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ABSTRACT
Ingestion and egression of hot gas path fluid into the rim seal cavity of an axial flow turbine is usually mitigated by the use of purge flow. The purge flow arrives into a disk
cavity space from the final stage of the compressor and is very expensive in terms of total
system efficiency. Cycle analysis for a gas turbine clearly indicates the significant efficiency penalty for the use of high pressure compressor air for cooling or disk cavity space
purge action. Furthermore, the purge flow modifies flow structures inside and downstream of the cavity where the purge flow mixes with hot mainstream gasses. This thesis
provides an understanding of the modes of ingestion and egression of the rim seal cavity.
A review of previous studies pertaining to the effects of purge ingress/egress and methods of mitigation is provided. New testing in a simulated disk cavity space is performed
at the Axial Flow Turbine Research Facility (AFTRF) using a representative, modern
High Pressure Turbine (HPT) stage. A complete set of aerodynamic instrumentation is
designed, assembled and validated for shakedown testing of the AFTRF. A new aerodynamic probe management system allowing for adaptive gridding in the intraspace and
rotor exit frames is designed, built, and validated. This system, by moving more efficiently, increases the number of measurement locations taken in a two hour run from 336
points to 868. Using this measurement system, total pressure measurements from a Kiel
probe and a Five-Hole Probe downstream of the Nozzle Guide Vane (NGV) are shown to
agree with each other. In the rotating frame of the AFTRF-HPT, a new 32 channel electronic pressure measurement system is implemented to measure vane and blade loadings.
Vane loadings have a variation of approximately 1% from run to run and agree well with
computational results. A correction for blade loading in the relative frame of reference is
applied and results have a variation of 1% from run to run and agree reasonably well with
predictions. Dynamic measurements of total pressure at the rotor exit, which are phaselocked with the rotor position, allow inspection of the unique flow structures generated
by each passage. The next phase of testing includes varying purge rates of the rim seal
cavity, modification of the rim seal cavity, changing the rotor blades to a design to control the tip leakage, and comparing experimental measurements and computational predictions of unsteady structures within the rim seal cavity. It is found that the ‘Baseline
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Blades’ preform less well than the ‘Tip Vortex Control (TVC) Blades’. Two tip treatments are tested, smooth and slotted, slotted tip treatments are beneficial to the ‘Baseline
Blades’ and detrimental to the ‘TVC Blades’ when compared to the smooth tip treatments. Of the two rim seal cavity designs, the modified design used with the ‘TVC
Blades’ with reduced radial clearance reduces the penetration and momentum deficit in
the region of the hub endwall passage vortex. Experimentally measured unsteady structures within the rim seal cavity are measured using fast response aerodynamic piezoresistive transducers. They are then compared to an unsteady transient eight vane, ten blade
computations. A method to extract the speed at which these structures are moving and
the number of structures present is given for both the experimental and computational
ways. Within the rim seal cavity 15 unsteady pressure cells moving at 77.5% of the rotor
speed are experimentally measured and though the computational methods 14.5 unsteady
pressure cells are moving at 81.7% rotor speed.
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1 INTRODUCTION AND LITERATURE REVIEW
Designers of gas turbine engines continuously pushed the envelope of operating range
over the past decades. A significant amount of research and development has been conducted in order to improve gas turbine reliability, fuel efficiency and specific power materialized since the 1950s. The cost of the aircraft operation, requirements from federal
level agencies, and the necessity for safe, reliable design causes the scrutiny of all the
components of an engine. One way to make the engine more efficient is to increase the
turbine inlet temperature and reduce cooling mass flow rate simultaneously. While vane
and blade internal and external cooling has been highly optimized over the years, one area of research that has not been fully understood is the ingestion and egression of hot gas
path fluid into the rim seal cavity. The rim seal cavity is the space between the stationary
Nozzle Guide Vanes (NGV) hub attachment components and the rotating bladed disk
system.
If the temperature of the components in the rim seal cavity located just below the endwall
surfaces of the hot gas stream is elevated and the surrounding materials become incapable
of withstanding the increased thermal load, the disk could fatigue or fail sooner than expected. Since the former would require increased maintenance costs and the latter could
result in loss of life, neither are acceptable. Current design requires the rim seal cavity to
be pressurized properly with purge air. This prevents ingestion of hot gas path flow and
reduces the risk of failure.
The purge of the rim seal cavity comes at a performance cost. Air that could have otherwise been used for combustion (gas turbine cycle) must now be used for cooling. To
make matters worse, purge air is typically taken from the final stages of the HP compressor, the only place with enough total pressure to force air into the first stage of the turbine. This means that work is done on the purge flow but no energy is extracted out of it.
The aim of the current research effort is to better understand the aerodynamic structures
of the rim seal cavity and its purge flow, including ways to mitigate these aerodynamic
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effects and better predict the required mass flow needed to purge the rim seal cavity. The
rim seal cavity flow structure may be highly rotational since one side of the cavity is continuously sheared by a high speed rotating disk surface that may not be a perfect aerodynamic surface but may have surface imperfections. It is likely that this flow is highly recirculatory, turbulent and unsteady before it is discharged from the small gap between the
NGV endwall surface and the rotating turbine rotor endwall hub.
Current rim seal cavity flow related aerodynamic investigations are scarce.

Our

knowledge in this complex flow interaction is very limited, especially in a rotating turbine flow environment. The Axial Flow Research Facility (AFTRF) provides a large
scale and low speed aerodynamic environment for the generation of high quality experimental data to accompany our ongoing computer predictions. The spatial resolution and
experimental accuracy of the current AFTRF experiments provide valuable sets of physical information to improve our current understanding of this flow. In addition to well
explained flow physics these AFTRF data sets form a valuable set of validation and assessment information. Carefully validated computer predictions currently play an extremely important role in the design and development of the future generation of gas turbine engines. Some of these experiments performed in the AFTRF are either extremely
difficult or costly to perform in actual engine hardware under realistic flow conditions.
These engines will operate with much improved stage efficiencies at elevated temperatures that are well in excess of 3000°F, which is currently the state of the art as of this
time.

1.1 MODES OF INGESTION
Ingestion has two primary modes of transport; Externally Induced (EI) and Rotationally
Induced (RI). But before going over these modes and all of their effects it is best to define the areas and flows in a modern turbine. Figure 1-1 is adapted from a GE test rig
completed in 2013 [1]. First, the forward cavity consists of an ‘Outer Rim Seal’ and an
‘Inner Rim Seal’. These types of seals are called radial seals, as they prohibit the flow
from moving radially outward. When used together they are called a double radial rim
seal. The area between the seals is called the ‘Buffer Cavity’, which is used to dampen
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pressure fields from the downstream blades and upstream vane wakes. The space between the outer rim seal and hot gas path is called the ‘Trench Cavity’. The purge flow,
in this case, is fed into the seal system radially. Some turbines also include a ‘CrossShank Leakage’ that feeds purge air to an aft cavity and into the blade. A second type of
purge flow is called the ‘Chordal Hinge Leakage’. This flow is injected underneath the
‘Stage 1 Nozzle’ and is used to minimize the amount of flow that can move into the buffer cavity from the hot gas path by forcing high momentum fluid axially through the seal
and into the trench cavity.
Trench Cavity

Figure 1-1: Forward and aft wheel cavities found in a typical power generation gas turbine, Palafox
et al. [1]

Externally induced ingestion is driven by static pressure fields of the vanes and blades as
shown in Figure 1-2 by Owen [2]. The static pressure in the NGV wake and near the rotor leading edge stagnation point is higher than the surrounding areas. In these areas
there is ingress of hot gas path fluid that occurs along the stator wall. The fluid is moving
faster and the static pressure is lower in areas away from the stagnation points of the
blades and the wakes of the vanes. In these areas there is an egress of fluid along the rotor wall. This is the primary mode of ingestion in the outer seal. One of the reasons for
the development of the double radial seal and buffer cavity shown in Figure 1-1 is to
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dampen pressure asymmetries in the turbine [3]. With the pressure asymmetries dampened, the primary form of ingestion on the inner seal would be RI ingestion.

Figure 1-2: Externally Induced Ingestion Adapted, Owen et al. [2]

RI ingestion can be visualized by the simple rotating disk as shown in Figure 1-3 by
Childs [4]. The rotating disk has angular speed Ω and the flow is entrained on the disk
with the no-slip condition. The fluid-solid interface of the rotating disk introduces a tangential velocity component that is equal to Ω ∙ 𝑟. This tangential component decays
through the boundary layer, but it also induces a radial component through centrifugal
forces near the disk. This is the radial outflow shown in Figure 1-3. To satisfy continuity, the deficiency in the radially out mass flow must be compensated with mass flow axially toward the disk.
The rotating disk imparts a tangential component into the flow which does not have
enough time to decay back to zero. Thus, the flow near the nozzle guide vanes act as a
rotating flow near a stationary disk as shown in Figure 1-4 by Childs [4]. To satisfy the
no-slip condition, flow at the wall must have a velocity of zero relative to the disk’s nonrotating frame of reference. Zero velocity means a reduction in centrifugal forces which
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draws the flow near the disk radially inward. In order for continuity to be satisfied, an
axial component moving away from the disk is introduced. These thought experiments
show how flow exposed to rotational effects in the rim seal cavity is ingested along the
stationary NGV and egressed along the rotating blade disk [4].

Figure 1-3: Flow over a Rotating Disk, Childs [4]

Figure 1-4: Rotating Flow over a Stationary Disk, Childs [4]
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Figure 1-5: Simplified Ingress, Egress and Mixing, Owen et al. [2]

Radial ingress and egress within a single axial seal system are shown in Figure 1-5. This
figure, adapted from experiments conducted by Owen [2] [5], shows two cases. On the
left, the rim seal chamber is not fully purged resulting in a mixing region near the seal.
After this mixing region, flow moves radially inward along the stator wall. The fluid
here is of constant temperature and is losing mass flow as it moves radially inward. The
lost mass flow is moved from the stator wall and brought to the rotor disk axially using
the rotating disk and non-rotating disk system described previously. To move across to
the rotor wall, the flow must go through the core region. In this region, the flow has axial
and circumferential components but has no radial component of velocity. The bottom of
the core flow region is bound by the injection of the sealing flow. The rotor side has an
increasing temperature and mass flow as it moves radially toward the seal. Hot fluid
from the stator is therefore transferred via the core region and it mixes with the rotor
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flow, thereby increasing its temperature. All of the fluid flow then comes to the mixing
region, where main gas path fluid and sealing flows meet and mix. Some of the flow is
re-ingested and some of the flow is pushed into the main gas path.
The right side of Figure 1-5 shows the rim seal cavity fully purged. There is no fluid
from the main gas path continuing into the rim seal cavity, thus the temperature is almost
constant in all locations. The rotationally-induced ingress still forces air down along the
stator and outward along the rotor. The core region shrinks as it is pushed toward the seal
while maintaining no radial component. While fully purging does work, it has its disadvantages. In order to seal properly for all flow conditions that may occur during flight,
the sealing flow may not be optimized for its cruise. Overcooling may occur and inefficiency can arise. The goal is to find the purge flow condition that allows for minimal
cooling while still keeping all components safe from thermal fatigue and oxidation.

