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ABSTRACT 

Modern gas turbine development continues to move toward increased overall efficiency, driven 

in part by higher firing temperatures that point to a need for more cooling air to prevent 

catastrophic component failure. However, using additional cooling flow bled from the upstream 

compressor causes a corresponding detriment to overall efficiency. A primary candidate for 

cooling flow optimization is purge flow, which contributes to sealing the stator-rotor cavity and 

prevents ingestion of hot main gas path flow into the wheelspace. Previous research has identified 

that the external main gas path flow physics play a significant role in driving rim seal ingestion. 

However, the potential impact of other cooling flow features on ingestion behavior, such as vane 

trailing edge (VTE) flow, is absent in the open literature. This paper presents experimental 

measurements of rim cavity cooling effectiveness collected from a one-stage turbine operating at 

engine-representative Reynolds and Mach numbers. Carbon dioxide (CO2) was used as a tracer 

gas in both the purge flow and vane trailing edge flow to investigate flow migration into and out 

of the wheelspace. Results show that the vane trailing edge flow does in fact migrate into the rim 

seal and that there is a superposition relationship between individual cooling flow contributions. 

CFD simulations using Unsteady Reynolds-Averaged Navier-Stokes (URANS) were used to 

confirm VTE flow ingestion into the rim seal cavity. Radial and circumferential traverse surveys 

were performed to quantify cooling flow radial migration through the main gas path with and 

without vane trailing edge flow. The surveys confirmed that vane trailing edge flow is entrained 

into the wheelspace as purge flow is reduced. Local CO2 measurements also confirmed the 

presence of VTE flow deep in the wheelspace cavity. Acc
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INTRODUCTION 

Modern gas turbine operation requires that a fraction of the compressor air is bled to provide 

dedicated flow to cool critical turbine components. These components are subjected to high 

temperatures and thermal stresses that result in reduced life if not appropriately cooled. The 

wheelspace cavity is the region located inboard of the main gas path between the rotating disk and 

the adjacent stationary hardware. This region is subjected to high temperatures due to the continual 

ingestion of hot gases from the main gas path. To protect the wheelspace, overlapping clearances 

called rim seals are used to create complex geometries to prevent hot gas ingestion. Although these 

overlapping clearances can provide some protection from the hot main gas path, it is typically not 

enough to fully protect the wheelspace. To further protect this region, flow is bled from the 

compressor and discharged into the wheelspace cavity to keep the cavity purged from hot gas 

ingestion. 

This purge flow is critical to prevent excessive temperatures in the engine’s wheelspace which 

could cause catastrophic engine failure. This flow is increasingly important to gas turbine 

designers as combustor exit temperatures continue to increase. The purge flow required to fully 

protect the wheelspace must be enough to prevent hot gas ingestion while at the same time 

minimize the compressor bled air and the corresponding reduction in gas turbine efficiency. 

Researchers have developed ingestion empirical models as well as experimental rigs to validate 

such models and study turbine rim sealing flow physics. Although there is a general understanding 

of the physics within simple rim seal geometries, the fluid mechanics associated with more 

complex geometries and flow conditions in operating gas turbines are not fully understood. For 

example, the effect of vane trailing edge flow on ingestion and cooling performance has not been 
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studied in the open literature. Vane trailing edge (VTE) flow is used to cool down the trailing edge 

of the vane airfoils and also improves aerodynamic performance. 

This paper presents a unique study conducted using a turbine test facility with actual engine 

hardware to investigate the effect of VTE flow on rim cavity cooling effectiveness. It was 

hypothesized that a change in the main gas path external boundary conditions by adding vane 

trailing edge flow leads to a change in rim cavity cooling performance. Various purge and VTE 

cooling flow conditions as well as CO2 seeding configurations were used to study the individual 

contributions of each cooling flow in the wheelspace cavity. In addition, surveys in the main gas 

path were conducted downstream of the one stage turbine to track the radial migration of the purge 

and VTE flows. By combining rim cavity cooling effectiveness results from the wheelspace as 

well as CO2 cooling concentration surveys in the main gas path, the additional cooling benefits of 

the vane trailing edge flow were quantified. A computational study, using URANS modeling, was 

also performed to determine both the presence of VTE flow and to identify major fluid structures 

in the rim cavity region. 

 

LITERATURE REVIEW 

Protecting the wheelspace and the rotating disk is key in preventing catastrophic engine failure. 

Complex rim seal geometries have been developed to prevent hot gas ingestion into the vulnerable 

wheelspace cavity. Although extensive research has been performed over decades, only a few 

empirical models are available to engine designers to predict the purge flow required to minimize 

hot gas ingestion into the wheelspace.  

Reviews performed by Scobie et al. [1] and Johnson et al. [2] outline previous research on 

ingestion mechanisms in the rim seal. The most important flow mechanisms described include 
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rotationally-induced effects driven by disk pumping, and externally-induced effects due to 

pressure asymmetries in the main gas path annulus. The pressure asymmetries are caused by the 

vane exit potential field that varies from the vane suction-side to the vane pressure-side, and by 

the rotating blade pressure field that varies from the blade stagnation location to the flow passage. 

Regions in the main gas path annulus at the vane exit that exhibit relatively high pressure drive the 

ingress flow towards regions of relatively low pressure in the wheelspace. Similarly, for regions 

in the main gas path annulus that exhibit relatively low pressure, egress flow occurs from the 

wheelspace. As previously discussed, no definitive literature exists that discusses the specific 

effect that the VTE flow has on rim seal ingestion behavior; however, relevant literature on rim 

seal ingestion mechanisms will be summarized in this section. 

Initial experiments carried out by Bayley and Owen [3] used simplified geometries for 

shrouded and unshrouded disks. The authors were able to study egress and ingress mechanisms as 

well as draw correlations on the minimum flow rate required to fully purge the wheelspace cavity. 

Phadke and Owen [4–6] wrote a three-part paper on rim sealing aerodynamics that describes the 

physics of rotationally-induced and externally-induced ingestion using simplified geometries 

without airfoils. The authors found that double-shrouded radial clearance seals provide more 

advantages in preventing ingestion compared to other rim sealing geometries. 

Empirical models have been developed based on studies using simplified disk geometries. One 

of the most widely used models was developed and described by Owen [7] as an orifice model. 

The orifice model consists of treating rim sealing as two orifices in which part of the flow ingresses 

and another part of the flow egresses the rim seal region. Their paper describes and derives the 

orifice equations in which the viscous effects are negligible when compared to the inertial effects. 

