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ABSTRACT

Overlapping features are commonly used as rim seals
between stationary and rotating components in a turbine stage.
These rim seals are used to prevent main gas path ingestion to
the wheelspace cavity, which reduces the lifespan of critical
engine components such as the turbine disk. In addition to the
overlapping features, purge flow, diverted from the compressor,
is injected into the rim cavity to act as an airflow sealing
mechanism. Previous research identified that in addition to the
purge flow in the rim cavity, cooling flow from the vane trailing
edge (VTE) is ingested into the rim seal cavity carrying the
potential to cool components in the wheelspace. These previous
findings, however, were not able to distinctly separate purge
from VTE cooling flows, which is the contribution of this paper
based on uniquely using two different tracer gases. A one-stage
test turbine operating at engine-relevant conditions and
consisting of real engine hardware was used to validate and
quantify the ingestion of the VTE flow by independently seeding
the purge and VTE flows with two different tracer gases.
Experimental results show the presence of VTE flow in the rim
seal throughout all purge flowrates evaluated. Circumferential
variation of VTE flow was also studied both experimentally and
computationally using a computational fluid dynamics model.
Results showed that ingested VTE flow can reduce the
detrimental effect of hot gas ingestion particularly at higher
purge flowrates.

NOMENCLATURE
b Hub radius
c Gas concentration
C Chord length
Cp Coefficient of pressure, (P — Poyean)/ (0.5pQ%b?)
m Mass flow rate
m’ Mass flow rate of ingested flow
p Pressure
PR Pressure Ratio, P, /Pyt
r Radius
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Re, Axial Reynolds number, V,C, /v
Reg Rotational Reynolds number, Qb? /v

S Vane pitch length

Sc Seal clearance

\ Main gas path velocity

w Mass fraction of flow present with respect to total
egress flow, m/m,

B Swirl ratio, V, /Qr

€c Sealing effectiveness, (C — € )/ (Cs — Co)

€cc Cooling effectiveness, (c - cm‘in)/(cs - cm,in)

€cep Purge contribution, (c - cm‘in)/(cs - cm‘in)|p

gcevre  VTE contribution, (€ = Coin)/(Cs = Conin ) IvTE

v Kinematic viscosity

Q Angular velocity

) Cooling flow rate, (rh/2ms.pQb?)

Din Minimum flow parameter to seal a given location

Dor Reference flow rate, ®;, for Location B in the
Baseline configuration

p Density

Subscripts and Abbreviations

in Inlet conditions

MGP Main gas path

out Outlet conditions

p Purge

ref Generic reference condition

X Axial direction

VTE Vane trailing edge

[0) Tangential direction

o) Background level

INTRODUCTION

To achieve carbon neutrality and develop clean forms of
energy, gas turbine designers continue to push toward increased
turbine thermal efficiencies. Higher efficiencies are achieved, in
part, by further increasing the turbine inlet temperatures beyond
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the melting point of the alloys present in the already
mechanically and thermally stressed turbine components. To
prevent catastrophic engine failure due to thermal stresses, flow
is bled from the upstream compressor and used in the turbine
secondary airflow system as cooling flow and as high pressure
sealing in the inter-stage cavities.

To protect the wheelspace overlapping geometric features
called rim seals are used to prevent hot gas ingestion from the
main gas path. Although rim seals have been proven to provide
some protection of the hot gases, a portion of the secondary air
flow called purge flow is also used to pressurize the cavity aimed
at preventing hot gas ingestion. The physics involved in hot gas
ingestion, the use of different rim sealing features, and the use of
purge flow have been studied extensively to understand the flow
physics and provide empirical models for designers [1,2].
Although these models have served as an effective tool to design
rim seals, the experimental results show deviation from the
models at certain purge flow conditions. Such models also do not
take into account other leakage flows, for example the potential
of vane trailing edge (VTE) flow ingress into the rim seal.

The use of VTE flow is commonly used in gas turbines to
cool the vane trailing edge metal and to fill the flow deficit left
by the vane wake. The effect of VTE flow on rim sealing
performance has been studied to a limited degree. Results have
shown that VTE flow has the potential of decreasing the fluid
temperatures in the rim seal [3]. Time-resolved results have
revealed that the presence of VTE flow decreases unsteady
pressure amplitudes in the rim seal that originate from Kelvin-
Helmholtz cells, which form due to the mismatch in tangential
flow velocity between the rim seal flow and main gas path flow.
This paper presents a unique study in which rim sealing and rim
cooling effectiveness were determined for varying purge and
VTE flow rates using a single-stage test turbine that operates at
engine-relevant conditions with engine-realistic geometries. To
validate the contribution of VTE flow, which was found missing
from previous literature reviews [4], two independent tracer
gases were used in the current study including carbon dioxide
(COy) for the rim seal purge flow and sulfur hexafluoride (SFg)
for the VTE flow. The sulfur hexafluoride was validated as a
tracer gas in a benchtop experiment and compared with previous
measurements in the test turbine using CO». Several cooling flow
and seeding configurations were defined to determine individual
contributions of each flow to concentration effectiveness levels.
A computational fluid dynamics (CFD) model of the test turbine
was also used to further understand the migration of VTE flow
into the rim seal.

BACKGROUND STUDIES

Rim seal geometries are inherently complex to prevent main
gas path ingestion and minimize the likelihood of catastrophic
component failures in the vulnerable wheelspace cavity.
Although there is a great extent of research summarized by
Johnson et al. [5] and Scobie et al. [4] aimed at understanding
ingestion, relatively few empirical models are available for
engine designers to predict ingestion.

The most significant drivers of hot gas ingestion are
rotationally-induced [1] due to disk pumping effects originating
from the wheelspace cavity, and externally-induced [2] due to
the circumferential variation of pressure in the turbine main
annulus originating from the airfoils. Empirical models based on
these two main ingestion drivers and validation experiments
using simplified geometries were developed and summarized by
Sangan et al. [6,7]. In their empirical model, the rim seal is
described as a system of orifices in which ingestion occurs
through one orifice and egress occurs through the other orifice.
Ingestion equations were derived, and the inertial effects were
found to be more significant compared to the viscous forces. The
orifice model quantifies rim sealing effectiveness (€) by relating
the ingress/egress ratio of discharge, I, to the non-dimensional
sealing flow rate required to seal the rim seal cavity, ®/® ;.
Furthermore, the experimental studies found that the ingestion
mechanisms involved in hot gas ingress are unsteady and three-
dimensional. Despite this, the data and model shown in these
studies confirm and validate the simple orifice model equations
for similar turbine-stage velocity triangles.