Figure 1-6: Adiabatic Temperature of the Rotor Disk Wall and the Cavity, Tien et al. [6]

A numerical investigation to wall temperature of the stator and rotor and the ambient
temperature of the rim seal cavity was done by Tian et al. [6]. In Figure 1-6, the wall
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temperature of the rotor is shown as a solid line and the dashed lined represents the ambient temperature in the core of the rim seal cavity. Tien does not label the cases by purge
flow rate, he instead opts to use turbulence intensity 𝜆 𝑇 . The highest level of turbulence
intensity corresponds with the highest level of purge flow and vice versa.

A non-

dimensional adiabatic temperature is calculated, where 𝑇0 is a constant taken from flow
without ingress and 𝑇𝑎 is a temperature taken from the annulus. The final part of the
equation is local temperature taken at the specified location in the rim seal cavity. Figure
1-6 shows that the highest levels of purge flow, 𝜆 𝑇 = 0.065, corresponds to the lowest
ambient temperatures in the cavity and along the rotor wall. A continuous and steady
temperature rise as the flow moves radially outward is seen. The rate is the approximately the same along the wall and in the cavity, and are offset up a temperature increase.
Temperature increases and offsets follow the theory described in the discussion of Figure
1-5.

Figure 1-7: Adiabatic Temperature along the Stator Disk Wall, Tien et al. [6]

Temperature along the stator disk wall is shown in Figure 1-7. This graph uses the same
non-dimensional radial location, non-dimensional temperature parameter, and turbulence
intensity. Discontinuities are due to purge flow being injected through the stator wall
near

𝑟
𝑏

= 0.70 and multiple changes in the axial geometry of the seal near

𝑟
𝑏

= 0.93 and
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1.00. The highest levels of turbulence intensity correspond to the highest purge flow
rates, and the lowest adiabatic temperatures along the stator wall. For much of the rim
seal, temperatures along the stator wall are nearly constant for each purge flow rate, as
described by Owen et al. in the discussion of Figure 1-5. The differences are once again
due to mixing caused by the injection of purge flow along the stator wall and the mixing
near the trench cavity between the rim seal and main stream flows.
With these ideas set, it is clear that the static pressure field shown in Figure 1-2 is simplified. One needs to envision the rotating static pressure field of the blades. Gentilhomme
has found that these static pressure asymmetries are the primary cause of ingestion [7].
The increase in pressure near the stagnation point can significantly modify the ingestion
pattern. Gentilhomme reasons that even though the static pressure fields of the blades are
smaller, they are more active in ingestion due to the swirl velocity and the rotor speed
being similar.

1.2 RIM SEAL GEOMETRY MODIFICATIONS
Up to this point, seals explored have been of a simple axial style, but there are a multitude of seal designs. Two types of seals are shown in Figure 1-8, the upper being an axial
seal and the lower being a radial seal. The seals are named for how they block flow
moving though the cavity. The axial seal stoping flow moving in the axial direction, and
the radial seal stopping flow from moving radially out of the seal.
Figure 1-8 shows rim seal cavity work performed by Bohn [8]. Using 115 ports to measure CO2 concentration along the stator to find sealing efficiency, the stage is made up of
16 vanes and 32 blades. 𝜂 is the efficiency of the seal that is measured as a ratio of CO2
concentration at a position versus the CO2 concentration of the cool (purge) gas. Since
the cool gas is seeded with CO2, the results will always show a value equal to or less than
100 percent. He found out that in all cases the radial seal is more effective at sealing the
rim seal cavity than the axial seal. He further tested this by varying two independent variables, the nondimensional seal coefficient 𝐶𝑤 and a variety of operating points by modifying main gas path flow velocity and rotor speed.
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Figure 1-8: Sealing Efficiency with Radial and Axial Seals at Different Nondimensional Seal Flow
Rates, Bohn et al. [8]

𝜂[%] =

𝜓

𝜓𝑐𝑜𝑜𝑙
𝜓 = Concentration of 𝐶𝑂2
𝑚̇𝑐𝑜𝑜𝑙
𝐶𝑤 =
𝜇𝑅
𝜇 = Dynamic Viscosity of seal flow
𝑅 = Outer rim radius of stator and rotor

( 1.1 )

( 1.2 )
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Figure 1-9: CFD Study of Axial and Rim Seal Effectiveness at Different Purge Rates, Owen et al.
[5]

𝐶𝑤
2𝜋𝐺𝑐 𝑅𝑒𝜙
𝑠𝑐
𝐺𝑐 =
𝑏
𝑅𝑒𝜙 = Rotational Reynolds number
𝑠𝑐 = Seal clearance
𝑏 = Radius of seal
Φ=

( 1.3 )
( 1.4 )

Similar results presented by Owen et al. [5] in a CFD study are shown in Figure 1-9. Different rotational Reynolds numbers and purge flow rates were tried. The results were in
agreement with Bohn’s findings indicating that radial seals perform better than axial
ones. Owen also separated the rotationally induced and externally induced ingestion,
since actual turbines have a combination of the two. This makes it easily understandable
that the radial seal is more efficient in all cases.
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Figure 1-10: Minimum Required Cooling for Different Rim Seal Geometries, Owen et al. [3]

Owen [3] also investigated rim seal geometries through experimental means. Figure 1-10
shows seal effectiveness by means of a nondimensional sealing parameter Φ𝑚𝑖𝑛 taken
when the cavity is fully sealed. In this study, he tested multiple seal geometries by varying clearances, adding sections, and lengthening overlaps until he found the most effective seal. The results shown in Figure 1-10 show that the double radial seal D2 was the
most effective followed by the radial seal with the tightest clearance (S2c) and the radial
seal with the largest overlap (S2a). Figure 1-10 by Owen [3] also shows that the primary
mode of ingestion was through EI ingestion. This conforms to earlier findings. The double seals have two measurement locations, an inner and an outer. In these cases, the outer
seal (green) should be compared to the other gray of the single seals. In double seal designs, the inner measurement location needed lesser purge rates to seal it due to the
dampening effect of the outer seal and buffer chamber. The red line on each is to signify
a condition where the experimental facility closed off the hot gas-path. With this gas
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path closed off, it was possible to measure RI ingestion only. They are less than the externally induced as they play a smaller role in ingestion when compared to vane wake and
blade pressure fields.
Owen et al. revisits rim seal cavity in another paper [9]. The paper investigates a finned
rim seal cavity based of design ‘D2’ from Figure 1-10. A major modification by adding
fins is done to the design. Fins cover the full radial height on the rotor side between the
inner and outer seals. They reduce the clearance between the seals and create pockets.
There are 37 (a number chosen to avoid any resonance issues with the blade count) fins
spaced evenly around the rotor.

Figure 1-11: Minimum Required Cooling for a Finned Rim Seal Cavity, Owen et al. [9]

Results shown in Figure 1-11 show three cases of sealing effectiveness, on the far left is
Single Seal ‘S’, next is Double Seal ‘D’, and finally is Double Finned Seal ‘DF’. Nondimensional sealing parameter is calculated by ( 1.3 ), it found by means of concentration
measurements and purge flow rate calculations. For the single seal, concentrations are
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taken at only one radial position (red dot on representative geometry at the bottom of the
chart) near the outer seal, and the result is shown in gray. For the double seal, two locations are measured for sealing effectiveness. The outer seal is at the same radial location
as the single seal design and is again shown in gray. The inner seal measurement point is
also shown in red, its results are green. This inner seal requires less purge to seal as the
pressure asymmetries that drive EI ingestion are reduced in the buffer chamber. Looking
at all the results, the finned double seal requires the least amount of purge flow in order
the seal.
The authors reason that this is because of increased swirl in the rim seal cavity that is imparted on the flow by the fins. This increased swirl helps reduce the pressure asymmetries and improves the performance of the seals. It however comes at the cost of increased windage on the rotor, reducing that total amount of work that can be used to drive
the other systems in the engine.
Owen investigated the off-design performance of the rim seals in [10]. Off-design conditions can happen when the engine is idling or during takeoff. It was found that at very
low hot gas flow rates, there could be a very large increase in the minimum amount of
purge flow required. This suggests that there may be a separated flow in the experiment,
which would then modify the vane wakes and the blade pressure fields. These changes
modify the ingestion in such a way the amount of purge flow needed to fully purge the
rim seal cavity increases greatly.
Owen also tested flow structures within the rim seal cavity [11]. The tests, shown in Figure 1-12, were accomplished by use of a planar Particle Image Velocimetry (PIV) with
seals made out of a clear Plexiglas. The measurements confirmed that there were no radial velocities in the core region. The double radial seal keeps the region affected by the
swirl and the temperature increase of the hot gas path in the buffer cavity. Advantages of
double seal designs are that they primarily confine ingested flow into the buffer cavity.
Applying this fact means the outer cavity can be composed of more robust materials and
cooling techniques, while the inner cavity can be made of lighter and less expensive materials
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Figure 1-12: Swirl Angle within the Cavity, Owen et al. [11]
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Figure 1-13: Sealing Efficiency for Novel Rim Seal Designs, Okita et al. [12]

In a search for novel buffer cavity designs Okita reasoned that the turbulent mixture of
seal flow and mainstream flow drives enhanced ingestion [12]. Thus, if the turbulent
flow parameter is kept at a minimum, the flow will be dominated by a rotating core. This
core will enhance the mixing within the cavity and flatten cooling effectiveness axial distribution. Okita’s test designs in Figure 1-13 show his modification of an added plate
forcing the flow to stay near the stator causing more sealing efficiency of the rim seal
cavity. Sealing efficiency is calculated as shown in Equation ( 1.1 ). The design shown
on the right also reduces the turbulence near the rim seal gap and lowers the required
amount of air needed to purge the chamber.
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Figure 1-14: Sealing Effectiveness Distributions for Different Rim Seal Geometries, Moon et al.
[13]
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Multiple trench cavity designs are studied by Moon et al. in [13]. Out of those designs, a
baseline case and the best preforming cases are presented in Figure 1-14. The main
stream flow in Figure 1-14 is moving from right to left. Meaning that the stator disk wall
is on the right side of each cavity and the rotor is on the right. The baseline case (Case 1)
is based off of the geometry reported by Popovic and Hodson. Moon et al. then modifies
axial contouring along the rotor wall, axial clearances of the rim seal cavity, and adds an
additional buffer zone below the rotor hub wall. Some of which can be seen in Figure
1-14 along with contours of sealing effectiveness at three different pitch locations. By
pitchwise and spanwise averaging, the best performing cases are found to be Case 4 and
Case 9. These are the cases with the smallest axial gap between the main gas path and
the rim seal cavity, and they include a trench just below the rotor hub.