The orifice model quantifies rim sealing effectiveness as a non-dimensional discharge coefficient. 
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Owen et al. [8] later used computational fluid dynamics (CFD) analyses to test and confirm 

that externally induced ingestion is mainly due to the magnitude of the peak-to-trough 

circumferential difference of pressure in the turbine annulus. Their results agreed with Owen’s 

previous studies on externally induced ingestion. It should be noted that most public literature lists 

externally-induced ingestion as the most important mode of ingestion and as such has received 

much attention. 

Sangan et al. [9] carried out experiments using vanes and symmetric NACA 0018 blade airfoils 

to study externally-induced modes of ingestion in engine-representative geometries. The 

experimental data suggests that using the simple orifice model by Owen, it was possible to predict 

the minimum purge flow required to fully seal the wheelspace cavity. The data also illustrates it 

can be correlated using a non-dimensional sealing parameter, Φ!. 

Using the continuous-duration turbine test facility described by Barringer et al. [10] several 

studies were conducted on rim sealing using engine-realistic geometries at engine-relevant 

conditions in both rotational and axial Reynolds numbers, as well as Mach numbers. Experiments 

performed by Clark et al. [11] evaluated two vane purge flow configurations including 150 and 32 

purge delivery holes, over a range of purge mass flow rates. The authors found that previous 

empirical models developed by Owen can both under- and over-predict rim sealing effectiveness 

for realistic rim seal geometries. Clark et al. [12] found that Owen’s orifice model was able to 

predict rim sealing effectiveness in the outer rim seal, but it was unable to accurately predict 

sealing effectiveness in the region of the purge flow injection holes. Berdanier et al. [13] compared 

sealing effectiveness for part-span turbine airfoils and full-span turbine airfoils at engine-relevant 

conditions. Results showed that previous experiments were scalable between different span heights 

if the minimum required purge flow rate to fully seal the wheelspace cavity, Φ"#$, is known. The 
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authors also found an inflection in the rim sealing effectiveness behavior at the rim seal location 

in both engine spans. This inflection has also been reported by other authors in previous studies 

[14-17]. 

Scobie et al. [18] studied ingress and egress in a 1.5-stage turbine test rig and quantified the 

egress flow from the upstream wheelspace cavity that is ingested into the downstream wheelspace 

cavity. In their study, the authors used effectiveness measurements and radial traverses upstream 

and downstream of the turbine blade to study the effects of cooling flow being “carried-over” into 

the following wheelspace cavity by re-ingestion. The authors found that the upstream purge does 

not disturb the fluid dynamics significantly and instead partially mixes with the annulus flow near 

the downstream seal. Finally, the authors observed that flow carried over from an upstream rim 

seal to a downstream seal could significantly reduce the adverse effect of ingress in the 

downstream wheelspace. 

Horwood et al. [19] used CO2 as a tracer gas to study cooling flow migration in the annulus 

with radial traverses between the stator and rotating blades as well as aft of the rotating blades. 

The authors used CFD as well as rig experiments to study cooling flow migration and structures. 

They observed that cooling flow coming from a completely purged cavity is entrained into the 

passage vortex on the suction side of the blade. 

The goal of the research presented in this paper is to assess main gas path ingestion behavior 

and rim cavity cooling performance in the presence of both purge and vane trailing edge cooling 

flows using engine-representative geometries at engine-relevant conditions. Although there have 

been many studies on the performance of purge flows in the wheelspace cavity and the 

aerodynamic effects of vane trailing edge flow [20, 21], a public study on ingestion and rim cavity 

cooling performance in which both cooling flows are present together has not been completed. 
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EXPERIMENTAL METHODS 

Experiments presented in this paper were performed in the test turbine located at The 

Pennsylvania State University’s Steady Thermal Aero Research Turbine (START) Lab. The 

START Lab includes a continuous, steady-state turbine rig that operates with engine-

representative hardware at engine-relevant Reynolds and Mach numbers. The facility was 

designed to study and improve upon engine cooling technologies that will be used in future gas 

turbines, improve relevant instrumentation, and implement additive manufacturing solutions. 

Figure 1 illustrates a summary of the facility’s major equipment as well as recent upgrades. 

Two industrial compressors powered by dedicated 1.1 MW (1500 hp) motors supply the facility 

with compressed air for both the main gas path (MGP) and the secondary cooling air paths. Each 

of the compressors has an air flow discharge capacity of 480 kPa and 395 K (70 psi and 250°F) 

that results in a total turbine airflow capability of 11.4 kg/s (25 lbm/s). The secondary cooling air 

is thermally conditioned by a chiller to temperatures as low as 273 K (32°F) and subsequently 

flows to multiple independently controlled and metered air flow lines. The compressed air flowing 

into the main gas path is heated to the testing condition using a 3.5 MW in-line natural gas heater. 

This capability provides enough heating to raise the air temperature from 395 K up to 672 K 

(250°F to 750°F). Details of the facility design and recent expansion have been described by 

Barringer et al. [10] and Berdanier et al. [13].  

Figure 2 shows a summary of the secondary cooling air paths, main gas path, and wheelspace 

locations. The secondary cooling air system consists of three independently controlled air flow 

paths. The system delivers cooling supply air to the (a) purge flow plenum located in the inner 

cavity of the first vane, (f) vane trailing edge flow plenum located in the outer annulus above the 

first vane, and (h) tangential on-board injection (TOBI) flow. The purge flow provides the 
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wheelspace and rim cavity regions with a constant supply of cooling flow through 150 equally 

spaced holes in the circumferential direction. It should be noted that although TOBI flow capability 

was built into the design of the test facility, TOBI flow was not used in this study. The inner and 

outer vane plenum cavities were sealed and isolated from one another. Vane trailing edge flow 

spans radially from the vane hub to vane tip.  

 

Facility Instrumentation and Circumferential Traverse 

For the current study, four additively manufactured vanes, produced using direct metal laser 

sintering (DMLS) nickel alloy, were included in the vane ring assembly since the manufacturing 

method provided the ability to spatially position pressure taps at precise locations in the main gas 

path, rim seal region, and rim cavity region. The manufacturing method also allowed integrated 

internal routing tubes to connect the pressure taps to pressure transducers and CO2 gas analyzers 

using Teflon tubing. The four vanes were spaced in the vane ring assembly with two vanes in each 

opposing side of the vane ring. Engine-run vanes were used alongside the additively manufactured 

vanes. The film cooling holes in the engine-run vanes were sealed closed using epoxy and only 

the vane trailing edge holes were left open to provide the correct aerodynamic boundary condition 

between the vanes and blades. 