Experimental studies carried out at various turbine facilities
have found divergence from such a proposed orifice model as
described by Clark et al. [8]. The model was found to under
predict the experimental data trends in the regions close to the
rim seal entrance. In contrast, at rim seal locations close to the
sealing airflow injection, the model was found to over predict the
experimental data. Similarly, additional studies from various
authors [9-12] have shown an area in which there is an inflection
shape in the rim sealing effectiveness curve where an increase in
sealing flow rate does not correspond to an increase in rim
sealing effectiveness. The discrepancy between the model
prediction and the experimental data can be attributed to
instabilities present in the rim seal cavity as described by Hualca
et al. [13]. Although these instabilities have been studied by
several authors, they are currently not well understood.

The general trend of the inflection shape in the rim sealing
effectiveness curve was further studied from a time-resolved
perspective using fast-response pressure and temperature
transducers by Siroka et al. [3] and Monge-Concepcion et al.
[14]. In their studies, the authors found that pressure amplitudes
were the highest at the inflection region for sealing effectiveness
and the lowest at sealing flow rates corresponding to a fully
purged cavity. These same studies uniquely included the VTE
flow to determine its effect on the complex flowfield in the rim
seal cavity. Their studies indicated the presence of VTE flow did
not affect the rotational velocity of the large-scale cell structures
and cell count in the rim seal cavity but did, however, suppress
the unsteady pressure amplitudes. Additionally, a decrease in
temperature in the rim seal was identified when VTE flow was
present further substantiating the ingestion of the VTE flow into
the rim seal region.

An initial study by the authors [15] used specific seeding
configurations of the CO, tracer gas to quantify the contribution
of purge and VTE flow on rim cooling effectiveness, €... Note
cooling effectiveness was deduced through concentration
measurements of the tracer gas. The results indicated the
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presence of VTE flow across all radial locations in the
wheelspace cavity when VTE flow was held constant at a
nominal flow rate. The presence of VTE flow in the rim seal was
found to decrease with increasing purge flowrates. Though the
previous study was the first in open literature in determining the
influence of VTE flow in the rim seal, the use of a single tracer
gas limited understanding the independent contributions of each
flow in the wheelspace cavity. The goal of the current study is to
validate the use of dual tracer gases to determine the influence of
each cooling flow present in the rim seal. SFs was used as the
tracer for the VTE flow while CO, was used as the tracer for the
purge flow. For the first time in open literature, a full profile of
the purge sealing flow, VTE cooling flow, and hot gas mass-
fractions are reported in the rim seal at various cooling flowrates.
The uniqueness of this study is the use and validation of two
distinct tracer gases to quantify the presence of two independent
secondary flows in the rim seal region.

EXPERIMENTAL METHODS

Experiments presented in this paper were performed using
the turbine rig at Pennsylvania State University's Steady Thermal
Aero Research Turbine (START) Lab. The START facility is an
open-loop, continuous, steady-state turbine rig that operates with
real engine hardware running at engine-relevant Reynolds and
Mach numbers. The facility was designed to study and improve
understanding of underplatform sealing, innovate cooling
technologies, advance additive manufacturing, and develop
novel instrumentation. Details of the design of the turbine
facility have been described by Barringer et al. [16].

Figure 1 illustrates the main components of the START
facility. Two industrial-sized compressors powered by 1.1 MW
(1500 hp) motors supply compressed air to the turbine main gas
path and secondary cooling airflow system for a combined
airflow rate of up to 11.4kg/s (251bm/s). Each of the
compressors can discharge flow at 480 kPa and 395 K (70 psig,
250°F). A natural gas burner is installed downstream of the
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Figure 1. Solid model of the START facility showing the main
components.

compressor discharge before the main gas path flow enters the
turbine test section. The burner can increase the air temperature
from 395 K to 670 K (250°F to 750°F). Data presented in this
study did not use the burner to elevate temperatures beyond the
compressor discharge temperature. A fraction of the air
discharged from one compressor is redirected into the secondary
airflow system. A chiller thermally conditions the secondary air
to temperatures as low as 273 K (32°F). Subsequently, the
secondary airflow is divided into multiple independently
controlled and metered airflow lines, which is delivered to
several locations within the test turbine section.

Figure 2 shows a cross-section render of the turbine test
section depicting the primary and secondary flows present. For
this study, two independently controlled secondary flows were
present including purge flow (location ¢) and VTE flow (g). The
tangential on-board injection (TOBI) disk flow (h) was not
included in this study. Purge flow was delivered axially into the
rim seal cavity (c) through 150 equally spaced holes in the
circumferential direction. The VTE flow was injected into the
main gas path through slots spanning radially from hub to tip in
the vane trailing edge. The inner and outer vane plenums
(locations (a) and (f) respectively) were sealed and isolated from
the main gas path (MGP) flow to prevent ingestion through the
vane seals. The vane inner and outer plenums were also isolated
and sealed to avoid cross-leak flow from one plenum to the other.
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Figure 2. Cross-section diagram of the single-stage test turbine
showing the main gas path and secondary flow paths.

Turbine Instrumentation

Included in the START vane assembly were four additively
manufactured (AM) doublets, which provided the ability to
spatially position pressure taps in the vanes at discrete locations
in the main gas path, rim seal, and rim seal cavity. The AM vanes
were designed to include internal channels connecting the
surface pressure taps in the vane to Teflon tubing external to the
test turbine and ultimately to the CO, and SF¢ gas analyzers. The
four AM doublets were spaced in the vane ring assembly with
two doublets on opposing sides of the assembly.

Figure 3 shows the turbine rig instrumentation and
measurement locations used in this study. Single element Kiel
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probes with a 1.6 mm (0.063 in.) diameter were installed at the
turbine inlet to measure pressure and background concentration
levels of carbon dioxide (CO;) and sulfur hexafluoride (SFg).
Static pressure taps were located in the inner and outer vane
plenums to measure purge and VTE plenum pressures and the
CO; and SFs supply concentrations. A series of pressure taps
were included in the AM vanes to measure pressure and tracer
gas concentrations radially and circumferentially at locations in
the rim seal, rim seal cavity, and wheelspace cavity. Temperature
probes were also installed in the plenums.

oA

O VTE Plenum Pressure Probes
A VTE Plenum Temperature Probes
O Rim Seal Cavity Taps (AM Vanes)
@ Rim Cavity Taps

@ Wheelspace Cavity Taps

W 1V Plenum Pressure Probes

A 1V Plenum Temperature Probes
M Kiel Pressure Probes

Instrumentation Type
O Kiel Pressure Probe
O Static Pressure Probe
A Temperature Probe

Figure 3. Turbine instrumentation layout including pressure,
temperature, and Kiel probes.