Figure 1-15: Contoured Axial Seal Geometry, Zhang et al. [14]
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A new concept of reducing the amount of sealing/purge mass flow rate is to modify the
slot geometry. Zhang investigated an axial contoured slot seal that had been modified to
reduce ingestion [14]. Zhang looked for regions where ingestion typically happens, in
this case the regions of vane wakes, and reduced the axial clearance at those locations.
Figure 1-15 shows the tested geometrical modifications along with the uniform baseline
case, including measurement locations for his results. He systematically compared uniform slot seal (USS) and contoured slot seal (CSS) for sealing effectiveness locally
measured inside the purge chambers.

Figure 1-16: Gas Concentrations at Lowest Purge Flow Rate, Zhang et al. [14]

Figure 1-17: Sealing Effectiveness for Varying Purge Flow Rates, Zhang et al. [14]
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Figure 1-16 and Figure 1-17, also done by Zhang, show that this modification reduces the
amount of flow ingested into the rim seal cavity. The theory of the contoured slot seal is
that it will collapse large ingestion vortices into smaller vortices with better sealing performance. Apparently this is correct, but there is a limit to sealing effectiveness, as evident in Figure 1-17. As purge flow coefficient increases, the effectiveness of both the
uniform and contoured slot move toward each other. Most likely, this is due to the
chamber becoming closer to a fully purged condition. The results have also found that
the contoured slot has a more uniform radial velocity and reduces the pressure amplitude
in the cavity, thereby affecting the ingestion structure of the blade/vane interaction. This
presents opportunities of new research including modifications of the rim seal trench cavity that are based on the static pressure fields around the blade. Looking back to the research of Gentilhomme [7], the modifications based on pressure fields caused by the rotor
may be more effective than modifications based on vanes.
Palafox has built a new test rig and has used the data taken from its baseline tests [1] to
support and validate a CFD study [15]. Figure 1-18 shows his results of that study with
blue purge flow and red main gas path fluid. The CFD result shown is an unsteady analysis and the time steps show approximately the passage of three individual blades. This
result depicts a very complex flow that cannot be accurately simulated with steady state
solutions. In this case it takes about three passing blades to push hot gas from the trench
cavity into the buffer cavity, meaning that studies aiming to truly simulate the physics
within the buffer cavity will require lengthy and time accurate unsteady analysis at the
very least.
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Figure 1-18: Instability in the Purge Flow, Palafox et al. [15]
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Figure 1-19: Rim Seal Re-ingestion from Upstream Stages, Eastwood et al. [16]

Rim seal cavity purge flow is kept near the hub. If the cavities are not fully purged, flow
from the rim seal cavity can be re-ingested into downstream stages. A two stage turbine
experiment setup used by Eastwood et. al. to investigate the effects of re-ingestion [16] is
shown in Figure 1-19. They inject seeded fluid in front of the first rotor and then use CO2
concentration measurements to find how much of the flow is re-ingested into the rim seal
cavity. Since modern systems usually route fluid across different sections of the turbine,
they also looked at what happens if low flow conditions in the mainstream are used.
They found that if the pressure is not high enough to purge the forward chamber after the
first rotor, the purge flow will move aft to a place of lower pressure. This can be very
detrimental because the forward cavity is not purged at all near the outer chamber, causing fatigue and failure of the wheel space system components.
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Figure 1-20: Secondary Steam Relative Mass Flow Rate vs. Main Stream Flow [17]

It is computationally expensive to calculate a full annular turbine section consisting of
multiple stages and cavities. However understanding of the flow though entire system is
important from a design stand point. A coupled CFD and thermal stead state analysis of
a steam turbine and its secondary flow paths is completed by Moroz and Tarasov [17].
By simplifying the main gas path with boundaries that simulate the inlet and outlet of
each blade for 11 stages, and using experimental results to estimate crossflow though
labyrinth seal and balance holes, they are able to estimate over all ingress and egress into
the rim seal cavity, temperature distributions for the entire rotor and shaft, axial forces on
the rotor, windage loss, and rotor disk elongation only using approximately 23700 cells.
Secondary mass flows relative to mainstream values within the cavity can be seen in Figure 1-20. They have found, for their conditions, ingress for the first three rim seal cavities, afterward, there is ingress at the cavity before the leading edge of the rotor blade and
egress for the cavity at the trailing edge. They reason that it is due to the high swirl component before the blades, forcing fluid into the cavity. There is very little swirl after the
blades, and here overall trend of the cavity is flow is expelled into the main stream. Fluid
in the main stream drops temperature very quickly as energy is extracted from it in the
form of work. Fluid within the cavity does not drop as quickly. They explain that this
accounts for additional elongation of the rotor than approximation if main stream fluid
temperature is used. For example, using the main stream fluid temperature distribution
predicts that the shaft will elongate by 15.5 mm, while using the coupled thermal solution
predicts a shaft elongation of 17.5 mm.
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Figure 1-21: Instabilities Visualized with CFD, Rabs et al. [18]

Instabilities were investigated in two papers by Rabs et. al. [18], [19]. These instabilities
are produced when the highly swirled flow in the hot gas path and the swirled purge flow
from the rim seal cavity meet and the flows shear against one another. Even small differences between speeds (50m/s and 52 m/s in the experiment) cause vortices to form. The
shearing between the two flows causes small vortices to form and propagate downstream.
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Velocity vectors of such a computational with a thin plate separating two flows are
shown at the top of Figure 1-21. The thin plate separates the two flow speeds. When the
plate ends and the flows mix, vortex shedding happens from shearing. The vortexes then
propagate downstream. After Rabs performed the fundamental research study on the
formation and propagation of these instabilities, he proposed that the instabilities might
be effective in sealing the rim seal cavity. They typically form because of the swirl components in both the purge flow and the main gas path flows. The formation and propagation of the instabilities within a turbine can be seen in the bottom two pictures of Figure
1-21. Their velocity and frequency increases with rising Mach number and contributes to
the noise of the engine. Further investigation of the instabilities is hopeful on yielding
results and methods that can be used to help seal the rim seal cavity.

1.3 INTERNAL STRUCTURES IN THE WHEEL SPACE
A comprehensive CFD study was performed by Jakoby in 2004 [20]. The goal of this
study was to discover which type of grid best predicted the flow in the rim seal cavity. It
included sector models of a turbine stage and a 360 degree model of the rim seal cavity
with boundary conditions to mimic the blades and vanes.

Figure 1-22: Alstom 360 Degree Mesh, Jakoby et al. [20]
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The grid that most accurately predicted the structures internal to the rim seal cavity was
the 360 degree model. The result of the computation is shown in Figure 1-22. This
simulation captured a transient phenomenon that was represented by three rotating low
pressure regions. These structures would rotate at about 80% of the rotor speed and only
appeared at low flow rates in the full 360 degree model. It is reasoned that the grid must
be appropriately large enough in order to capture these structures, and, in this case, the
grid would have to be at least 120 degrees large.

Figure 1-23: Internal Structures of the Rim Seal Cavity in a Sector Grid, Julien et al. [21]
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Further research results on these structures were obtained in another CFD study by Julien
[21], using a different geometry with less radial length to the seal. It was found that the
number of the structures present does not depend on the number of blades or vanes or any
combination of the two. The structures were dependent on the cavity geometry and the
unsteady nature of passing blades and vane wakes. Julien also learned that it is possible
to model these structures if they can fit nicely within the chosen computational domain.
Previous sector models failed to capture these unsteady structures [20]. The sector models of Jakoby were picked to fit two blades and had a period of 22.5 degrees. A period of
120 degrees would have been necessary to capture the internal structures for his specific
design. Julien also found that increasing the purge flow rate reduces the angular speed
and intensity of these structures; they will disappear with enough purge flow. Figure
1-23 shows pressure contours of these structures at the stator wall. Part ‘a’ has the no
purge flow, part ‘b’ has low purge flow, and part ‘c’ has the highest purge flow. There
are six structures shown in part ‘a’ and ‘b’, while part ‘c’ shows that the rim seal cavity is
significantly purged enough that there are no noticeable structures.
A full 360 degree rim seal chamber was studied by Wang et al. [22]. The geometry of the
simulation was based on a test rig at Arizona State University. Figure 1-24 shows the
ingress and egress of the rotor. There were approximately 12 structures that rotate
around the rim seal cavity at approximately 86% rotor speed, moved like bearings in a
race, and were not equal to the pitch of the blades (28) or vanes (22). The structures were
self-adjusting circular objects and they disappeared with higher purge flow rates.

The

red colors indicate flow moving radially outward, while yellow indicates radially inward.
Increasing the purge rate, shown by greater Cw, weakens these structures. All of these
findings were consistent with Jakoby [20] and Julien [21].
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Figure 1-24: Internal Ingress and Egress in of a Full 360 Grid, Wang et al. [22]
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Figure 1-25: Internal Pressure Distributions across the Rim Seal Chamber, Wang et al. [22]
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Pressures contour plots in Figure 1-25 show these 12 structures in the rim seal chamber.
Part (a) of the figure shows the pressures at three axial different planes. The structures
are most noticeable near the vane. Part (b) of Figure 1-25 shows results for three different purge flow rates at the position closest to the vane with the pressures adjusted to make
the structures more visible. The pressure fields caused by the structures become less apparent as purge flow increases, and are most well pronounced at the when the sealing rate
is at Cw = 3148. The system is considered fully sealed at the highest flow coefficient
shown on the far right. In part (c), sealing effectiveness closest to the vane is calculated.
Here the 12 structures can be seen for the lower purge rate cases, while the chamber is
considered fully purge (effectiveness is equal to 1.0) for the highest purge rate on the
right.
The geometry and test conditions set up by Wang et al and Arizona State are used once
again by Mirzamoghadam et al. [23]. The same test conditions are used but FLUENT is
the solver instead of an in-house solver. Mirzamoghadam tries to recreate the unsteady
structures that have appeared in the rim seal cavity, and has found them once again.
However, the paper takes issue with the number of revolutions completed before data is
gathered. Wang et al’s. paper completes six revolutions of the rotor, while Mirzamoghadam case completes 16 revolutions and finds that the structures are still evolving. He
finds that seal effectiveness is constant after 11 revolutions. The paper also presents a
few best practices for researchers investigating the interaction of main gas path and rim
seal cavity flows.
The computational demands of calculating an unsteady, full annulus of vane, blades, and
the rim seal has made these sorts of computations unfeasible until recently. Even with
dedicated clusters, computational times can be staggering. Parallelization is the solution
of choice, and parallelization leads itself to the architecture of GPU’s. An in-house
URANS solver called MULTI3 based off the Lax-Wendroff explicit time marching
scheme developed by the Laboratory of Energy Conversion at ETH Zurich is modified to
use the advantages of GPU architecture in Basol [24]. In this paper a full rim seal and
stage consisting of 54 blades and 36 vanes of 55 million cells. The stage was moved in
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1728 steps for one revolution (or approximately ~0.2083° per step) and had 90 iterations
done for each step. The tests recorded an increase of approximately 10x faster when one
GPU is compared to one typically processor in double precision. As a result, the full
stage unsteady simulation took only 48 hours to complete on 18 Nvidia K20x cores. The
paper discusses how with the reduction in computation time may give rise to complete
annular multistage unsteady calculations.
These papers to not define why the large scale unsteady structures arise in the rim seal
cavity. They agree that the structures themselves are created from the unsteady interaction of the blades and vanes however they are not equal to the pitch of either the vanes or
the blades. The structures rotate at a fraction of the rotor speed. The structures shape,
size and number are driven by the design and shape of the rim seal cavity. The spacing
and may be self-adjusting to form near circular patterns. The structures can cause deep
ingestion of hot gas path fluid into the rim seal cavity. Finally, that these structures are
significant in understanding and predicting the amount of ingestion that occurs.