Figure 3 shows the turbine instrumentation and measurement locations used throughout this 

study. Single element Kiel pressure probes measured inlet pressure and background main gas path 

CO2 concentration entering the turbine, which was important because the inline heater combustion 

process contributed to the background CO2 level. Static pressure taps were also used in the inner 

and outer diameter plenums of the first stage vane to measure the purge flow and VTE flow 

pressures and CO2 concentrations. Temperature probes were also located in both plenums. A series 
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of pressure taps were included in the additively manufactured (AM) vanes. The taps were located 

in both the radial and circumferential directions which allows for pressure and CO2 sampling in 

the rim seal, rim cavity, and wheelspace cavity. 

For the current study, a traverse system capable of moving both circumferentially and radially 

was installed at the turbine outlet to map radial migration of the coolant flows in the main gas path. 

The circumferential traverse had the capability of moving a total of 2.3 vane pitches and was 

installed 5.6 axial blade chords downstream of the blade’s trailing edge. The radial traverse system 

was designed to move probes through the full radial span of the main gas path annulus. For this 

particular study, the radial traverse was configured to limit movement from 5% to 100% radial 

span. This span limitation was used to accommodate the head of the Kiel probe to prevent 

accidental contact at the inner turbine wall. To measure the coolant flow migration, CO2 

concentration levels were measured using a 1.6 mm (0.063 in) diameter Kiel probe. 

 

CO2 Tracer Gas Concentration 

To study main gas path ingestion into the rim seal and cooling flow radial migration, CO2 

tracer gas was injected into the secondary cooling flow supply paths. Conventional rim sealing 

effectiveness, ε, is a mass transfer based analysis that evaluates how effective a seal design is in 

preventing main gas path flow ingestion into the rim seal for varying amounts of cavity cooling 

purge flow. The CO2 gas is typically injected at a small mass fraction (1%) of the total cooling 

flow and is used as a gas tracer to determine where and how much cooling flow makes its way to 

a certain location in the wheelspace.   

The CO2 gas is used as a proxy for mass transfer, and gas concentration measurements are 

therefore used to determine sealing concentration effectiveness (ε%). The conventional definition 
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of rim sealing effectiveness and sealing concentration effectiveness takes into account the 

wheelspace cooling flow source concentration level, c&, and the main gas path concentration level, 

c', at the rim seal entrance. When the vane trailing edge cooling flow is introduced and is also 

seeded with CO2 at a level different than c', the local main gas path concentration level at the rim 

seal entrance is affected. The VTE flow locally partially mixes with the background main gas path 

flow. By the time this mixed flow reaches the rim seal entrance, if the VTE flow is seeded with 

CO2 at a level different than c', the conventional definition of rim sealing has been affected. 

Therefore, to continue using the conventional definition of rim sealing concentration effectiveness 

the locally mixed background concentration value is needed at the rim seal entrance. This locally 

mixed value however is not known, is not constant in the radial and circumferential directions, and 

the amount of the VTE flow that is ingested is unknown.  

For this purpose, a new parameter is presented called rim cavity cooling effectiveness (ε%%). 

The rim cavity cooling effectiveness is given by Equation (1). This cooling effectiveness level will 

vary between the range of zero and one, in which a value of zero corresponds to the main gas path 

flow condition at the turbine inlet and a value of one corresponds to the cooling flow source 

condition.  

 ε%% =	
c − c',#$
c& − c',#$

 
(1) 

To calculate the rim cavity cooling effectiveness, a CO2 molar concentration by volume 

measurement, c, is measured from one of the discrete pressure taps or Kiel pressure probe. Main 

gas path background at the turbine inlet, c',#$, and cooling air supply, c&, concentrations were also 

obtained from pressure taps in the vane plenums as well as with a Kiel pressure probe at the turbine 

inlet. Rim cavity cooling effectiveness must not be confused with the conventional definition of 
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rim sealing effectiveness, ε%. Rim cavity cooling effectiveness takes into account the cooling 

source purge flow that originates from within the wheelspace as well as the cooling source VTE 

flow that originates from the main gas path, whereas conventional rim sealing effectiveness 

includes only the cooling source flow from the wheelspace. The CO2 concentration of the air 

exiting the heater and thus entering the turbine was also required since the combustion process 

increased the amount of CO2 levels in the main gas path flow to nearly 5 times higher than the 

ambient atmospheric CO2.  

The CO2 gas was injected into the secondary air flow lines as shown in Figure 4. Both the vane 

purge and vane trailing edge flows were seeded independently with varying CO2 levels, the level 

of which depended on the flow configuration that was studied. The CO2 samples are extracted 

from the turbine test section following the validation method outlined by Clark et al. [22]. 

Sampling is performed by extracting flow so that the extraction rate maintains an “iso-kinetic” 

condition. 

 

Turbine Operating Point 

The data presented in this paper constitutes data gathered from a single-stage full-span turbine 

that includes vane under platform purge flow as well as vane trailing edge flow. This study presents 

local cooling flow concentration versus scaled cooling flow rates, Φ Φ)*+⁄ , where Φ is the cooling 

flow rate of purge or VTE flow and Φ)*+ is the reference flow rate defined as the purge flow rate 

at which the front rim cavity was fully sealed in the Baseline configuration at Location B in 

Figure 5. By definition, for a fully sealed front rim cavity (ε% = 1), the scaled purge flow rate 

Φ, Φ)*+⁄  equals to one. All flow rates, pressures, and temperatures were held constant with relative 
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variations of less than 0.7% operating continuously within a span of several hours. Other related 

conditions are defined in Table 1. 

Uncertainties for related test parameters are included in Table 2. The reference conditions in 

Table 1 are the maximum capability of the turbine facility described by Berdanier et al. [13]. The 

uncertainty analysis was performed according to the method of Figliola and Beasley [23] and the 

values reported include both the bias and precision uncertainties for each measurement. Gas 

analyzer bias uncertainty was reduced by calibrating the gas analyzer with a 0% CO2 concentration 

bottle and a 1% CO2 concentration bottle. CO2 concentration precision was minimized by 

averaging CO2 data collected over a 20-second time window. Repeatability of CO2 concentration 

measurements was within ε% = ±0.015. 

 

Rim Seal Test Locations and CO2 Seeding Configurations 

Rim seal testing was conducted at the four radial locations in the stator-rotor interface shown 

in Figure 5. These locations include the front rim seal (Location A), outer front rim cavity 

(Location B), inner front rim cavity (Location C) and the front wheelspace cavity (Location D). 