Tracer Gas Descriptions

The CO, and SFs tracer gases were injected into the
secondary airflow system as shown in Figure 4. The CO, was
injected into the purge flow, and SF¢ was injected into the VTE
flow as shown by the blue supply lines. Both purge and VTE
flows were seeded independently and supply concentration was
measured at various circumferential locations in each of the
plenums to ensure concentration uniformity. Tracer gas samples
were collected from the independent pressure taps in the rim seal
and cavity, as shown by the green sample lines, and Kiel probes
at the turbine inlet. Each flow sample was split to collect
simultaneous concentration measurements of both CO; and SFg
gases. Tracer gas samples were collected at sampling flow rates
that followed the methodology by Clark et al. [17] to maintain
isokinetic conditions. The use of SFs as a tracer gas was validated
in this study and will be further described in a later section.

The tracer gas CO; has been used in previous studies by the
authors and by others to quantify rim sealing effectiveness (),
which is based on a mass transfer analogy. The mass flow sealing
is characterized by taking volumetric concentration
measurements of the flow in terms of individual tracer gas
composition. Concentration effectiveness (&) is used as a proxy
for mass transfer.

Vane Trailing Edge Air Supply c_=0.2%

Plenum

Purge Flow Air Supply

Sampling
System

Mass-Flow
Controller

Carbon Dioxide Sulphur Hexafluoride
Analyzer Analyzer

Figure 4. Tracer gas (CO; and SFg) injection and sampling systems.

The conventional definition of rim sealing effectiveness
includes the purge flow seeding concentration, cg, the main gas
path concentration, c,, and the local concentration, c, at a
discrete location. This definition was used to determine rim
sealing effectiveness when a single cooling flow, such as the
purge flow, was supplied from the vane plenum and injected into
the rim seal cavity. A CO, molar concentration by volume, c,
was measured from discrete pressure taps in the rim cavity to
calculate rim sealing effectiveness. Background concentration of
CO, was measured at the vane inlet, c, using a Kiel probe
installed at the turbine entrance, as shown in Figure 3. The purge
flow supply concentration of CO,, cg, was measured within the
vane purge plenum using static pressure taps. Effectiveness
results shown throughout this study were circumferentially-
averaged for each radial location.

When VTE flow is present it will mix with the main gas path
flow before arriving at the rim seal entrance, and therefore the
conventional definition of rim sealing effectiveness does not
apply since c,, will be some combination of VTE flow and main
gas path flow. For this scenario that includes a mixed background
concentration downstream of the VTE (main gas path side of the
rim seal), the rim cooling effectiveness &.. was used as defined
in the nomenclature and [15]. Furthermore, since two secondary
cooling flows were used in this study (purge and VTE flow), the
rim cooling effectiveness was calculated for each cooling flow.
The contribution of the purge flow to rim cooling effectiveness
is designated €, and the contribution of the VTE flow to rim
cooling effectiveness is designated €..yrg as defined in the
nomenclature.

As previously mentioned, SFs was chosen to be the VTE
tracer gas for this study which has been used previously in
industry applications [18,19]. One of the advantages of using SFs
as a tracer gas is that it is a synthetic gas and therefore the
concentrations of SF¢ in the atmosphere are minimal, on the
order of 10 ppt (parts-per-trillion) [20]. The background
concentration of SFs (C, i, ) in the main gas path at the vane inlet
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were measured to be Ce i, = 0 ppm. This provides an
advantageous condition in which the test matrix and data
collection in the turbine are greatly simplified. SF¢ has a
molecular weight of 146.06 g/mol, which is considerably heavier
than air (28.97 g/mol). For this reason, seeding of the SF tracer
gas, Cg, was kept at a minimal concentration of 0.05% (500 ppm)
to prevent an increase of the air mixture molecular weight above
a 1% change which could influence natural streamlines.

Turbine Operating Conditions

The operating conditions for the present study were the same
used in previous studies by Monge-Concepcion et al. [14] and
Siroka et al. [3] and as defined by Berdanier et al. [21] in Table
1. Rim cooling effectiveness data was collected at varying purge
and VTE flow rates. Scaled flowrates, ®/®,.., are presented in
this study where @, is the cooling flow rate of purge,®yrg is the
cooling flow rate of VTE flow, and @, is the reference purge
flowrate defined as the flowrate in which the rim seal cavity is
fully purged at location B in Figure 5. For the fully purged
condition, the scaled purge flow rate, ®p/® s, equals one.

Figure 5. Tracer gas sampling locations in the rim seal including
front rim seal (location A), front rim cavity (locations B and C),
front wheelspace cavity (location D), and vane hub (location E).

Propagation of measurement uncertainty related to the test
parameters and conditions are presented in Table 2. The
uncertainty analysis was performed according to the
methodology defined by Figliola and Beasley [22]. To reduce
gas analyzer bias uncertainty, both CO, and SFs analyzers were
zeroed using Argon (Ar) gas as a zero-concentration gas. The
CO; analyzer was calibrated daily using a 1% CO; concentration
supply (gas cylinder) prior to and after testing to confirm no
significant change of the analyzer zero and span concentration
levels occurred during testing. Similarly, the SF¢ analyzer was
calibrated daily prior to and after testing using a gas calibration
bottle. Local concentration measurement precision of the tracer
gas was achieved by averaging data collected over a 30 s time
window. Measurement uncertainty ranges for €., and €..yrg
shown Table 2 correspond to the full range of purge and VTE
flowrates used in this study.

