axial component value
M Mach Number min minimum value
p pressure, bar purge purge flow value
Regy axial flow Reynolds number = pU,,.C,/u  Stator stator wall value
Reg rotational Reynolds number = pQb?/u Abbreviations
Sc sedl clearance = g/b CFD Computational Fluid Dynamics
T temperature, K HP High Pressure
Ugy axial velocity, m st NGV Nozzle Guide Vane
Un mean flow velocity through seal inr-zplane, ORF Oxford Rotor Facility

= 1h/p2rbs., ms?!
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