To systematically evaluate the effect of VTE flow on rim cooling performance, a series of 

controlled CO2 seeding configurations was developed. Figure 6 shows a visual representation of 

the seven configurations. This methodology required independent injection of the CO2 tracer gas 

into each of the two cooling flow paths so that the cooling flow CO2 level could be matched to the 

main gas path CO2 level for certain cases. The first of seven configurations shown in Table 3 

represents a Baseline configuration in which only the main gas path flow and purge flow were 

present. The Baseline configuration included the main gas path flow at the background 0.2% CO2 

level and the rim cavity purge flow at an elevated 1.0% CO2 level and no VTE flow. The Baseline 
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configuration was used to study rim sealing effectiveness for purge mass flow rates varying from 

Φ, Φ)*+⁄ = 0.1 to 1.33. 

The second CO2 seeding configuration referred to as the Purge configuration is similar to the 

Baseline configuration with the difference being that VTE flow is turned on at a constant mass 

flow ratio of Φ-./ Φ)*+⁄ = 0.4 and the CO2 concentration is matched to the main gas path flow 

(c',#$). The objective for the Purge configuration was to establish the effect that the VTE flow has 

on the rim seal since the VTE flow sets up an engine relevant boundary condition. Because the 

Purge configuration has the VTE flow with a CO2 concentration matched to that of the main gas 

path, thereby making the VTE flow indistinguishable from the main gas flow, any changes to the 

rim cavity cooling effectiveness levels are a result of the change in the external boundary condition 

and/or a result from any VTE flow entering the rim seal area since the CO2 level is low. 

The third CO2 seeding configuration referred to as the Purge+VTE also includes VTE flow at 

a mass flow ratio of Φ-./ Φ)*+⁄ = 0.4 but with the difference being that the VTE CO2 

concentration level is matched to that of the purge flow (c&). The objective of this particular 

configuration was to evaluate the combined cooling effect of purge and VTE flow in the 

wheelspace cavity. 

The fourth and fifth CO2 seeding configurations, referred to as VTE1 and VTE2, included 

background CO2 levels for the purge flow with an elevated CO2 level for the VTE flow. The 

objective for the VTE1 and VTE2 configurations was to quantify the sole influence of VTE flow 

in the wheelspace cavity. By having the purge flow “invisible”, since it is matched to the main gas 

path CO2 level (c',#$), any significant CO2 levels in the rim seal result from the VTE flow. The 

difference between the VTE1 and VTE2 configurations was the mass flow ratios used. The VTE1 

configuration operated at the same purge and VTE mass flow rates as the Purge and Purge+VTE 
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configurations. The VTE2 configuration held the purge mass flow rate constant at Φ, Φ)*+⁄ = 0.4 

while the VTE mass flow rate was varied from Φ-./ Φ)*+⁄ = 0.1 to 0.7. 

The sixth CO2 seeding configuration referred to as VTEMigration includes VTE and purge 

flow rates seeded at the elevated 1% CO2 level. The VTEMigration studies purge flow at a constant 

mass flow ratio of Φ, Φ)*+⁄ = 1.2, which corresponds to a fully purged cavity (ε% = 1), while the 

VTE mass flow varies from Φ-./ Φ)*+⁄ = 0.0 to 0.7. The objective of this configuration was to 

evaluate the VTE flow migration in the main gas path for a fully purged cavity condition. 

The seventh CO2 configuration referred to as PurgeMigration also includes VTE and purge 

flows seeded at the elevated 1% CO2 level. Contrary to VTEMigration, PurgeMigration flows 

VTE at a constant mass flow ratio of Φ-./ Φ)*+⁄ = 0.4 while varying the purge mass flow ratio 

from Φ, Φ)*+⁄ = 0.3 to 1.2. The objective of this configuration was to study the flow migration 

of the purge flow for a nominal VTE mass flow rate. 

 

RIM COOLING EFFECTIVENESS RESULTS 

The Baseline study was performed to benchmark the turbine at the operating point with only 

vane purge flow (no VTE flow) and the results are shown in Figure 7. In the Baseline study, rim 

sealing effectiveness data is presented since one cooling flow source, purge flow, is present and 

the conventional definition of rim sealing effectiveness applies. The current results were found to 

be consistent with those previously published by Berdanier et al. [13]. For each wheelspace radial 

location, there are various pressure taps on the stator side. Data shown in Figure 7, and subsequent 

figures, were plotted by arithmetically averaging the concentration measurements in all pressure 

taps for a particular radial location at a specified purge and/or VTE flow rate. 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Turbomachinery. Received January 21, 2020;
Accepted manuscript posted March 20, 2020. doi:10.1115/1.4047611
Copyright © 2020 by ASME

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/turbom

achinery/article-pdf/doi/10.1115/1.4047611/6544773/turbo-20-1023.pdf by The Pennsylvania State U
niversity user on 08 July 2020



Journal of Turbomachinery 

TURBO-20-1023 Monge-Concepción 16 

Rim sealing effectiveness was found to increase with increasing purge mass flow rate. As 

expected, rim sealing effectiveness levels are higher at locations deeper in the cavity (Locations 

B, C and D). It can also be observed that these locations achieve a fully purged condition at lower 

purge flow rates compared to the front rim seal (Location A). The data indicates a fully purged 

front rim seal cavity (Location B and C) at  Φ, Φ)*+⁄ = 1.0 purge flow rate as defined previously.  

In Figure 8, the rim cavity cooling effectiveness results are shown for the Purge seeding 

configuration with the objective of understanding the influence of the VTE flow boundary 

condition being present. Results in Figure 8 show that rim cooling effectiveness is reduced for the 

Purge configuration compared to the Baseline results particularly for locations deeper into the 

cavity. It was hypothesized that this lower rim cooling effectiveness behavior may not be due to 

poor rim cooling performance caused by the presence of the VTE flow boundary condition, but 

rather that the VTE flow may be entering the rim seal and cavity regions. If the VTE flow is being 

ingested into the rims seal, the CO2 concentration (for this seeding configuration) in the cavity 

would be reduced due to dilution of the 1.0% CO2 seeded purge flow by the 0.2% CO2 seeded 

VTE flow. The subsequent CO2 seeding configurations were used to validate this hypothesis. 

For the Purge seeding configuration, the rim seal (Location A) was found to have nearly the 

same cooling effectiveness with the presence of the VTE flow boundary condition, as shown in 

Figure 8. However, rim cooling effectiveness at locations deeper in the cavity were affected by the 

presence of the VTE flow. 