Table 1. Turbine Operating Conditions

Parameters Symbol Value
Vane Inlet Mach Number 0.1

Vane Inlet Reynolds Number Rey 1.1x10°
Blade Inlet Reynolds Number Re, 1.1x10°
Rotational Reynolds Number Reg, 4.0-9.6x10°
Density Ratio Pp/Poo 1.0-2.0

Table 2. Measurement Uncertainties

Parameters Symbol Value
Main gas path flow rate m/my.ef +0.004
Shaft rotational speed Q/ Qs +0.001
Pressures P/Peos +0.001
Temperatures T 104K
1.0 stage pressure ratio PR/PR,.¢ +0.005
Purge flow rate Mp/Myef +0.018
Purge cooling effectiveness Eccp +0.015 to £0.025
VTE cooling effectiveness €cc VTE +0.010 to £0.015

TRACER GAS SEEDING CONFIGURATIONS

Local gas concentration measurements were collected at
four radial locations in the stator-rotor interface, as shown in
Figure 5, including the rim seal (A), rim cavity (B and C),
wheelspace cavity (D), and the vane hub (E). A total of four
cooling and tracer gas configurations were used to independently
evaluate the effect of the purge flow and VTE flow.

Table 3 shows the different tracer gas and cooling flow
configurations used in this study; Figure 6 shows visual
representations of each of the cooling flow configurations. The
first two sets of studies were the baseline studies, Baseline CO,
and Baseline SFg, to establish a benchmark condition in which
the purge flow was varied but included no VTE flow. The
difference between Baseline CO, and Baseline SFs studies is the
seeding concentration and tracer gas used. In the Baseline CO»,
the CO» tracer gas is injected into the purge flow supply line at a
molar concentration of 1% (10,000 ppm), while in Baseline SFg,
the SFe tracer gas was used as purge flow tracer gas seeded at a
molar concentration of 0.05% (500 ppm). The goal of the
Baseline SF¢ configuration study was to evaluate and validate
compared to Baseline CO,. Previous authors [6,9,23,24] and
studies carried out at the START lab [8,15,17,21] have used CO»
as a tracer gas in the purge flow to quantify rim sealing and rim
cooling effectiveness. To the authors' knowledge, SF as a tracer
gas has not been used in the open literature, for which it was
imperative to first validate its suitable use.

The third flow configuration is the Low VTE configuration
similar to the baseline studies only with the constant VTE flow
ratio ®yrg/®Pef = 0.2. The fourth flow configuration, referred
to as the Nominal VTE configuration, is similar to the Low VTE
configuration. The only difference is that the VTE flow rate was
introduced at a higher flow rate ratio ®yrg/®er = 0.4.
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Table 3. Tracer Gas Seeding Configurations

Test MGP Purge Flow | VTE Flow
Configuration [Background| Tracer Level | Tracer Level

Level

(1) Baseline CO, | 0.04% CO2 | 1.0% CO; No Flow
0% SFs

(2) Baseline SFs | 0.04% CO, | 0.05% SF¢ No Flow
0% SFs

(3) Low VTE 0.04% CO; | 1.0% CO2 | 500 ppm SFs
0% SFs

(4) Nominal VTE | 0.04% CO, | 1.0% CO, | 500 ppm SFs
0% SFs

c..= 0% SF,
c.=0.04% CO,

Figure 6. CO; and SFs Seeding Configurations: (1) Baseline CO:
Configuration, (2) Baseline SFs Configuration, (3,4) Low VTE and
Nominal VTE Configurations.

BENCHMARKING THE TRACER GASES

Although the use of CO; as a tracer gas has been validated
and used successfully in the START test turbine [15,17,21,25],
the use of SF¢ as a tracer gas is novel and its use had not yet been
reported for this application. To successfully measure gas
concentrations in the rim seal cavity using SFs, a sampling
sensitivity study was necessary to prove that isokinetic sampling
could be achieved similar to the CO; tracer gas.

A benchtop pipe experiment was setup to perform sampling
sensitivity studies as shown in Figure 7, at velocities matching
the operational swirl velocities within the test turbine rim seal.
The pipe Reynolds number was Rep = 1.25 X 10° and therefore
fully turbulent flow was present in the pipe. For the
benchmarking, two sets of experiments were performed,
beginning with gas concentration samples measured at x/D =
105 to determine sampling flow rate sensitivity. In the second
experiment, gas concentration was sampled along the length of
the pipe to determine concentration development and mixing,
and if any differences existed between CO, and SF¢ as tracer
gases. Pure CO; and pure SF¢ both non-diluted (1,000,000 ppm)
were seeded through a pressure tap at the side of the pipe at a
non-dimensional distance x/D = 0.

For the first benchmarking experiment, gas concentration
measurements were acquired at various sampling flowrates at the
pipe exit x/D = 105 (assumed fully mixed) resulting in a non-
dimensional concentration equal to 1, as shown in Figure 7. The
uncertainty bars shown in Figure 7 correspond to a non-
dimensional concentration value +0.015. Results show that no
significant change was observed over the range of sampling flow

rates tested in this experiment. Overall, the results were
consistent with those from Clark et al. [17] where even in a
compressible flow, as long as the concentration is uniform, the
measured concentration was constant with sampling flow rate.
For the turbine rig experiments, a sampling flow rate of
1075 kg/s was used.

For the second benchmarking experiment, gas concentration
measurements were collected along the length of the pipe. It
should be noted that the second experiment used a different
lower injection flow rate of the tracer gases relative to the first
experiment. The lower injection rate was selected for the second
experiment in order to better illustrate that the flow mixing
process gradually levels out along the pipe length and reaches
the expected fully mixed condition at the pipe exit, which was a
selected target of 0.75. The results of the second experiment are
shown in Figure 8. Concentration measurements at the entrance
of the pipe (x/D < 20) are not shown since the tracer gas
concentration levels were above the measuring range of the gas
analyzers. Figure 8 shows that the non-dimensional
concentration was between 0.3 - 0.4 within 20 < x/D < 30.
This reduced concentration was expected since the tracer gases
were only injected from one side of the pipe and the flow was
not fully mixed in this region. Flow at a length x/D > 90 shows
that non-dimensional concentration changes less than 5%
confirming a fully mixed flow at x/D = 105. Comparison of
concentration measurements for both CO> and SFs in Figure 8
show nearly the same levels indicating similar flow development
and confirming the suitable use of SFs as a tracer gas.
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Figure 7. Benchtop experiment to validate sampling flow rate
sensitivity.
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BASELINE RIM SEALING EFFECTIVENESS

Two baseline studies, Baseline CO; and Baseline SF¢, were
conducted to benchmark the turbine operating point when purge
flow was present in the stator-rotor cavity interface but VTE flow
was not present in the turbine main annulus (®yrg/® s = 0).
For these baseline tests, both tracer gases were injected into the
purge flow during two separate experiments. Results of the
baseline studies are shown in Figure 9 as a function of the purge
mass flow rate ratio (®p/®,f). Since the purge flow is the only
source of secondary flow present in the rim seal cavity, the
conventional definition of rim sealing effectiveness applies.