1.4 EFFECTS OF PURGE FLOW IN EXTERNAL FLOW STRUCTURES
The effects of purge flow are not limited to the internals of the rim seal cavity; they may
also have influence mainstream flow structures such as the passage vortex and endwall
boundary layers. Schrewe identified a few areas of loss that was caused by the purge
flow [25]. The first was the blockage of the hot gas path flow caused by the sealing fluid
entering the hot gas path. Next was the modification of secondary flow structures along
with the alteration of the flow field and the incidence upstream. Finally, the flow along
the vane or rotor airfoil surface was altered. These alterations could have a cascading
effect, propagating downstream to subsequent stages, and alter flow up to 20% of the
blade span. Figure 1-26 shows pressure loss at varying levels of mass flow from the
purge chamber just downstream of the rim seal cavity. With higher levels of purge the
circled passage vortex lifts off the hub and strengthens. Schrewe also paid attention to
estimation of the purge flow efficiency based solely on static pressure measurements.
Static pressure measurements are typically taken using pressure taps at a constant distance upstream or downstream of the blades and vanes along the hub endwall. These es-
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timations are highly dependent on measurement’s axial locations and can easily lead to
incorrect conclusions if they are compared to results from others.

Figure 1-26: Pressure Loss Behind a Stator After Purge Flow Injection, Schrewe et al. [25]

Investigations done by Owen et al. [26] specify which axial location to use to estimate
sealing effectiveness based solely on static pressure measurements. They reason that the
main mode ingestion into the rim seal cavity is externally induced. Under the assumption
that EI ingestion is mainly a function of the time averaged peak to trough pressure difference in the rim seal cavity. A non-dimensional analysis is done with their testing geometry, and sealing effectiveness calculated by gas concentration and static pressure taps are
calculated shown in Figure 1-27. In this chart gives a non-dimensional sealing parameter
(𝜙) divided by the amount it takes to fully seal the cavity (𝜙𝑚𝑖𝑛 ), and compares it to a
sealing effectiveness measurement (𝜀). The solid symbols denote effectiveness based on
pressure values, the open symbols denote effectiveness based on concentration measurements, and the solid curve is based on an effectiveness equation. Figure 1-27 shows good
agreement between the pressure based and concentration based effectiveness calculation,

33

and this is attributed to the well placed axial location of static pressure taps. The calculation requires a static pressure tap in the rim seal cavity on the stator disk that has to be
picked so it as to minimize the effect non-axisymmetric effects near the seal, and to minimize the effects of swirl near the inner radius. The second set of pressure taps is calculated to be upstream of the seal on the hub endwall of the stator. A series of multiple static pressure taps that vary circumferentially are used to find the minimum and maximum
static pressure aft of the NGV.

Figure 1-27: Sealing Effectiveness, Open Symbols Based on Concentration, Closed Symbols
Based on Pressure, Solid curve Based on Effectiveness Equation, Owen et al. [26]

Tests by Jenny also demonstrated the effects of purge flow downstream of the rotor [27].
These tests were measured by two probes. The first was a fast response enthalpy probe,
which measure both total pressure and temperature. The other was a fast response aerodynamic probe that was configured as a virtual four-hole probe. Jenny found out that
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higher purge flow rates create more vorticity in the hot gas path and that this vorticity
penetrates further. Figure 1-28 is a contour plot of vorticity where the probe is at a constant span and it moves circumferentially across two stator pitches. The probe is held at a
constant radial location, in this case 6% span way from the hub end wall. The measurements had a set starting point, and took data for approximately three blade passing periods. This figure shows that the rotor hub passage vortex shown in Figure 1-26, represented here as the white dashed line, is dependent on relative stator vane pitch location.

Figure 1-28: Streamwise Contours of Vorticity 𝟏⁄𝒔 Behind the Rotor, Jenny et al. [27]

To increase stage efficiency, contours have been added to the hub end walls of the stator
and rotor. Regina investigates the effect of purge flow on hub End Wall Contouring
(EWC) in a system where the contouring was not designed without rim seal purge flow
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[28]. They first identified a 0.2% increase in stage efficiency with the EWC, and then
proceeded to increase the rim seal cavity purge rate and measure the EWC against a flat
baseline case. The results in Figure 1-29 show that the EWC case crosses efficiency lines
near purge rates of 0.55 percent of main stream flow rates. After this point the EWC case
is out performed by the flat baseline contour. In relation to engine design, if a parametric
turbine design is to be done in a location where rim seal purge is to be used, the study design cannot ignore the contribution of the purge to the secondary flow structures and
overall stage efficiency.

Figure 1-29: Stage Efficiency of Flat and End Wall Contouring Cases Varying Purge Flow Injection Rates, Regina et al. [28]

The rim seal cavity is a necessity of design, and the need to cool is a byproduct of the increasing temperature of the burner. It is only very recently that an increase in research is
going into understanding the forces driving ingestion and how to mitigate them. The
process is simple, if less purge/cooling is needed, the engine will become more efficient.
A comprehensive review includes purge’s effect on the structures secondary flow structures present in a HP turbine, and how the structures are modified with increasing purge
rates, and the structures.
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2 OBJECTIVES
The literature review shows the need for more fundamental understanding and measurements of aerodynamic structures and their modifications with respect to purge flow rate
within the turbine. Secondary flow structures and boundary layers need to be measured
in respect to varying purge rates. Unsteady structures present downstream of the rotor
need to be mapped and identified. Most measurements and computational work of the
large scale ingestion structures within the rim seal cavity have been done with simple geometries. Geometries representative of modern design need to tested and compared to
computational results. The AFTRF affords a unique testing facility capable of doing so.
The new HP turbine stage installed into the AFTRF at Penn State is of Pratt and Whitney
design and is custom produced for our large scale, low speed, long duration rotating research facility. The objective is to produce a comprehensive set of measurements of this
new stage to better understand and visualize the effects purge flow and how it modifies
flow structures up and downstream of the rim seal cavity. A custom designed purge flow
system was retrofitted between the rotating disk of the HP turbine and the stationary
NGV exit plane of the research turbine. The present system includes a mass flow rate
monitoring system at the entrance to the purge chamber, realistic purge chamber geometry with proper rotating/stationary seal system and a carefully designed purge chamber
exit flow area interacting with the mainstream flow of the turbine. The purge chamber
also contains multiple dynamic pressure sensors that can report time accurate chamber
surface static pressures for monitoring the purge chamber internal flow structures in time.
Other support measurements include:


Static pressure vane and blade loadings with comparison to computational predictions



Detailed Five-Hole Probe (FHP) and Kiel probe measurements behind the NGV
using an adaptive measurement grid that will effectively map the NGV exit flow
field especially near the hub surface where most purge flow/mainstream interactions occur

37



Phase-locked rotor exit measurements of local total pressure using a fast response
aerodynamic probe to identify structures that are produced by the rotor, purge
flow system, and the NGV system



Rotor relative total pressure measurements at the rotor exit to create a relative total pressure loss map across the rotor



Inlet uniformity, total and static pressure profiles, and turbulence intensity in the
stage



Unsteady structures within the rim seal cavity mapped by piezoresistive transducers

This set of experiments will be repeated for multiple cases. The cases will include:


Variation of rim seal cavity mass flow purge rates which are representative of
what is found in a typical HPT



Modifications of the rim seal geometry



Baseline and Tip Vortex Control (TVC) blade geometries



Removable blade tips made of SLA plastic with baseline and slotted designs

The uses of the results include identification of secondary flow structures. Purge flow and
geometric modifications effects on these flow structures and how they change overall efficiency. The data set uses can also include testing of predictive computational codes
which in turn can be used to increase system efficiency of future engine designs.
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3 EXPERIMENTAL SETUP
3.1 THE AXIAL FLOW TURBINE RESEARCH FACILITY
The current configuration of the Axial Flow Turbine Research Facility (AFTRF) has 29
vanes and 36 blades provided by United Technologies Pratt and Whitney Corporation
through a NASA NRA (National Research Announcement) grant. The turbine rig is low
speed, large scale running at approximately 1440 RPM, and can perform steady state aerodynamic and heat transfer tests. The turbine mass flow rate is induced by a four stage
axial flow fan system that is connected in series. The turbine stage inlet flow is under
atmospheric thermodynamic conditions. The four stage axial flow blower system can
impose a pressure drop of about 40 inches of water at the stage exit. The facility exit
downstream of the axial flow blowers has an axially adjustable throttle system for adjusting the turbine operating point. The maximum flow rate of the AFTRF is about 10 𝑘𝑔⁄𝑠.
Typical aerodynamic testing makes use of circumferential and radial traversing systems
in both absolute and rotor relative frames of reference at many selected axial positions.