The Purge+VTE configuration helped to address the question of whether VTE flow was being 

ingested into the rim seal and down into the cavities. Figure 9 shows that rim cavity cooling 

effectiveness increases for the Purge+VTE case relative to the Baseline case. The VTE flow has a 

positive effect on rim cooling effectiveness, and this effect is thought to be a result of the cool air 
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exiting the vane trailing edge being ingested into the rim seal and wheelspace. This finding is 

unique since there are no public studies that demonstrate that VTE flow has a positive effect on 

rim cooling effectiveness. This result is important because of the direct relevance to the operation 

of a turbine since it implies that there is assistance from the VTE cooling flow in ensuring the 

under-platform hardware does not reach catastrophic temperatures. 

One difference found between the Purge and Purge+VTE CO2 seeding configurations is the 

effect VTE flow has on the rim seal region Location A. In the Purge configuration, the Location 

A cooling effectiveness did not change whereas the deeper locations in the wheelspace showed 

decreased levels. However, for the Purge+VTE configuration the rim cooling effectiveness 

increased at Location A when VTE flow was seeded at the same elevated 1.0% CO2 concentration 

as the purge flow (c&). This phenomenon difference has been confirmed to be repeatable at various 

flow and CO2 seeding configurations and further studies are needed to fully understand this 

observation. 

To fully prove whether VTE flow is ingested into the rim seal and cavities, two additional 

seeding configurations were used to study the sole influence of VTE flow on rim cooling 

effectiveness. Recall that the VTE1 seeding configuration sets the purge flow at the same low 0.2% 

background level of CO2 as the main gas path (c',#$) and only seeds the VTE flow at an elevated 

level (c& = 1%) thus establishing the VTE flow as the dominant CO2 source. Any measurements 

within the rim seal and cavities indicating CO2 levels above the background level (c',#$) are 

therefore a direct result of the VTE flow entering the rim seal and cavity regions. Figure 10 

represents to what direct extent the VTE flow enters and influences the rim cooling performance 

as the purge flow mass flow ratio is increased. It can be seen that as purge flow is increased, the 

influence of VTE flow decreases. With increasing purge flow, the purge flow dominates the flow 
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field in the wheelspace cavity. The Baseline study showed that at Φ, Φ)*+⁄ = 1.0 to 1.3, the 

wheelspace is fully purged and thus the amount of VTE flow that is ingested is minimal. 

Although the Purge and VTE1 CO2 seeding configurations are different, there is a similarity 

between them. In the Purge configuration, the deeper wheelspace cavity locations appear to be the 

most influenced by the presence of VTE flow. From observation of Figure 10, it can be seen that 

the front rim seal (Location A) is again the least influenced by the presence of VTE flow. The 

highest rim cooling effectiveness that the Location A front rim seal is able to achieve for the VTE1 

configuration is close to 10% (ε%% = 0.1). This approximate 10% effectiveness is at the lowest 

purge flow used in this study. Deeper wheelspace radial locations are able to achieve 25-30% rim 

cooling effectiveness levels at the same lowest purge flow rate. 

For the VTE2 seeding configuration, the purge mass flow was held constant while the VTE 

mass flow ratio was varied. The VTE mass flow rate was varied from Φ-./ Φ)*+⁄ = 0.1 to 0.7 

while holding the purge mass flow ratio constant at Φ, Φ)*+ = 0.4⁄ . Figure 11 shows that 

increased VTE flow results in increased cooling performance and confirms that VTE flow makes 

its way into the wheelspace. The locations that are deeper in the cavity (Locations B, C and D) 

show a similar increase in rim cavity cooling effectiveness behavior to one another. The rim seal 

(Location A) however does not experience as sharp a rise in rim cooling effectiveness as locations 

deeper in the cavity, which is consistent with the Purge configuration where the deeper cavity 

locations are more affected by the presence of the VTE flow. 

From Figure 11 it can be observed that for Locations B, C and D cooling effectiveness 

increases at the same rate. Location A cooling effectiveness increases at a lower rate when 

compared to wheelspace locations deep in the cavity. This behavior is consistent to previous results 

shown in Figure 8 and Figure 10. The Purge and VTE1 configurations results indicated that VTE 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Turbomachinery. Received January 21, 2020;
Accepted manuscript posted March 20, 2020. doi:10.1115/1.4047611
Copyright © 2020 by ASME

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/turbom

achinery/article-pdf/doi/10.1115/1.4047611/6544773/turbo-20-1023.pdf by The Pennsylvania State U
niversity user on 08 July 2020



Journal of Turbomachinery 

TURBO-20-1023 Monge-Concepción 19 

flow influence in the rim seal cavity (Location A) is low when compared to deeper cavity locations 

(Locations B, C and D). This is consistent with results from VTE2 configuration where VTE flow 

influence is low at Location A as VTE flow ratio increases. It is believed that rim cavity cooling 

effectiveness results in Location A are affected because flow is ingested on the rotor side instead 

of the stator side as suggested by conventional CFD models. Flow ingestion on the rotor side and 

egress occurring on the stator side was observed using URANS and LES computational 

simulations in a study by Gao et al. [24]. Since flow enters the rim seal on the rotor side, the 

pressure taps in the rim seal on the stator side at Location A are not able to capture fully mixed 

concentration measurements. As flow continues deeper into the cavity regions, it continues to mix, 

and an expected cooling effectiveness change is reflected.  

 

COMPUTATIONAL SIMULATION OF VTE FLOW INGESTION 

A computational fluid dynamics (CFD) simulation was performed to better understand the 

VTE ingestion flow physics. The computational domain modeled includes the geometry of the 1st 

vane and 1st blade airfoils. The rim seal cavity geometry was modeled to match the experiment’s 

geometry and capture the flow migration from the rim seal cavity to the blade under-platform 

cavity and out of the blade damper seals.  

A quarter wheel CAD geometry was meshed using commercial software [25]. The mesh was 

then exported to a commercial CFD code [26] for further simulation and analysis. To fully capture 

the VTE flow ingestion physics into the rim seal, a high-fidelity Unsteady Reynolds-Averaged 

Navier-Stokes (URANS) solver was used. The turbulence model selected for this study was the 

K-Omega SST model. Further details of the meshing process, turbulence model settings, and 

equations of state can be found in Robak et al. [27]. 
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For this computational study, the test condition chosen was a purge flow ratio of Φ, Φ)*+⁄ =

0.4 and VTE flow ratio of Φ-./ Φ)*+⁄ = 0.4. This test condition was chosen because experiments 

indicated that the cavity is not fully sealed but that both flows affect the rim cavity cooling 

effectiveness. Figure 10 shows that at Φ, Φ)*+⁄ = 0.4 the influence of VTE flow on rim cooling 

effectiveness is high. These boundary conditions are used to visualize the mixing taking place in 

the rim seal cavity between the VTE flow and the rim seal cavity. 