Similar to previous studies [14,15], the rim sealing
effectiveness increased with increasing purge flowrate. Figure 9
shows the same effectiveness results in both cases of Baseline
CO; and Baseline SF¢ to within an uncertainty of €. = +0.025.
This similarity in rim sealing effectiveness confirms the use of
SFs as a tracer gas does not change the rim seal flowfield.
Despite the differences in the molecular weight and chemical
composition, the two tracer gas results were nominally the same.

1
0.8
0.6
Ec "
Baseline CO,
0.4l @® Baseline SF;
-O- A
-/~ B
0.2+ O ¢
- .o_ D
0 . ‘ . . ‘ : J
0 0.2 0.4 0.6 0.8 1 1.2 14
®p
q’ref

Figure 9. Baseline CO; and Baseline SF¢ rim sealing effectiveness
results at locations A, B, C, and D. Open symbols are the Baseline
CO; results and solid symbols are the Baseline SF results.

INFLUENCE OF VTE FLOW ON RIM EFFECTIVENESS

To quantify the VTE flow influence on the rim seal behavior,
two VTE flows were included: Low VTE and Nominal VTE. The
Low VTE configuration used a constant VTE mass flow rate
ratio of @yrg/ @ ef = 0.2 while the Nominal VTE configuration
used @yrp/Prer = 0.4. The tracer gas configurations used for
both studies included CO, with a molar concentration of 1% for
the purge flow, and SFs with a molar concentration of 0.05% for
the VTE flow. Rim cooling effectiveness results are presented
since the VTE flow originates from the main gas path annulus
and mixes with the main annulus inlet flow.

Figure 10 shows the purge flow rim cooling effectiveness
(gcc,p) plotted on the ordinate for the four distinct radial locations
in the rim seal cavity corresponding to the locations in Figure 5.
Baseline CO; results are shown in dashed lines with open
symbols; the Low VTE results are shown in dotted lines with
contrast-colored solid symbols; and the Nominal VTE results are
shown in solid lines with solid colored symbols.

Observation of the g, p results in Figure 10 show that at the
inboard locations in the rim seal cavity (locations B, C, and D)
the presence of VTE flow does not significantly affect or change
the influence of purge flow rate for the two VTE flow rates
considered (Low VTE and Nominal VTE). For location A, the
results of €. p show that VIE flow does affect the cooling
effectiveness measurements relative to the baseline results
without VTE flow. The data at location A indicates that as the
VTE flow increases from ®ypp/®Pes=0 to 0.4 the
effectiveness of purge flow decreases. This will be explained
when discussing effectiveness results of the VTE flow, €. yE.

Given two distinct tracer gases are used, the opportunity to
differentiate the direct influences of the purge flow versus the
VTE flow can be achieved. Comparison of €. p results between
the baseline studies and the configurations in which VTE flow is
present showed that the inboard locations (B, C, and D) were
mostly unaffected by the presence of VTE flow. The influence of
VTE flow was measured using the SF¢ concentration in the rim
cavity and wheelspace. Since SF¢ was only seeded in the VTE
flow, SF¢ is a direct measurement of VTE flow in the rim seal
and wheelspace cavities. Figure 11 shows the influence of VTE
flow presence on rim cooling effectiveness (€. yrg) for various
purge flow rates. The data show that the influence of VTE flow
presence on rim cooling effectiveness ranges from 0.0 <
€ccvre < 0.15. Results show that the presence of VTE flow
decreases as purge flow rate ratio increases regardless of location
in the rim seal cavity and VTE flow rate. This phenomenon was
also observed previously by Monge-Concepcion et al. [15] and
suggested the behavior is due to the increased pressure within the
rim seal cavity, which reduces ingestion of both the hot main
annulus flow and VTE flow.

Effectiveness results at the inboard locations (B, C, and D)
in Figure 11 show that the presence of VTE flow is lower than at
the rim seal (location A). Location A can be observed to be
receiving the most exposure of the VTE flow migrating from the
main gas path regardless of VTE flow rate. An increase of VTE
flow rate ratio from ®yrg/®Ppes = 0.2 to 0.4 was also observed
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Figure 10. Influence of purge flow on rim cooling effectiveness using CO; as a tracer gas at locations A, B, C, and D (a)-(d).

to increase the e..yrg across all radial locations and all tested
purge flow ratios. However, the location mostly affected by the
increase of VTE flowrate was location A in which €. y1g
increased from .. ytg = 0.07 to 0.15. These results indicate that
higher VTE flowrates can potentially further decrease the fluid
temperature in the rim seal cavity. Locations particularly closer
to the VTE flow origin have the most potential of benefiting from
the lower air temperatures.

Since different tracer gases were used to determine the
independent contribution of each cooling flow, a superposition
relationship between all cooling flows could be used, as was
previously shown valid by Monge-Concepcion et al. [15]. This
relationship is given in Equation (1) where rim cooling
effectiveness (g..) is a combination of the independent
contributions of purge flow (¢..p) and VTE flow (gccyTE)-
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€
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Figure 11. Influence of VTE flow on rim cooling effectiveness using
SFs as a tracer gas at locations A, B, C and D.

€cc (€

= E€cep T EccVTE

Figure 12 shows rim cooling effectiveness resulting from
the superposition of effectiveness results from Figure 10 and
Figure 11. Each of the subplots in Figure 12 shows results for the
Baseline CO,, Low VTE, and Nominal VTE configurations for
all sampling locations (similar to Figure 10). As VTE flow
increases, the total rim cooling effectiveness increases,
confirming the inherent benefit of VTE flow for cooling.
Recalling the results of g..p from Figure 10, a decrease of
effectiveness was shown at location A for purge flow rates
®p/ Do > 0.8. This decrease is due to the presence of VTE
flow at location A. As the purge flow increases for a constant
VTE flow a fraction of VTE flow migrates from the annulus into
the rim seal cavity.