Rim Seal Cavity
Figure 3-1: Cross Section of the AFTRF
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Rim Seal Cavity

Figure 3-2: Enhanced View of the AFTRF Testing Section

Figure 3-1 is a cross section of the AFTRF, an enhanced view of the testing section can
be seen in Figure 3-2. The yellow airfoils are the vanes, and the blue airfoils are the
blades. The traverser for the stationary frame is shown on the top of Figure 3-1 and is
connected to an access window. It can traverse in two measurement planes. The first
plane is in the interspace between the blade and the vane, it is 25% vane axial chord
downstream of the vane trailing edge. The second plane is downstream one blade axial
chord downstream of the blades trailing edge. The red item is the radial traverse for the
rotor relative frame. This radial traverser is attached to the rotor via a shaft driven by a
stepper motor. This allows for the circumferential movement of the probe. The aerothermal measurements in the rotating frame of reference require a 150-channel slip-ring
assembly for the transfer of data from the rotating frame to stationary frame of reference.
Typical mid-span flow speeds can be found in Table 3-1. Stage design characteristics
can be found in Table 3-2.
Table 3-1: Predicted Midspan Flow Speeds

Location
Midspan Velocity (m/s)

Inlet Intraspace
Absolute Exit
Relative Exit
16.15
66.30
20.05
66.88
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Table 3-2: Stage Design Parameters

Current
Total Temperate at inlet (K); 𝑻𝑻,𝒊𝒏𝒍𝒆𝒕 288.75
Total Pressure at Inlet (kPa); 𝑷𝑻,𝒊𝒏𝒍𝒆𝒕 101.325
Specific Work (kJ/kg) 3.93
Mass Flow rate (kg/s); 𝒎̇ 5.970
𝒎̇√𝑻

Previous
289
101.36
5.49
5.49

1.00

1.85

Rotational speed; N 1400

1300

Flow Coefficient; 𝑷
Speed Coefficient;
𝑷

𝒂𝒕𝒎

𝑹𝑷𝑴
√𝑻

Total Pressure Ratio; 𝑷 𝑻,𝒆𝒙𝒊𝒕

𝑻,𝒊𝒏𝒍𝒆𝒕

𝑻

Total Temperature Ratio; 𝑻 𝑻,𝒆𝒙𝒊𝒕

𝑻,𝒊𝒏𝒍𝒆𝒕

Stage Pressure Drop (Pa); 𝑷𝑻,𝒊𝒏𝒍𝒆𝒕 −
𝑷𝑻,𝒆𝒙𝒊𝒕
Hub Reaction; R
Pitchline Reaction; R
Pitchline Loading Coefficient (psi)
Hub Loading Coefficient (psi)
Stator Zweifel Coefficient
Rotor Zweifel Coefficient
Power (kw)
Stator Efficiency; 𝜼𝒔
Rotor Efficiency; 𝜼𝒓
Total-to-Total Isentropic Efficiency; 𝜼𝒕𝒕

82.39

77.69

0.947

0.926

0.976

0.981

5417

7471

0.512
1.240
0.794
0.896
23.46

0.861

0.181
0.382
3.76
5.27
0.725
0.946
60.6
9.942
0.882
0.893

The target mass flow for the most recent P&W turbine stage design is 5.970 𝑘𝑔 ⁄ 𝑠𝑒𝑐
and the target flow coefficient is 20.42 (𝑙𝑏√𝑅) ⁄ (𝑠 ∙ 𝑝𝑠𝑖 ). Rotor and stator Zweifel
coefficients are calculated using the following velocity triangles at midspan. Design velocity triangles for the intraspace and rotor exit are given for five span locations, as
shown in Figure 3-3, Figure 3-4, and Figure 3-5. All angles are measured from axial direction. Calculations of degree of reaction show the stage to be approximately a 50% reaction machine. Meaning that half of the enthalpy drop is in the rotor and half of the
drop is in the stator. Rotor inlet absolute angles (𝛼2 ) are held in the range of 70° to 80°.
According to Hill and Peterson [29], in their discussion about axial turbines, losses are
minimized near 𝛼2 = 70°. Larger values of 𝛼 create very large absolute and relative ve-
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locities though out the stage, in turn the high velocities create more losses. The current
design seems to follow the guideline of keeping 𝛼 near 70°.

Figure 3-3: Velocity Triangle at 20% Span (Left) and 40% Span (Right) (Velocities Measured in
m/s)

Figure 3-4: Velocity Triangle at 50% Span (Left) and 60% Span (Right) (Velocities Measured in
m/s)
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Figure 3-5: Velocity Triangle at 80% Span ( Velocities Measured in m/s)

Figure 3-6: Blade Reaction from Given Velocity Triangles

44
Blade reaction shown in Figure 3-6 is calculated from the velocity triangle’s relative azimuthal velocities and span dependent local blade velocities at the inlet and exit of the rotor. Assumptions in this equation include that the axial velocity of the flow does not increase from rotor inlet to exit. The velocity triangles show a small rise across the blades,
small enough that its contribution to reaction is ignored. The square points of the picture
represent reaction of the blade at each of the span locations and the best fit line is a second order polynomial that has been truncated so that only the parts near the points are
visible.
An array of standard Kiel probes, Pitot probes, static pressure ports, Five-Hole probes,
dynamic total pressure probes, thermocouples, total/static temperature probes, and calibrated ASME mass flow orifices are used to measure the aero-thermal characteristics of
the AFTRF during operation. All measurements are taken with a National Instruments
CompactDAQ data acquisition hardware and recorded via a set of custom developed
labVIEW graphical interface codes.

Figure 3-7: Cross Sectional Drawing of AFTRF

Additional information can be taken through probes built uniquely for the rig. The two
most common are the Five-Hole Probe and the Fast Response Aerodynamic Probe
(FRAP) which measures total pressure. The Five-Hole Probe has been developed and
produced in-house at Penn State in association with Mr. Harry Houtz. It is unique due to
its small size, 1.62 mm in diameter, allowing for excellent spatial resolution in measurement grids. The Fast Response Aerodynamic Probe is a differential dynamic pressure
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transducer manufactured by Endevco and has been modified to fit into a stem by Mr.
Harry Houtz. A typical response time for the specific piezoresistive transducer ranges
from 50 to 150 kHz depending upon its size and implementation in the probe system.
Figure 3-8 shows the second generation (FRAP) probe. The second generation probe
holds the transducer at a 90° angle. The transducer is covered by a protective mesh.
Manufacturing of the probes is done with silver soldier, then the transducer is attached
using glue and epoxy. No heat could be used near the transducer due to the risk of damage. However the FRAP easily endures all thermal effects encountered in a typical AFTRF run.

Figure 3-8: Fast Response Aerodynamic Probe Designs

The probe’s measurements are phase locked to 6000 subsequent positions of the rotor.
The pulse that starts the measurement is always in the same location relative to the rotor.
The starting pulse is termed Once Per Revolution (ORP). The data assigned to each one
of the 6000 bins around a revolution is ensemble averaged over a certain number of revolutions. A typical ensemble averaging size for the current experiments was selected as at
least 150 revolutions to reach statistical stability. The phase locking with proper ensemble averaging is a great way of visualizing individual passage flow structures in the rotating frame of reference. This ensemble averaging approach provides highly detailed rotor
exit maps of individual viscous flow structures such as airfoil boundary layers, endwall
boundary layers, wakes, tip vortices and secondary flows.
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Figure 3-9: Enhanced View of the Measurement Locations and the Rim Seal Chamber

Figure 3-9 shows a closer view of the test section. In this picture a Kiel probe is being
held behind the stator in the intraspace measurement plane. A unique point of our system
is its purge flow capabilities from the disk cavity space. The disk cavity space’s stationary components include the green upper section with a stationary yellow, the orange
plate, the white guide, and the purple rim seal geometry below the stator hub. The rotating component includes the light gray rim seal geometry just below the blue rotor.
Figure 3-10 shows the two rim seal cavity geometries that are used. On the left is the
‘Baseline’ rim seal geometry and a second geometry called ‘Modified Rim Seal Geometry’ on the right. The purge flow enters as shown in the picture and then serpentines
through the double radial seal as it moves toward the main gas path (labeled ‘Flow’).
The purge is fed by a custom 300 𝑃𝑆𝐼 max lab air compressor and the amount of mass
flow into the rig is carefully monitored and controlled using precision calibrated orifices.
The intention is to vary the purge flow and monitor its effects on the primary and secondary flows present in the blades and vanes.
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Figure 3-10: Rim Seal Cavity Design, Baseline (Left) and Modified Rim Seal Geometries (Right)

Figure 3-11: Baseline Blade (Left to Right) - Pressure Side, Suction Side, Blade Tip

Figure 3-12: TVC Blade (Left to Right) - Pressure Side (Front), Suction Side (Left), Blade Tip

The baseline and TVC designations refer to the style of blade that is being used. Baseline
blading is shown in Figure 3-11. The first and second pictures are taken of the blade before it is placed inside the rotor. They show the pressure side and suction side respectively. The picture on the right shows an instrumented blade as installed. Tip Vortex Control
(TVC) blading is shown in Figure 3-12. The left most picture shows the TVC blade in
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front, with the Baseline blade behind it. The middle picture shows the TVC blade on the
left, with the Baseline blade on the right. The last picture shows an installed TVC blade.
With the TVC blading twisting is done near the blade tip to reduce the aerodynamic loading of the blade and modify the structure of the secondary flows near the tip. The tip
loading reduction is essential in reducing the tip leakage mass flow rate in an effort to
increase stage efficiency.

Figure 3-13: Baseline Blade Tips, Smooth Tip (White), Slotted Tip (Amber) with Slots Shown in
Red

Both the metallic vanes and blades of the AFTRF can be modified via stereolithography
(SLA) inserts. Figure 3-12 shows a SLA flat tip insert mounted (adhesive attached) on a
TVC blade design. Each blade set (Baseline blading and TVC blading) has two different
tip designs, a slotted and smooth tip. The tips for the Baseline blading are shown in Figure 3-13. The smooth tips are white SLA, while the slotted tips are amber and the slots
are highlighted in red.
These tips presented a unique challenge, as the first set of tips could not withstand the
centrifugal forces and were destroyed. The epoxy bond between the SLA insert and the
metallic tip surface required close attention in terms of epoxy bonding application. The
bonding process is covered in Appendix C. After using a manufacturer specified application method for the adhesive (DP-100) a safe operation of the attached tips was achieved.
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Both the inner hub and outer casing of the vane have removable inserts that can be replaced to test different kinds of endwall contouring. However, this thesis research did not
cover any endwall contouring features that are typically employed for secondary flow
reductions in turbine passages.