Figure 12(a) shows the trailing edge of the 1st stage vane including the vane platform, front 

rim seal (FRS), front rim cavity (FRCA and FRCB) and the purge holes. The figure depicts the 

presence of VTE flow (red) coming from the main gas path and non-VTE flows depicted as blue 

which includes the main gas path (MGP) and purge flow coming from the purge holes.  

As flow exits the VTE, it partially mixes along the trailing edge with the main gas path. The 

flow nearest to the inner vane hub wall slowly mixes with the main gas path and moves along the 

hub wall as shown in Figure 12(a) before becoming entrained into the rim seal. Most of the mixing 

occurs at the hub near the entrance of the rim seal in the vane platform area. Figure 12(b) shows a 

cross-sectional view of the main gas path and rim cavity region. In this region, flow streamlines 

and velocity vectors are plotted on top of the presence of VTE flow in the main gas path and the 

rim cavity region. Figure 12(b) shows that a recirculation zone develops at the interface of the vane 

platform and the turbine rotor disk. Mixing takes place in this recirculation zone and continues as 

VTE flow is further ingested inward, toward the front rim seal. 

The simulation shows that flow present in the front rim seal (FRS) recirculates and that ingress 

occurs on the wall of the stator whereas egress occurs along the rotor wall. This result contrasts 

with the previous statement that suggests ingress along the rotor wall and egress on the stator wall 

as explained by Gao et al. [24]. Looking carefully at Figure 12(b), there appears to be flow 
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separation on the midspan of the FRS. This separation is in front of the pressure tap where CO2 

concentration is measured, which may explain why the FRS measurements appear to have the least 

effect of VTE flow being ingested. Regardless, further work is needed to fully explain why the 

FRS taps are the least affected by the VTE flow. 

As VTE flow is entrained inward into the rim seal cavity, it continues to mix with the purge 

flow as shown in Figure 12. The CFD simulation shows that VTE flow is present at every 

measurement tap location and that VTE flow can be found as deep as the front wheelspace cavity 

(FWSC), which is in agreement with the measurements presented in Figure 11. 

 

SUPERPOSITION OF PURGE AND VTE FLOWS 

Given the various seeding configurations shown in Table 3, it was possible to evaluate whether 

a simple linear superposition relationship exists between the effectiveness with and without the 

VTE flow. As stated previously, the CO2 seeding configurations Purge, Purge+VTE and VTE1 all 

share the same secondary air mass flow rates. Equation (2) shows a potential superposition 

relationship. 

 ε,0)1*2-./ = ε,0)1* + ε-./3 (2) 

By subtracting the rim cavity cooling effectiveness data of the Purge configuration (Figure 8) 

from the rim cavity cooling effectiveness data of the Purge+VTE configuration (Figure 9) the 

results were evaluated to determine whether they yield the same results as those measured for the 

VTE1 configuration (Figure 10). 

Figure 13 confirms that there is a linear superposition relationship between the seeding 

configurations. The solid symbols show the results of subtracting the Purge data from the 

Purge+VTE data, and the open symbols show the measured results for the VTE1 configuration. 
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This figure shows that using the results of the Purge and Purge+VTE configurations the direct 

influence that the VTE flow has on the rim cavity cooling effectiveness can be accurately 

predicted. This superposition relationship is also an independent verification that the measured 

cooling effectiveness levels are repeatable. 

 

FLOW MIGRATION INTO THE MAIN GAS PATH FLOW 

Flow that has egressed from the stator-rotor wheelspace cavity has the potential of migrating 

into the main gas path. This egressed flow was shown to provide a tangible cooling effect to the 

rotor hub as described by Horwood et al. [19]. Understanding the radial migration of the egressed 

air is important for efficient engine design of downstream hardware. Circumferential traverses 

downstream of the turbine blades were performed to quantify how far away from the inner turbine 

wall there is a presence of egressed flow from the wheelspace cavity. 

Two flow configurations were used to trace how the cooling flow exiting the upstream 

wheelspace migrates into the main gas path, configuration (6) and (7) in Table 3. The first 

configuration was set up to vary the VTE flow while holding purge flow constant, referred to as 

VTEMigration. The purge flow chosen for this first configuration was that corresponding to a fully 

sealed wheelspace, i.e. ε%% = 1.0 at Φ, Φ)*+⁄ = 1.2 as was shown in Figure 9. The vane trailing 

edge flow rate was varied from Φ-./ Φ)*+⁄ = 0	to 0.7. The second configuration holds the VTE 

flow rate constant at Φ-./ Φ)*+⁄ = 0.4 while varying the purge flow rate from Φ, Φ)*+⁄ = 0.3 to 

1.2. The second configuration was referred to as PurgeMigration. Both flow configurations were 

seeded using the Purge+VTE elevated 1.0% CO2 seeding configuration to study the combined 

migration of purge and VTE flow into the main gas path. 
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A full vane pitch of equally spaced circumferential increments was traversed downstream of 

the turbine and the collected data was arithmetically averaged in the circumferential direction. A 

common cooling flow condition was chosen for comparison across the two flow configurations. 

This common radial profile was chosen to be at Φ, Φ)*+⁄ = 1.2 purge flow rate and Φ-./ Φ)*+⁄ =

0.4 VTE flow rate, which corresponds to the blue curve with filled triangles in both Figure 14 and 

Figure 15. One full vane pitch of data was collected at 0.1 vane pitch increments, as well as a total 

of 22 points in the radial direction were collected. A higher number of points were collected near 

the inner diameter wall to better resolve the gradient of CO2 egressed from the wheelspace cavity 

that migrates along the inner turbine wall as described by Scobie et al. [18]. Each radial location 

data point in the two figures is an average of the 10 pitch increment points that covered the full 

vane pitch in the circumferential direction. 

To quantify the amount of CO2 egressed from the wheelspace cavity, a local CO2 concentration 

definition is required for the flow (as opposed to surface measurements, which were defined using 

ε). The CO2 measured aft of the turbine disk in the main gas path is a direct measurement of the 

local flow field CO2 concentration thus, a second non-dimensional parameter, θ, is used as shown 

in Equation (3). The non-dimensional parameter, θ, is analogous to a non-dimensional temperature 

of cooling in the main gas path. A value of θ = 100% corresponds to a full presence of purge and 

VTE flow in the main gas path, whereas, a value of θ = 0% means no purge and VTE flow in the 

main gas path. 