The use of multiple tracer gases allowed for independent
measurements of each cooling flow present in the rim seal and
wheelspace cavities. The distribution of ingested cooling flows
and hot main annulus flow into the rim seal cavity is of great
interest to engine designers. Recall that concentration
effectiveness is a mass transfer analogy which relates the purge
mass flow (1hp) to the total egress flow from the rim seal (1h,).
Concentration effectiveness is the ratio of the purge flow in the
rim seal to the total egress flow from the rim seal cavity, .. =
mp /M.

To determine the distribution of the total rim seal flow, the
sum of all individual flows present in the rim seal region can be
taken and normalized with respect to the total egress flow as
shown in Equation (2):
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Figure 12. Rim cooling effectiveness (gcc) calculated from independent contributions of each cooling flow using superposition, as proposed [15].
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where myg is the mass fraction of ingested VTE flow into the
rim seal and rhygp is the mass fraction of main gas path flow
ingested into the rim seal. Equation (3) can be further simplified:

Wp + Wyrg + Wyep = 1 3)

The term wyp is the mass fraction of purge flow wp = £ p, while
the term wy g is the mass fraction of ingested VTE flow wyrg =
€cc,VTE-

Figure 13 shows the distribution of each individual flow
present in the rim seal (location A). The bar groupings
correspond to the Baseline, the Low VTE, and the Nominal VTE
configurations. Results show that as purge flow increases, the
fraction of the purge flow in the rim seal increases, where an
increase in purge flow pressurizes the rim seal, reducing main
gas path ingestion. Similarly, an increase in purge flow decreases
the presence of main gas path ingestion, as shown by the red
stacked bars. The presence of ingested VTE flow in the rim seal
is shown to remain mostly constant with respect to all flows
present in the rim seal.

Figure 13 also shows that as the purge flow rate on the x-
axis increases, the relative amount of ingested VTE flow, iy g,
also increases with respect to the total ingress flow, m;. This
phenomenon was previously observed by Scobie et al. [12] in
which their study showed re-ingested purge flow into the
downstream rim seal cavity increased as the purge flow rate
increased. An explanation of why wygp decreases and wyrg

remained constant when purge flow increased is related to the
VTE flow at the inner wall of the annulus within the boundary
layer (rather than main gas path flow in the case of Scobie et al.
without VTE flow). The VTE flow close to the wall does not
fully mix with the rest of the annulus flow and, as such, results
in a concentration of VTE flow that remains largely invariant as
flow exits from the VTE and makes its way into the stator-rotor
entrance. A physical explanation of this phenomenon is
discussed in the following section.

The results in Figure 13 also indicate that at purge flowrates
of ®p/®,.s > 1, where the rim seal cavity is fully sealed in the
Baseline configuration, there is still a presence of both VTE flow
and main gas path ingestion for both the Low and High VTE

Baseline Low VTE Configuration Nom. VTE Configuration
808 PurgeFlow [ Purge Flow I Purge Flow
B2 VTE Flow I VTE Flow
1 MGP EE MGP HEl MGP
1.0
b
0.8
Wp b
WVTE 0.6
WMGP r
0.4
0.2
0.0 4
028 045 056 070 0.88 100 112 125
®p
°ref

Figure 13. Mass fraction distribution of purge flow and main gas
path ingested flow in the rim seal (location A) for both the Low VTE
and Nominal VTE configurations.
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configurations. This difference between the baseline results and
the cases where VTE flow is present demonstrate that the front
rim seal is not fully sealed due to a change in the main annulus
boundary condition by the presence of the VTE flow. Although
there is still a presence of main gas path ingestion at purge
flowrates ®p/® ¢ > 1 for the configurations with VTE flow,
the detrimental effect of the main hot gas path flow is reduced by
the cooling benefit VTE flow carries into the rim seal.

In a previous study by Siroka et al. [3], they found that a
decrease in fluid temperature was observed when a nominal VTE
flowrate was present in the rim seal. This finding confirmed VTE
flow ingress has cooling potential to the rim seal. The findings
shown in Figure 13 provide engine and secondary air system
designers a better understanding of the flow distribution present
in the rim seal at varying purge flow rates. These results show
that the presence of VTE flow in the rim seal is important to the
flow physics of ingestion, which is currently not included in
empirical models. The results and analyses in this study show the
benefits of using multiple tracer gases to quantify the different
flows involved in hot gas ingestion and rim sealing. This
methodology is novel in gas turbine research and can be further
utilized in research topics aimed at quantifying distinctly
different flows.

MASS FRACTION OF INGESTED VTE FLOW

As cooling flow exits from the vane trailing edge slots, the
VTE flow mixes with the main gas path annulus flow. The
benefits of having two tracer gases are that it allows quantifying
the fraction of VTE flow relative to the main gas path flow that
gets ingested into the rim seal region, and also allows the two
cooling flows (purge and VTE flow) to be completely
distinguished from each other. This section of the paper
discusses the circumferential variation of VTE flow with respect
to the total ingress flow. A computational fluids dynamics (CFD)
model was used to qualitatively compare simulation results with
experimental results to further explain the flow physics involved
in the VTE flow ingestion process.

Circumferential Variation of VTE Ingress

Concentration effectiveness presented previously in this
document have been circumferentially averaged at each radial
location. Although this practice is consistent with previous
authors, the circumferential spatial distribution is not known.
Previous results by Clark et al. [25] have shown rim sealing
effectiveness circumferential variation at various purge
flowrates. To date, no studies have presented a variation of
circumferential ingestion of VTE flow.

The parameter ¥ was defined by Scobie et al. [12] as the
mass-fraction of egress flow from the upstream portion of the
rim seal cavity that is re-ingested into the downstream portion of
the rim seal cavity. This mass-fraction was normalized with
respect to the total ingress flow which was a mixture of re-
ingested flow and main gas path flow in the annulus. Similarly,
XvrE is the mass-fraction of ingested VTE flow (1hyg) into the
rim seal with respect to the total ingestion (1h;). To quantify xyrg

in terms of measurable effectiveness values, Equation (4) is
defined:
Yy = —SeVTE_ 4
VTE = 7 Eccn 4)
where €..yrg is the contribution of VTE flow to rim cooling
effectiveness and €. p is the contribution of purge flow to rim
cooling effectiveness. The term, 1 — €..p, corresponds to the
total ingestion flow into the rim seal cavity.