Figure 3-14: In-house Developed Pressure Transducer Box ZOCbox (Left) and ZOCcase (Right)

Figure 3-15: 32 Channel Electronic Pressure Scanner ZOC22b Dimensions

Pressure measurements in the stationary frame are taken by Validyne model DP15 variable reluctance transducers and two associated Validyne CD280 Carrier Demodulators
units. The CD280s each decode eight transducers to a ±10Vdc signal with a typical re-
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sponse time of 1000 𝑆𝑎𝑚𝑝𝑙𝑒𝑠⁄𝑠𝑒𝑐𝑜𝑛𝑑 . The size of the DP15 transducers and CD280
demodulators do not allow for them to be placed inside rotating components of the rig. A
Scanivalve Corporation ZOC22b miniature differential pressure transducer (model
ZOC22B/32Px-2.5psid) set is used within the rotor. This transducer set as shown in Figure 3-15 has a mems based design for each one of the 32 pressure transducers that are
multiplexed electronically. This AFTRF rotor mounted 32 channel transducer/scanner
has a range of 2.5 pound per square inch differential pressures and is subjugated to loads
in excess of 200 times gravity. A metallic protective case, informally known as the
ZOCcase, was designed to hold the ZOC22b unit in the rotor while minimizing the centrifugal load related mechanical impact on the transducers and is shown on the right side
of Figure 3-14. On the left side of the figure is the ZOCbox responsible for further electronic signal conditioning required. This box takes the 5V TTL signal from the CompactDAQ, converts it to a 15V CMOS signal and supplies power to the ZOC22b. The
ZOCbox is made to run up to four ZOC22b units simultaneously. A second ZOC22b
(model ZOC22B/32Px-1psid) is also used to measure 32 static pressure ports located in
the nozzle guide vane (NGV). The ZOC22b unit is controlled via a LabVIEW software
multiplexer. The multiplexer sends a 6-Bit 5V TTL Digital signal to the ZOCbox, which
brings the voltage up to a 15V CMOS levels. The program address one of the 32 channels and reads data from that transducer channel. Once it finishes reading data, it moves
to the next channel and continues until it finishes with all transducer channels.

Connector Plates

ZOC22b Bracket
Tubing
Wiring

Absolute Pressure Transducer
Figure 3-16: Secured Wiring and Tubing to the Rotating Drum
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Figure 3-17: NGV Exit and Purge Flow Injection Chamber

The connection block within the rotating instrumentation drum as shown in Figure 3-7 is
subjugated to centrifugal loads near 330G’s (at 14.2𝑐𝑚 radius) and the inner drum sees
loads near 522G’s (at 22.5𝑐𝑚 radius). It is absolutely necessary to secure all wiring and
tubing with great care. After the first few attempts met with almost disastrous results, all
loose material in the rotor was tied, glued, and reinforced onto the rotating drum with
proper fasteners. The left side of Figure 3-16 shows connections that have yet to be made
from the blade static pressure ports to the ZOC22b and the wiring that runs to the 150
channel slip ring. A hollow rotating shaft connection the rotating instrumentation drum
to the slip-ring is shown in the AFTRF schematic presented in Figure 3-7. The right side
of Figure 3-16 shows the wiring continues to D-sub connectors and retaining brackets,
which are difficult to make out as they are underneath an absolute pressure transducer.
On top of the retaining bracket is an absolute pressure transducer used to measure the
conditions inside of the rotating drum. Since the reference port of the differential pressure transducers of the ZOC22b unit are open to the rotating drum, an exact static pres-
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sure value developing in the drum under rotational conditions is absolutely necessary.
The absolute pressure transducer (Honeywell model 142PC15A) electrical output is
transferred to the stationary frame of reference through a few channels of the slip-ring.

Figure 3-18: The Rim Seal Chamber and Rotor Coming Together, the Rotor-NGV Gap is Not Fully
Closed, Taken During the Axial Insertion/Assembly of the Rotor System

The injection chamber, shown in Figure 3-9, the stationary part of the radial rim seal cavity components, and the NGV are shown in Figure 3-17. This picture has the rotor removed to allow installation of the rim seal cavity injection chamber. Figure 3-18 shows
both the rotor and the NGV being drawn together. The gap shown in this figure is far
outside of normal operating conditions, but this position allows for inspection of the rubber seal located in between the rotor and stator. This seal is visible in Figure 3-18 as a
tan rubber just left of the NGV hub surface.
The injection chamber provides purge flow to the rim seal cavity. The purge is fed to the
rotor from 300 𝑝𝑠𝑖 lab air via two gray cans shown in Figure 3-20. The cans split into
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seven different feed locations on the purge chamber. The system can provide rates of a
maximum of 1.5% purge mass flow over main gas path mass flow and beyond.
The 150 channel coin and brush type slip ring unit shown in Figure 3-5 is connected to an
electrical patch panel which is then connected to the DAQ. All instrumentation level
wires in the rotating and stationary frame of reference are properly shielded against electrical noise that may be generated and transmitted from the laboratory environment.
There are two instrumented blades in the rotor, with static pressure ports at 10, 25, 50, 75,
and 90 percent span. At each span location there are four ports on the pressure side, six
ports on the suction side, and one port on the trailing edge. These are routed to the
ZOC22b, and the signals are sent over the slip ring. Other signals sent though the slip
ring are from the absolute pressure transducer and power for moving/locking the circumferential traverser.

Figure 3-19: A Typical DMLS Facility Used in Powder Metallurgy Based Additive Airfoil Manufacturing Approach
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A unique feature of the currently instrumented blades and NGV airfoils is that they are
manufactured using Direct Metallic Laser Sintering (DMLS) process. All built in plenum
chambers and static pressure ports on airfoil surfaces are built using the computer additive manufacturing technique DMLS. The material for the specific DMLS process for the
𝑔
current airfoils is a heavy alloy of Cobalt-Molybdenum (8.29 ⁄𝑐𝑚3 , 880 𝑀𝑃𝑎 yield
𝑔
strength), for comparison A36 steel (7.75 ⁄𝑐𝑚3, 250 𝑀𝑃𝑎 yield strength) and 6061
𝑔
aluminum (2.70 ⁄𝑐𝑚3 , 55 𝑀𝑃𝑎 yield strength). A typical DMLS facility used in this
powder metallurgy based airfoil manufactured approach is shown in Figure 3-19. This
specific system uses a computer drive 14 𝑘𝑊 CO2 laser head to produce metallic parts in
a metallurgically controlled system. Details of a typical DMLS approach can be found in
reference [30]. Local powder injection of the metallic alloy, gas injection, local melting
of a spot, and solidification in this controlled metallurgical chamber is able to produce
precision components and airfoils. Highly three dimensional instrumented metallic turbine airfoils including their internal multi-pass cooling channels, instrumentation plenums, and surface static holes can be additive manufactured into such a system as shown
in Figure 3-19

Figure 3-20: Internals of the Inlet, Nose Cone and Slip Ring Removed

There are also three instrumented vanes manufactured using the same DMLS approach.
They have static ports located at the 10, 50, and 90 span locations. Again, at each span
location there are four ports on the pressure side, six ports on the suction side, and one
port on the trailing edge. These are routed to a second ZOC22b electronic pressure scan-
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ner shown in the upper part of the left picture of Figure 3-20. The ZOC22b only has 32
channels on it, 33 channels are need to measure all of the vanes. Unfortunately, one set
of ports is clogged during additive manufacturing process DMLS. This clogging problem
could not be resolved by mechanical means and the 32 static pressure ports connected to
available 32 transducers.
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4 INLET MEASUREMENTS
4.1 INLET FLOW UNIFORMITY AND CONDITION
The experiments begin by testing flow uniformity at the inlet of the Axial Flow Turbine
Research Facility (AFTRF). The first efforts are categorizing any obstructions or distortions to the flow before they enter the rig and eliminate them. Three Pitot probes are set
at 120° increments in the inlet of the rotor. Six experiments took data at each of the three
circumferential locations at midspan, all of which are shown in Figure 4-1.

300°

60°

180°
Figure 4-1: Inlet Pitot Probe Locations
Table 4-1: Inlet Uniformity Results

Average V (m/s)
Standard Deviation

300°
60°
180°
17.28
17.25
17.07
0.0133

0.0262

0.1215

The inlet uniformity test results can be found in Table 4-1. The probes at 60° and 300°
are in agreement with each other and have low standard deviations. However the probe
at 180° facing the ground measures a velocity 0.2 𝑚/𝑠 less than the probes at 300° and
60° and has a slightly higher standard deviation. This is thought to be due to the probes
location closest to the floor and an upstream slip ring support is directly in the flow path.
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The upstream slip ring support generates a wake and increases the turbulence and momentum deficit in its wake and hence the standard deviation on average velocity is likely
to have a higher measurement uncertainty. The floor creates a ground interaction since
the centerline of the facility is not exactly at the middle height of the room and causes
unequal distribution of velocity and turbulence into the inlet. The standard deviation on
the measured inlet mean velocity at 180° location corresponds to 1.2% of 17.20 𝑚⁄𝑠
average velocity measured at the turbine inlet.
With uniformity mapped the next step is to set the flow coefficient. The flow coefficient
is a dimensional number based on the mass flow in the system, the temperature, and the
absolute total pressure. Equation ( 4.1 ) is used to calculate flow coefficient (Φ) and it
should be noted that for our rig its value is based on imperial units for the current research program. So in our case 𝑚̇ is in pounds per second, 𝑇 is measured in Rankine, and
𝑃 is quantified with pounds per square inch absolute. This was a condition imposed by
the sponsor. However a direct conversion to SI units is also available. The flow coefficient value used throughout the present experiments was also specified by the sponsor
who designed the aerodynamic characteristics of this HP turbine.
𝑚̇√𝑇𝑖𝑛
Φ=
𝑃𝑇,𝑖𝑛,𝑎𝑏𝑠

𝑙𝑏⁄ √𝑅
𝑠
[
]
𝑝𝑠𝑖

( 4.1 )

The blades are manufactured with larger clearance gap than the design tip clearance gap.
The design allows for stereolithography tip inserts to be attached to the blades providing
a very accurate tip clearance control around the t/h=1.0% value. Tests on a variety of tip
designs can rapidly be done. The tips create a measurable difference in the flow coefficient; there are two flow coefficients calculated. The first coefficient without the blade
tips installed is 20.88, with the blade tips installed the target is 20.42. This is caused by
the decrease in blockage from the lack of blade tips, with the blade tips installed more
work is extracted from the turbine causing a larger pressure drop across the turbine.
Without the blade tips, less work is extracted and the pressure drop across the stage is
less. Meaning that for the same pressure drop caused by the downstream compressors
more mass flow will move through the rotor in the case without blade tips, thus increasing the calculated flow coefficient.
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Fine adjustment of the flow coefficient Φ is accomplished by changing backpressure of
the turbine rig. The AFTRF is driven by a four stage axial flow fan system, followed by
an axially adjustable throttle valve. By adjusting the opening area of the throttle valve, or
varying the pitch angle of the axial flow fan blades, it is possible to adjust the amount of
mass flow through the system of an established performance map of the fan system.
There is a unique stage pressure drop for every mass flow rate value selected by adjusting
the throttle valve. To match the flow coefficient for the current experiments it was only
necessary to change the throttle setting. Running eight tests and measuring the inlet profile with high spanwise resolution via a Pitot Probe satisfied repeatability. A nondimensionalizing by dividing local measured velocity by the midspan velocities by the
probes stationed around the inlet cause the velocity profile of each test case to take the
same shape and magnitude as shown in Figure 4-2. This figure shows eight subsequent
velocity traverses create a well formed and steady inlet profile that appears over a range
of flow conditions. A list of the experimental conditions of the eight tests is shown in
Table 4-2, the resulting flow coefficient versus axial gap is presented in Figure 4-3.
Table 4-2: Inlet Measurements Experimental Results

Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Run 7
Run 8

𝒍𝒃
Gap (Inch) Flow Coefficient 𝒎̇ ( ⁄𝒔) 𝑷𝑻,𝒊𝒏,𝒂𝒃𝒔 (𝒑𝒔𝒊) 𝑻𝒊𝒏 (𝑹)
1
19.97
12.14
14.206
546.4
0.85
19.13
11.63
14.214
547.0
0.9
19.51
11.86
14.214
546.9
0.9
19.47
11.85
14.235
546.5
0.9
19.39
11.81
14.221
544.8
0.9
19.32
11.76
14.170
19.32
1.25
21.00
12.78
14.177
542.7
1.25
20.88
12.67
14.177
546.0

59

1.588 mm from casing

100

Span

90
80

Run 1

70

Run 2
Run 3

60

Run 4
50

Run 5

40

Run 6

30

Run 7

20

Run 8
99% U_Mid

10
0
0

0.2

0.4

0.6

0.8

V/VMidspan

1

1.2

1.270 mm from hub

Figure 4-2: Measured Inlet Velocity Profiles in the AFTRF

For each test, 31 measurements are taken with clustering near hub and casing to better
define the boundary layers. A 1/16 inch diameter Pitot velocity probe was used in order
not to disturb the inlet flow of the turbine. There were concerns about probe interference
near the walls because of streamline squeezing causing acceleration near the walls. But
the measurements did not display measureable wall interference caused by velocity modifications. The probe centerline did not make it the whole way to the outer casing wall
due to its diameter and the bend of the neck/stem junction. The probe is initially held
through the access window near the inner hub and traverses radially outward. The probe
stops a small finite distance to the casing due to the aforementioned neck/stem junction
limiting its movement radially outward. The boundary layer thickness on the casing is
somewhat larger than that of the hub because the minor differences between the hub and
casing curvatures near the belmouth section, (Figure 4-2). The specific inlet belmouth
design results in this slightly thicker outer casing boundary layer development.
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25.0
24.0
y = -4.5952x2 + 14.111x + 10.448
R² = 0.9922

Flow Coefficient

23.0
22.0

21.0
20.0

Coefficients
Target Coefficient

19.0

Poly. (Coefficients)
18.0
17.0
16.0
15.0
0.80

0.90

1.00

1.10

1.20

AFTRF Throttle Axial Gap (inches)
Figure 4-3: Flow Coefficient with AFTRF Throttle Axial Gap

To find the flow coefficient, the mass flow into the AFTRF must be known, Equation (
4.1 ). Mass flow rate though the AFTRF is obtained by integrating the measured inlet
velocity profile in Figure 4-2. The integration is completed by using the trapezoidal rule,
along with the no-slip condition assumption on the profiles. It is assumed that the velocity is zero at the hub and casing (0% and 100% span). The area between the first point in
the flow and the wall then must be represented by a linear line going from zero to the
point. A spreadsheet is used to calculate the integrated mass flow for each test. The calculated flow coefficients and corresponding throttle valve axial gaps are graphed in Figure 4-3. The relationship between the two is not linear but rather quadratic. The desired
flow coefficient for the current HP stage is reached when the AFTRF throttle valve is set
to a 1.25 inch gap. Inlet tests concluded promptly.
A note on aero-thermal stability, the AFTRF and its associated instrumentation change
characteristics as run time goes on. Most of the changes, such as bearings warming up,
density changing, performance of the rotor and fan, can be corrected by adjusting the
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speed of the eddy current brake. However, a major zero voltage temperature shift takes
place in the performance of the pressure transducers. The AFTRF is essentially an open
loop where fluid is forced into the experimental rig, discharges into the room, and is reinvested back in AFTRF. Temperature changes for a two hour run can vary over 30° Fahrenheit making it essential to warm the room to near equilibrium. Depending on the
length of the test and the sensitivity of the transducer to temperature shift the length of
the warming process varies. In all cases, the rig is turned on, the room is warmed, the rig
is stopped, the transducers are re-zeroed, and the test is then started. As mentioned the
length of warming varies, for test that were completed quickly (less than 10 minutes) the
room was not warmed, but everything was re-zeroed after each test completed. For long
two hour or greater tests, the room was warmed for at least 40 minutes. For tests that involved temperature sensitive equipment such as Endevco piezoresistive pressure transducers or hot wire probes, the room was warmed for at least 40 minutes before the test
was started. This system help minimize the error caused by zero voltage temperature
shift and helped to reduce uncertainty in our measurements.
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5 VANE AND BLADE LOADINGS
5.1 VANE LOADINGS
The Nozzle Guide Vane (NGV) assembly is made up of 29 vanes manufactured using a
Direct Laser Metal Sintering (DLMS) approach [30] and were assembled into a cylindrical casing/cartridge for ease of assembly.

The results are blades of a Cobalt-

Molybdenum Alloy that have been finished to exacting tolerances with reduced lead
time. Three of these vanes are instrumented with static pressure ports. The ports are
connected internally using the plenums made during the manufacturing process. The additive process has made short work of the plenums, which typically required great precision in casting or machining. Each instrumented vane has 33 static pressure taps located
on its aerodynamic surfaces. The static pressure taps are in three different span locations.
The span locations are shown on the left side of Figure 5-1, are at a constant radius corresponding to 10%, 50%, and 90% span.

NGV

Flo

Blade

w

Figure 5-1: Spanwise Location of Nozzle Guide Vane and Blade Static Pressure Ports
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10% Span

50% Span

90% Span

Figure 5-2: Axial Locations of the Static Pressure Ports on the Nozzle Guide Vane at 10%, 50%,
and 90% Span
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The profiles of the vanes at the three instrumented radial locations are shown in Figure
5-2. The circles represent a static pressure port, the red line represents the pressure surface of the vane, and the blue denotes the suction side. The axial positions of the ports
are highly very repeatable within ±0.010 𝑖𝑛𝑐ℎ𝑒𝑠. The four locations on the pressure side
are at 15%, 50%, 75%, and 90% axial chord. The six ports on the suction side are at
10%, 40%, 70%, 80%, 90%, and 95% axial chord. Finally, there is one port almost exactly at the trailing edge of the vane to obtain a back pressure value in this region.

To ZOC22b

Figure 5-3: Static Pressure Port Internal Plenum Plumbing

The ports are independent in the axial direction, but they are connected between spans.
Figure 5-3 shows the pressure side and one set of pots on the suction side of vane. Each
set (common internal plenum) is represented in a different color. Internal plenums, created during the manufacturing process (DLMS), connect each port at the same axial location along the span. When testing, ports that are not being used are covered using Scotch
tape. The plenums are then routed to the ZOC22b for measurements. A typical loading
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test uses only one selected spanwise location with the help of scotch tape application on
unused spanwise positons
First, it is necessary to look at repeatability between tests. Four runs are done at nominal
rotor speed of 1400 RPM, without SLA blade tips, and a nozzle gap of 1.25”. The results
are shown in Figure 5-4 and demonstrate good repeatability between the tests, the average 𝐶𝑝 difference between runs is ±0.15 which translates into a difference between runs
of ±1.15% if normalized with the measured value of 𝐶𝑝 .

Figure 5-4: Repeatability Runs for the Nozzle Guide Vane Static Pressure Ports at 50% Span

These airfoil loading results are shown as a non-dimensional static pressure coefficient as
defined in Equation ( 5.1 ). The instrumented vane locations are shown in Figure 5-5,
where “Vane C” is located nearest to the floor and the view is looking downstream, toward the rotor.
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𝐶𝑃,𝑠𝑡𝑎𝑡𝑖𝑐 =

𝑃𝑠 − 𝑃𝑎𝑡𝑚
1⁄ 𝜌 𝑉 2
2 𝑖𝑛 𝑖𝑛

Vane B

( 5.1 )

Vane A

Vane C
Figure 5-5: Instrumented Blade Locations Looking Downstream From Inlet

Figure 5-6: Static Pressure Vane Loading at 10% Span, Symbols Show Measurements, Solid Line
Indicates Predictions
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Static pressure loadings are found in Figure 5-6, Figure 5-7, and Figure 5-8 for 10%,
50%, and 90% spanwise locations. These results presented in each figure are taken during a single run. The run uses 1000 samples a second for five seconds at each location.
Measurements are taken using the Scanivalve ZOC22b-32Px channel transducer/scanner.
Figure 3-14 and Figure 3-15 show the details of the transducer/scanner During the sampling time parameters such as flow coefficient, inlet temperature, inlet static pressure,
stage pressure drop, and rotor RPM are monitored. Each one of the vanes has all but one
set of static pressure ports at a specific span covered.

Figure 5-7: Static Pressure Vane Loading at 50% Span, Symbols Show Measurements, Solid Line
Indicates Predictions

The results between the measured and the CFD prediction match fairly well in these cases. The pressure side (upper curve) matches more closely than the suction side (lower
curve) of the vanes. Closer inspection of Figure 5-7 reveals that one port is missing on
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the pressure side at 50%. This is a known defect of that vane, after a consultation with
the technician it was decided that it could not be repaired.