 θ = 	
c − c',#$
c& − c',#$

≈ ε%% (3) 

Figure 14 and Figure 15 show circumferentially averaged radial traverses of CO2 concentration 

in the main gas path. Both figures are plotted so that the vertical axis in Figure 14 shows the pitch-
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averaged traverse results for the VTEMigration configuration. The three circumferentially 

averaged profiles in Figure 14 exhibit similar radial shape, in which high CO2 concentration was 

measured near the inner diameter main gas path wall, and lower CO2 values were measured with 

increasing radial location away from the inner wall. This corresponds to lower temperatures in the 

inner wall due to the high presence of CO2 in the main gas path. Measurements in the outer wall 

show levels of CO2 which correspond to decreased presence of purge flow since in both Figure 14 

and Figure 15 VTE flow is used. 

From Figure 14, it can be observed that as the VTE flow is increased the local CO2 

concentration in the main gas path increases. This trend was expected since the wheelspace is fully 

purged for this configuration, and the VTE flow is minimally ingested. As stated previously in 

Figure 10, as purge flow increases the amount of VTE flow ingested into the wheelspace cavity 

decreases. The linear shift of each curve presented in Figure 14 is a direct consequence of 

increasing the VTE flow rate which raises the contribution of CO2 in the main gas path. 

Figure 15 shows the circumferentially averaged results for the PurgeMigration configuration. 

By holding the VTE flow rate constant, a decrease in purge flow rate causes all three curves in 

Figure 15 to collapse to approximately θ = 8% as radial span increases. This θ = 8% is due to 

the constant VTE contribution to CO2 levels in the main gas path. The outer radial region CO2 

concentrations for all three cases are within the uncertainty levels of the gas analyzers. Results in 

Figure 15 show that θ levels was not found to linearly shift with increasing purge flow as shown 

in Figure 14. As purge flow is increased, the range of θ increases in the inner wall region which 

contributes to a cooled inner wall as purge flow increases. When the purge flow is lowered, the 

VTE flow and main gas path ingestion becomes dominant in the wheelspace cavity, as was shown 
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in Figure 10. Decreasing the purge flow rate, produces less egress from the wheelspace cavity 

which decreases the presence of CO2 which contributes to a hotter inner wall. 

To compare the effects of the variation of the purge and VTE flows, area averaged CO2 

concentration levels were plotted versus the total cooling mass flow, Φ.45. The total cooling flow 

is defined as the total combined amount of purge and VTE flow as given by Equation (4). 

 Φ.45 = Φ, +Φ-./ (4) 

Figure 16 shows the area-averaged CO2 concentrations (θ6) with respect to the total cooling 

flow into the turbine vane. It can be observed that for the flow configuration where the VTE flow 

rate is held constant at Φ-./ Φ)*+ = 0.4⁄  and purge flow varies (PurgeMigration) the area 

averaged θ values do not significantly change as the total cooling flow increases, for the range of 

total cooling flow shown in Figure 16. However, it can be observed in Figure 15 that the θ value 

near the inner wall decreases as purge flow decreases. For the case where VTE flow varies while 

purge flow is held constant at the fully purged condition, VTEMigration, the θ6 increases in an 

approximately linear trend. This is due to increased VTE flow rate which increases the presence 

of CO2 throughout the main gas path which causes a linear shift as shown in Figure 14 as well as 

Figure 16. 

From the flow migration study presented above, it can be observed that flow egressed from the 

wheelspace has a tangible presence in the main gas path which can extend to up to 50% of the 

main gas path radial span. Flow egressed from the wheelspace cavity is entrained into the passage 

vortex with positive cooling effect to the rotor hub as shown by Horwood et al. [19]. The addition 

of VTE flow further improves this cooling potential in the main gas path. Acc
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CONCLUSIONS 

While rim seal flows have been extensively studied, the effect of engine-realistic vane trailing 

edge flows on ingestion have not been studied. This more realistic boundary condition is important 

to understanding the relevant physics that lead to efficient cooling and optimal use of existing 

cooling flows. To determine the effects of how vane trailing edge flow influences the rim cavity 

cooling effectiveness, seven different CO2 seeding cases were defined that allowed the main gas 

path flow, the vane trailing edge flow, and purge flow to each be distinguished from one another.  

The experimental results presented in this paper definitively show that the vane trailing edge 

flows have a significant influence in the rim seal performance. In fact, the results indicated that 

the vane trailing edge flow can be ingested into the wheelspace region resulting in additional cool 

air being entrained under the platform. High fidelity CFD URANS simulations confirms that VTE 

flow can be found as deep as the front wheelspace cavity region. Simulations also show the mixing, 

recirculation zones and flow streamlines in the hub, and rim seal cavity. The results also showed 

that as the purge flow decreased, the vane trailing edge flow became a dominant influence on the 

cooling effectiveness levels. A simple linear superposition of the individual cooling flow 

contributions to the rim cavity cooling effectiveness measurements was found to exist. 

Circumferentially averaged radial traverses of the main gas path CO2 concentration levels were 

performed downstream of the turbine to track the radial flow migration. A constant purge flow 

with varying vane trailing edge flow and a constant vane trailing edge flow with a varying purge 

flow were investigated. Both cases indicated a high concentration of CO2 near the inner diameter 

turbine wall. 

For the fully sealed condition, no vane trailing edge flow entered the wheelspace, which was 

verified both through the circumferential traverse averages of the main gas path flow field 
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concentration as well as the local measured concentration levels in the wheelspace. Alternatively, 

as the purge flow is decreased below the fully sealed condition, the vane trailing edge flow 

influence increased resulting in vane trailing edge flow being ingested into the wheelspace cavity. 

The results from this study point to the importance of considering how all of the various flows 

bled from the compressor are used in the turbine thereby warranting a more systems-based 

approach as compared to individual components. This investigation also points to the importance 

of using engine-realistic hardware operated at relevant conditions. 
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NOMENCLATURE 

b Hub radius 

C Chord length 

c Gas concentration 

ṁ Mass flow rate 

PR Stage pressure ratio 

s4 Seal clearance 

Re6 Axial Reynolds number, VC6 ν⁄  

Re7 Rotational Reynolds number, Ωb8 ν⁄  

T Temperature 

V Main gas path velocity 

ε% Sealing effectiveness, (c − c') (c& − c')⁄  

ε%% Cooling effectiveness, Ec − c',#$F Ec& − c',#$FG  

υ Kinematic viscosity 

Ω Angular velocity 

Φ Cooling flow rate, ṁ (2πs%ρΩb8)⁄  

Φ! Largest flow parameter with zero effectiveness 

Φ"#$ Minimum flow parameter to seal a given location 

Φ)*+ Reference flow rate, Φ"#$ for Location B at Baseline 

ρ Density 

θ Local CO2 concentration in MGP 
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Subscripts, Accents, and Abbreviations 

in Inlet conditions 

MGP Main gas path 

P Purge 

ref Generic reference condition 

s Supply level 

TCF Total cooling flow 

t Total condition 

VTE Vane trailing edge 

x Axial direction 

∞ Background level 

V  Area averaged value 
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List of Tables 