Circumferential variation of VTE ingestion was studied at
three pitch locations as shown in Figure 14. The pitch location
0s was defined by the intersection between the vane exit metal
angle and the downstream vane platform. A full pitch, s, was
defined as the circumferential distance between two vane trailing
edges. The circumferential pitch positions at which experimental
data were collected represent Os, 0.5s, and 0.7s at location A in
the front rim seal (reference Figure 5).

Main Gas Path Inlet Flow

0.5s 0.7s s

Figure 14. Circumferential pitch locations of gas sampling taps in
the rim seal at location A.

The circumferential variation of ingested VTE flow was
quantified in terms of mass fraction (xyrg) and plotted in Figure
15 using Low and Nominal VTE flow. As purge flow increases,
XvtE also increases across all pitch locations at the front rim seal.
The portion of ingested VTE flow (rhyrg) also increases as purge
flow increases, such that the total ingested flow contains less
main gas path fluid (tiyygp). Further observation of results in the
Nominal VTE configuration shows that xyrp decreases as
pitchwise location increases away from the discrete trailing edge
injection location.

These findings show that the discrete injection of VTE flow
from the airfoils also creates non-uniform circumferential
variations in the rim seal, which confirms that VTE flow is not
fully mixed in the front rim seal. As the cooling flow exits the
vane trailing edge slots, the VTE flow is mostly a low-
momentum jet in comparison to the main gas path flow. The VTE
flow closest to the hub endwall is entrained within the wall
boundary layer where it partially mixes with the main gas path
flow and is ingested into the rim seal at localized pitch locations.

Overall results in Figure 15 show mostly constant values of
Xvre are reported at purge flow rates ®p/®P,¢ < 0.6, which
correspond to purge flow rates below the region of inflection in
the rim sealing effectiveness curves, as shown at location A in
Figure 9 and Figure 10. The constant fraction of ingested VTE
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flow in this purge flow regime is a result of slow influential
growth of purge flow effectiveness (g, p), as shown in Figure 9
and Figure 13. At the purge flow rates above the inflection
region, ®@p/ P ¢ > 0.6, Xy increases at a higher rate than at
lower purge flows. This rapid increase in Xy is also observed
in Figure 13 for ®p/® ¢ > 0.6 where there is a significant
reduction of the ingested hot main annulus flow present in the
front rim seal (red bars in Figure 13) due to a rapid increase of
€ccyTE at location A past the effectiveness inflection region, as
shown in Figure 10a.

1.0 " y
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08l @® Nom.VTE
—&— 0.08
—A— 0.58
06 | —m— 0.75
XVTE
0.4r
0.2r
0.0 - - : - - - ]
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
®p
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Figure 15. Calculated yvrr with respect to purge mass flow ratio at
three circumferential locations, as indicated in Figure 14.

Comparison of results in Figure 15 shows that higher values
of xyrg are observed in the Nominal VTE configuration when
compared to the Low VTE configuration. These findings are
consistent with results shown in Figure 13 where the lower VTE
flowrates contribute to less presence of VTE flow in the front rim
seal. A particular result in Figure 15 that is contrary to the
Nominal VTE configuration are the pitch 0.0s and 0.5s results in
the Low VTE configuration. Notice that the xyrg results at 0.5s
pitch are higher than those observed at 0.0s for the Low VTE
configuration. A reduction of VTE flow implies a reduction of
the momentum in the VTE flow jet. This reduction of the VTE
flow results in a stronger flow turning towards the
circumferential direction of the rotating turbine blades as axial
momentum of the VTE flow is reduced.

CFD Model of VTE Flow Ingestion

To further understand the effect of VTE flow ingestion, an
unsteady Reynolds-Averaged Navier-Stokes (URANS) model
was interrogated. The CFD model used represents the full turbine
stage in the experimental rig and captures the flow interactions
of the main gas path flow with rim seal cavity flows. The
computational domain is a quarter-wheel circumferential sector
of the turbine stage. The turbine stage geometry was meshed
using a commercial software [26] and then exported to
commercial CFD code [27]. The turbulence model used was a k-
o shear transport (SST) model. Details of the meshing process,

mesh quality, grid independence study, turbulence model setting
are described in further detail by Robak et al. [28].

Figure 16 shows contour plots of the vane inner wall of (a)
coefficient of pressure and (b) VTE flow contribution to rim
cooling effectiveness. Both plots correspond to a non-
dimensional purge flowrate of ®p/®..s= 0.7 and a non-
dimensional VTE flowrate ®y1g/® s = 0.4. The coefficient of
pressure (C,) presented in Figure 16(a) was normalized by purge
plenum density (p) and reference pressure (P.of) was taken at
location A in Figure 5. Rim cooling effectiveness results of VTE
flow (£ yrE) varies from 0 to 1 where 0 corresponds to no VTE
flow present and 1 corresponds to all flow present is from the
VTE flow. The line labeled “platform” marks the end wall where
the stator wall is located in the rim seal cavity. The platform line
marks the entrance to the front rim seal.

(a) Vanes
B —
+ = + —

x-axis

Vane Platform TE

© WD P DD AN OO D
¥ oY Q" & & I\ A q
7 97 87 87 97 o™ oF o7 oY oY o

2 h A

A
n

CP
(b)
Vanes
C Vane Platform TE ¥-axis
ORI I PR S I IR

L n L :l

Eccvte

- ‘

Figure 16. Vane inner wall showing vane trailing edge. Contours
shown correspond to (a) coefficient of pressure and (b) VTE flow
rim cooling effectiveness.

An increase in static pressure is shown by the red spots in
the vane trailing edge as shown Figure 16(a) as flow exits the
VTE. Coefficient of pressure contours in Figure 16(a) show a
wide region of negative coefficient of pressure along the suction
side of the vane. In this region of negative coefficient of pressure,
ingress is caused by the entrainment of the VTE flow into the
front rim seal as shown by the negative symbol in Figure 16(a).
The opposite occurs in the regions of positive coefficient of
pressure, where egress occurs. Observation of results in Figure
16(b) shows the VTE flow exiting the vane trailing edge outlet
is mostly localized. This jet remains concentrated past the vane
platform after which the VTE flow fully mixes with the annulus
flow. Figure 16(b) strongly suggests VTE flow in the annulus is
mostly localized and does not fully mix at the VTE outlet.
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Axial cross-sectional planes were taken from the
computational predictions to observe the flow vectors at two
distinct pitches. Figure 17 shows contours of the VTE rim
cooling effectiveness (€. yrg) in vane hub, front rim seal, and
rim seal cavity with flowfield velocity vectors overlaid. The
vectors were projected into the axial cut plane and included to
visualize flow migration from the turbine annulus into the rim
seal. The two vane pitches plotted in Figure 17 are shown to
correspond to (a) Os and (b) 0.5s. Figure 17 shows that VTE flow
is mostly entrained in the inner annulus wall which suggests that
VTE flow is primarily carried by the inner wall boundary layer.
Consistent with previous results, the VTE flow at the edge of the
vane hub and vane platform varies with circumferential location.
At pitch Os (Figure 17(a)), the presence of VTE flow at the inner
hub is more significant when compared to results in a pitch of
0.5s (Figure 17(b)). The results in the inner hub wall suggest that
there is variation of VTE flow in the main gas path.