 

Table 1.  Turbine Operating Conditions 
Parameters Value 

Vane Inlet Mach Number 0.1 

Vane Inlet Axial Reynolds Number, Re6 1.1 x 105 

Blade Inlet Axial Reynolds Number, Re6 1.1 x 105 

Rotational Reynolds Number, Re7 4.0 - 9.6 x 106 

Density Ratio, ρ, ρ9:,⁄  1.0 - 2.0 

Relative Purge Flow Rate, Φ, Φref⁄  0.1 – 1.3 

Relative Purge Flow Rate, Φ-./ Φref⁄  0.1 – 0.7 
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Table 2.  Measurement Uncertainties 
Parameter Value 

Main gas path flow rate, ṁ ṁ)*+⁄  ±0.004 

Shaft rotational speed, Ω Ω)*+⁄  ±0.001 

Pressures, P P)*+⁄  ±0.001 

Temperatures, T ±0.04 K 

1.0 stage pressure ratio, PR PR)*+⁄  ±0.005 

Purge flow rate, ṁ, ṁ)*+⁄  ±0.018 

Cooling effectiveness, ε%% ±0.015 to ±0.025 
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Table 3.  CO2 Seeding Configurations and Cooling Flow Setpoints 

CO2 Seed 

Configuration 

MGP 

Background 

CO2 Level 

Purge Flow 

CO2 Level 

VTE 

CO2 Level 
𝚽𝐏 𝚽𝐫𝐞𝐟⁄  𝚽𝐕𝐓𝐄 𝚽𝐫𝐞𝐟⁄  

(1) Baseline 0.2% 1.0% No Flow 0.1 - 1.3 No Flow 

(2) Purge 0.2% 1.0% 0.2% 0.1 - 1.3 0.4 

(3) Purge+VTE 0.2% 1.0% 1.0% 0.1 - 1.3 0.4 

(4) VTE1 0.2% 0.2% 1.0% 0.1 - 1.3 0.4 

(5) VTE2 0.2% 0.2% 1.0% 0.4 0.1 – 0.7 

(6) VTEMigration 0.2% 1.0% 1.0% 1.2 0.0 – 0.7 

(7) PurgeMigration 0.2% 1.0% 1.0% 0.3 - 1.2 0.4 
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List of Figure Captions 

 

Figure 1.  START facility and measurement equipment. 

Figure 2.  Cross-section diagram showing the turbine main gas flow path and secondary 

flows. 

Figure 3.  Test section instrumentation. 

Figure 4.  CO2 injection and sampling system. 

Figure 5.  Rim seal test locations and cooling flows. 

Figure 6.  CO2 Seeding Configurations: (1) Baseline Configuration, (2) Purge Configuration, 

(3, 6, 7) Purge+VTE, VTEMigration, and PurgeMigration Configurations, (4, 5) VTE1 & 

VTE2 Configurations. 

Figure 7.  Comparison of rim sealing effectiveness for the Baseline and previous results from 

Berdanier et al. [13]. Open symbols are for the Baseline while solid symbols are for previous 

results. 

Figure 8.  Comparison of rim cavity cooling effectiveness for the Baseline and Purge cases. 

Open symbols are for the Baseline while solid symbols are for the Purge case. 

Figure 9.  Rim cavity cooling effectiveness results for the Purge+VTE CO2 seeding 

configuration compared with the Baseline results. 

Figure 10.  Rim cavity cooling effectiveness results for the VTE1 CO2 seeding configuration. 

Figure 11.  Rim cavity cooling effectiveness results for the VTE2 CO2 seeding configuration. 

Figure 12.  CFD simulation results illustrating the ingestion of vane trailing edge flow in the 

rim seal and cavity regions ranging from highest concentration (red) to lowest concentration 

(blue). (a) Isometric view and (b) cross-section view of main gas path and rim cavity regions. 
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Figure 13.  Superposition relationship between seeding configurations. 

Figure 14.  Circumferentially averaged radial traverses for VTEMigration study. 

Figure 15.  Circumferentially averaged radial traverses for PurgeMigration study. 

Figure 16.  Constant VTE flow with varying purge flow (1) and constant purge with varying 

VTE flow (2) local CO2 growth trends. 
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FIGURES 

Fig. 1 START facility and measurement equipment. 
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Fig. 2 Cross-section diagram showing the turbine main gas flow path and 

secondary flows 
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Fig. 3 Test section instrumentation 
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Fig. 4 CO2 injection and sampling system 
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Fig. 5 Rim seal test locations and cooling flows 
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Fig. 6 CO2 Seeding Configurations: (1) Baseline Configuration, (2) Purge 

Configuration, (3, 6, 7) Purge+VTE, VTEMigration, and PurgeMigration 

Configurations, (4, 5) VTE1 & VTE2 Configurations. 
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Fig. 7 Comparison of rim sealing effectiveness for the Baseline and previous 

results from Berdanier et al. [13]. Open symbols are for the Baseline while 

solid symbols are for previous results. 
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Fig. 8 Comparison of rim cavity cooling effectiveness for the Baseline and Purge 

cases. Open symbols are for the Baseline while the solid symbols are for 

the Purge case. 
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Fig. 9 Rim cavity cooling effectiveness results for the Purge+VTE CO2 seeding 

configuration compared with the Baseline results. 
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Fig. 10 Rim cavity cooling effectiveness results for the VTE1 CO2 seeding 

configuration. 
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Fig. 11 Rim cavity cooling effectiveness results for VTE2 CO2 seeding 

configuration. 
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Fig. 12 CFD simulation results illustrating the ingestion of vane trailing edge flow 

in the rim seal and cavity regions ranging from highest concentration (high) 

to lowest concentration (blue). (a) Isometric view and (b) cross-section 

view of main gas path and rim cavity regions. 
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Fig. 13 Superposition relationship between seeding configurations. 
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Fig. 14 Circumferentially averaged radial traverses for VTEMigration study. 
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Fig. 15 Circumferentially averaged radial traverses for PurgeMigration study. 
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Fig. 16 Constant VTE flow with varying purge flow (1) and constant purge with 

varying VTE flow (2) local CO2 growth trends. 
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