(a) Pitch = 0s (b) Pitch = 0.5s
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Figure 17. CFD simulation results of VTE ingestion into the front
rim seal and the rim seal cavity at pitch locations (a) 0Os and (b) 0.5s.

Flow vectors in Figure 17 were included to visualize flow
migration in the rim seal and rim seal cavities. At pitch Os, a
strong recirculation zone occurs in the blade platform at the
entrance of the front rim seal when compared to CFD results at
pitch 0.5s. VTE flow in this recirculation zone mixes with main
gas path flow and the concentration of VTE flow decreases. The
recirculation zone in the blade platform was previously reported
by Gibson et al. [29]. Results for pitch Os show the ingestion of
VTE flow into the front rim seal. Both pitch locations show that
the highest concentration of VTE flow is along the stator wall.
This is consistent to predictions of ingress by Owen [2] where

ingestion from main gas path, which potentially includes VTE
flow, occurs along the stator wall. Furthermore, vectors also
confirm egress along the disk wall and flow egresses the rim seal
due to flow being pumped out (disk pumping) of the rim seal
cavity. The axial cut corresponding to pitch Os cuts close to the
center of the purge hole at radial location C, as shown in Figure
17(a). As flow exits the purge hole, the flow splits into two
recirculation zones. The top zone flow is shown to be pumped
out by the disk; for the bottom zone, the flow is shown to be
pulled toward the knife-edge seal which leads to the front
wheelspace cavity (location D in Figure 5).

One discrepancy between the experiments and the
computational predictions is that the CFD under predicts the
magnitude of the VTE flow ingestion into the front rim seal and
rim seal cavity. The .. yrg CFD results in the front rim seal are
in a range of €., yrg < 0.1 compared to the experimental results
in the front rim seal of 0.11 < €., ytg < 0.15 as shown in Figure
11. Under predicting the VTE ingestion is consistent with
previous CFD results reported by Robak et al. [28] in which the
URANS model tends to over predict rim sealing effectiveness
and under predicts hot gas ingestion into the rim seal. For the
cases presented in this paper, where VTE flow is present, VTE
flow ingestion in the CFD model is under predicted and €. yrg
in the front rim seal is around 0.04. Furthermore, comparison of
results between the two pitches show that circumferential
variation of VTE ingestion is predicted. Results shown in Figure
17 show that as VTE flow is ingested into the rim seal, it mostly
mixes with therest of the hot gas ingestion. As the flow continues
into the rim seal cavity, it is already mostly mixed out which is a
challenge for predicting especially in this area of a turbine
because of the turbulent energy dissipation model in locations
where there is a dramatic change in Mach numbers between
annulus flow and rim seal flow [28,30,31].

CONCLUSIONS

A comprehensive study was performed to evaluate the effect
of VTE flow on rim cooling effectiveness using a one-stage
turbine rig operated with engine-realistic geometries at engine-
relevant conditions. Rim cooling effectiveness was studied using
CO; and SF¢ as tracer gases for the turbine cooling flows
including purge flow and VTE flow. The SFs was benchmarked
in a series of experiments outside of the turbine rig to
characterize the SFs gas and validate its use as a flow tracer. The
benchtop experiments confirmed the suitable use of SFe as a
tracer gas in which it performed similarly to the conventional
CO; tracer gas. Baseline studies of rim sealing effectiveness
were then performed in the turbine using only purge flow seeded
with CO; and SFs in two separate tests. The baseline test results
confirmed that the two different tracer gases yielded the same
turbine rim sealing performance. The use of SFs as a tracer gas
offers a new opportunity for reduced uncertainty relative to
conventional CO; concentration measurements.

A method was defined to determine the composition of the
flow present in the rim seal for two VTE flow conditions over a
range of purge flow rates. Results of this method showed that as
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purge flow rate increased, the rim cooling effectiveness
increased and the mass-fraction of ingested VTE flow also
increased. This method revealed a full profile of the different
cooling flows and hot main gas path flow in the rim seal cavity
for the first time in open literature. Results showed that at the
highest purge flow rates, which were considered to be fully
sealed rim cavity conditions in the baseline configurations,
ingestion of main gas path flow and VTE flow still occurs in the
front rim seal. The fraction of ingested VTE flow can provide
beneficial cooling to the front rim seal and rim seal cavities.

A CFD model was used to study the flow physics associated
with the VTE ingestion process and validate experimental
results. Computational results in the main annulus at the inner
wall show that the VTE flow is mostly constrained to jets
spanning from the VTE outlets. Concentration of VTE flow in
the turbine main annulus were shown to vary circumferentially
and were validated by experimental inner vane wall results in the
turbine rig. The model was able to validate that VTE flow
migration occurs from the main gas path into the front rim seal
but the magnitude of the VTE flow ingestion was under predicted
by the model. Similarly, the circumferential non-uniformities of
the VTE flow ingestion at the front rim seal location were not
captured by the CFD model. Instead the CFD predicted a more
mixed out combination of the ingested VTE flow and hot main
gas path flow as the combined flow migrated into the rim seal.

The migration of VTE flow from the main gas path and into
the rim seal shows that there can be a positive cooling potential
to the turbine under platform region. The VTE flow migration is
currently not included in hot gas ingestion models for which the
current study points to the need for further studies. Accurate hot
gas ingestion models are needed to account for all turbine
cooling effects to further improve turbine efficiencies and more
accurately account for component life. A reduction in the use of
the secondary airflow system, which includes the purge and VTE
flows, can potentially lead to improvements in engine
efficiencies and further increase propulsion work output.
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