Figure 5-8: Static Pressure Vane Loading at 90% Span, Symbols Show Measurements, Solid Line
Indicates Predictions

A general feature of all NGV static pressure predictions is the observation of a welldefined stagnation point in the leading edge region that has a relatively large radius compared to the blade leading edge radius. The predictions indicate a stagnation point almost
at 𝑥⁄𝑐 = 0.0 point at all three spanwise distributions. This is not surprising because of
the well-defined and axial inlet velocity profile at the entrance section of the current
NGV assembly. The predicted 𝐶𝑝 distributions shown in Figure 5-6, Figure 5-7, and
Figure 5-8 closely follow the measured data points. The flow accelerates on the suction
side part of the leading edge at a much faster rate than the pressure side portion. The
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pressure/velocity almost remains constant on the concave surface (pressure side) from
10% to 50% chord location. Pressure side acceleration starts after 50% chord position.
The pressure drops quadratically from 50% to almost 95% chord location near the trailing
edge. The influence of the trailing edge wedge region on the concave side pressure distribution is shown in the predicted static pressure distribution as a short pressure increase
zone very near the trailing edge area.
The flow on the suction side of the NGV airfoil accelerates at a monotonic rate all the
way up to 65% axial chord location. Although most of the pressure side acceleration occurs after 60% chord position, the suction side acceleration starts right at the leading edge
zone and follows a linear growth up to 65 percent chord. The minimum pressure point
(maximum velocity) on the suction side is almost always between 75% and 80% axial
chord locations. A mild diffusion zone occurs after the minimum pressure point. As the
static pressure climbs in a second order faction the local free stream velocity at the edge
of the boundary layer is reduced smoothly all the way up to the trailing edge point. The
measured static pressure from the trailing edge is reduced smoothly all the way up to the
trailing edge point. The measured static pressure from the trailing edge ports located just
at the extremity of the trailing edge wedge region agrees very well with the RANS
(Reynolds Averaged Navier-Stokes) based pressure predictions for the NGV passage
flow.
Predicted results at the hub and midspan (10% and 50%) are also slightly more accurate
than at the casing location (90%). One reason the casing’s results (Figure 5-8) may be
slightly less accurate is because of the increased casing boundary layer size (Figure 4-2)
inherent to the AFTRF. The computational aerodynamic results presented in this section
were provided by the sponsor as result of a RANS based computational analysis under a
fully turbulent flow assumption for the current turbine stage. Our in-house RANS computations agreed well with the sponsor generated computational results.
Midspan velocity profile at the edge of the boundary layer, shown in Figure 5-9, is calculated using incompressible Bernoulli’s principle. Static pressure is constant across the
boundary layer, and total pressure measurement is known to be atmospheric pressure as
losses are minimal and no work is done on the flow until the rotor. The lowest velocity is

70
recorded near the stagnation point, and the pressure side (lower curve) quickly rises to
near the inlet velocity. Velocity range from 10% to 45% axial chord location remains
between 15 and 20 𝑚⁄𝑠. After the 45% chord location the velocity starts to rise until
95% chord location. At 95% chord the velocity diffuses and contracts until the trailing
edge where both the pressure side and the suction side have the same velocity.

Figure 5-9: Midspan Velocity Profile of NGV Just Outside of the Boundary Layer, Symbols
Show Measurements, Solid Line Indicates Prediction

Along the suction side of the blade (upper curve) the flow quickly accelerates from the
stagnation point to the 5% axial chord location. Flow velocity nearly increases linearly
along the chord from 5% to 80% axial chord locations. The point of maximum velocity
corresponds to the point of minimum pressure in Figure 5-7 near 80% axial chord. From
80% to the trailing edge, the suction side of the blade diffuses to nicely match the veloci-
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ty from the pressure side of the blade. The velocity at the trailing edge is calculated at
𝑚

66 𝑠 , which is also the predicted intraspace value of velocity as reported in Table 3-1.
Dividing the local calculated velocity by the inlet velocity gives an idea of performance
of the nozzle. In Figure 5-10 the chart shows that the vanes increase the inlet velocity by
approximately 4.2 times that of the inlet velocity. The maximum velocity is found near
80% axial chord and seen to be nearly 4.8 times the inlet velocity.

Figure 5-10: Non-Dimensionalized Midspan Vane Local Velocity by Inlet Velocity, Symbols Show
Measurements, Solid Line Indicates Prediction

5.2 BLADE LOADING IN THE ROTATING FRAME OF REFERENCE
Static pressure loading on the blades is a more challenging measurement than the vane
loading. The blades are located in the rotating frame of reference. The pressure transducers providing the loading data, their amplifiers, signal conditioners are all incorporated into our rotating instrument drum as shown in Figure 3-7. At 1432 RPM nominal
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rotational speed of our experiments the centripetal forces on the blades, static ports, connecting tubes, the transducer/scanning units, signal cables, and connectors is easily
around 400 times the gravitational constant. The pressure transducer/scanner generated
signals need to pass through a coin and brush type slip-ring device. Existence of an instrumentation grade slip-ring assembly in the middle of the measurement chain introduces some technological complexity to the measurement effort

Figure 5-11: Internal Connector Housing, Full Assembly with Connectors (Left), Outline Drawing Used with Water Jet (Right)

Blade loading must contend with centrifugal pumping Equation ( 5.2 ) in the tubing, pressure drop within the drum, and centrifugal loading on the pressure transducer diaphragms. There were also many initial problems involving loose “rotating” connections
that would become unattached to the internal rotating drum, contact or rub a non-rotating
wall, and would be destroyed. This all led to a rotor where everything was properly secured to the inner walls of the rotating drum to so that the wiring and tubing would be
centrifugally forced and fastened properly against the wall (Figure 3-16). The connectors
had custom made housing designed and shown in Figure 5-11. The left side of the figure
shows the connectors attached with steel plates to an aluminum block that was cut using a
water jet. The right side of the figure shows the outline of the block that was used in its
creation. Every component was cut down to minimum lengths to reduce mechanical
loads on the wiring and tubing. Tie mounts were secured to the wall after surface cleaning and sanding with 3M DP-100 epoxy and internal components where secured to the tie
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mounts with zip-ties. Zip-ties are used with tinsel strengths between 18 to 50 pounds depending size limitations. Connections between the flexible tubing of the ZOC22b and the
metal tubing from the blades are reinforced with cable management devices. One lesson
the author has taken away from all of this is that things can never be too well secured,
especially when the internals can easily see 400 times gravity.

Figure 5-12: Uncorrected Static Pressure Loading, 75% Span, Symbols Show Measurements, Solid
Line Indicates Predictions

Results in the rotating frame initially do not match CFD results as they easily did with the
NGV measurements when corrections for the influence of tubing and transducer rotation
are not taken into account. The blade airfoil loadings have the correct shape/distributions
but have been shifted toward the positive direction as shown in Figure 5-12. An example
static pressure at 75% span is shown and it is reliably noticeable that there is a consistent
shift of observed static pressure against computationally predicted pressure on the rotating blade surfaces. The reasons for this shift are rotational centrifugal loading of the
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transducer diaphragm, pumping effect inside the rotating tubing, and the reference port of
the ZOC22b that is open to the internal pressure of the rotating drum, which is never the
same as usual atmospheric pressure in the lab. However, after applying a consistent set
of corrections the measurements and predictions of blade surface static pressures agreed
very well.
Corrections are made to all of the measurements taken in the rotating frame. It was found
that a set of corrections leading to a single pressure shift would much more accurately
match the CFD based pressure predictions. This paragraph attempts to quantify this shift
in a detailed manner. The first correction is due to the centrifugal pumping effects within
the rotating tubing. The pumping effect is caused by the tubing taking any path through
the rotating frame of reference from the pressure transducer diaphragm to the measurement port, as represented in Figure 5-13. This arbitrary path moves in the radial, axial,
and azimuthal planes as it makes its way through the rotor. There are no forces in the
axial direction, as the rotor is not shaking back and forth, and there are minimal forces in
the azimuthal direction as the rotor is held at a contestant speed while measurements are
being taken. Centrifugal forces are very large, thus the pumping effects only need to be
calculated in the radial direction.

The obvious solution is to split the path into many

pieces and calculate them using an integral to calculate pressure difference from transducer radial location to measurement port radial location.
𝑃𝑢𝑚𝑝𝑖𝑛𝑔 𝐸𝑓𝑓𝑒𝑐𝑡𝑠 = 𝑑𝑃 = 𝜌𝑎 𝑑𝑟
𝑎 = 𝜔2 𝑟
𝑃𝑢𝑚𝑝𝑖𝑛𝑔 𝐸𝑓𝑓𝑒𝑐𝑡𝑠 = ∫

𝑅𝑠𝑝𝑎𝑛

𝜌𝜔2 𝑟 𝑑𝑟

𝑅𝑍𝑂𝐶22𝑏

1
2
2
𝑃𝑢𝑚𝑝𝑖𝑛𝑔 𝐸𝑓𝑓𝑒𝑐𝑡𝑠 = 𝜌𝜔2 (𝑅𝑠𝑝𝑎𝑛
− 𝑅𝑍𝑂𝐶22𝑏
)
2

( 5.2 )

The change in pressure (𝑑𝑃) is known as the pumping effects, it is equal to the density of
the fluid, multiplied by the acceleration (𝑎) multiplied by a small change in radial distance (𝑑𝑟). For the rotating frame of reference, acceleration is equal to angular velocity
(𝜔) multiplied by the radial location (𝑟). Since the radial location is variable, the best
way to solve for the change in pressure between measurement port and transducer is by
integration. Density and angular velocity are assumed constant. Final result the pumping
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effect based part of the solution reported in Equation ( 5.2 ) where 𝑅𝑠𝑝𝑎𝑛 is the exact radial location of the static pressure port on the airfoil surface and 𝑅𝑍𝑂𝐶22𝑏 is the radial location of the transducer diaphragm of the ZOC22b unit.

Figure 5-13: Measurement Correction for Any Path in the Rotating Frame

Absolute atmospheric pressure is measured using a barometer in the lab. Absolute rotating drum pressure is measured in the rotating drum using an absolute pressure transducer
mounted to it and is lower than the atmospheric pressure. This is because the drum is not
fully sealed to the main gas path. The Axial Flow Turbine Research Facility (AFTRF)
uses a four stage axial flow fan system downstream of the test section. In this way, the
flow into the inlet is very uniform and the rotor extracts works from this clean flow. It
does however create a pressure drop of about 6000 Pascal downstream of the rotor and
upstream of the axial flow fans. The instrumentation drum is exposed to the pressure
drop and the ZOC22b’s reference port experiences this specific drum.
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Finally, the loading on the transducers themselves is found experimentally by opening
both the pressure port and the reference port to internal drum pressures. The difference
measured is the effect of centrifugal loading of the diaphragm and it is approximately 250
Pascal on each transducer. This centrifugal shift is easily measurable and repeatable for
each one of the 32 transducer built into the ZOC22b unit. The current research program
is the only known to the author in terms of submitting a ZOC22b unit to excess of 200G’s
in the rotating frame of reference. The calculated values for each effect, shown in Table
5-1, are added together via Equation ( 5.3 ).
𝑃𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 = (𝑃𝑎𝑡𝑚 − 𝑃𝐷𝑟𝑢𝑚 ) − 𝑃𝑃𝑢𝑚𝑝𝑖𝑛𝑔 + 𝑃𝐷𝑖𝑎𝑝ℎ𝑟𝑎𝑔𝑚

( 5.3 )

Table 5-1 summarizes of the corrections for results without the rim seal cavity installed.
There is a difference between the calculated and CFD matching corrections and it is becoming larger at higher span locations; readily noticeable in Figure 5-14. This is main
due to the “radius square” term appear in Equation ( 5.2 ).
The differences between the two solutions are nearly 300 Pascal. The range of the transducer is ±17000 Pascal, this equates to a difference of approximately 1.7% transducer
range. A possible reason is unaccounted centrifugal loads on the absolute transducer
which measures drum pressure. Another way to reduce the need for the correction factor
is an oversight in the manufacturing process. Instrumentation in a rotating turbine typically includes a total pressure port to measure relative inlet total pressure and located on
one of the blade’s leading edge. However, the pressure tap for the measurement of the
rotor inlet relative total pressure was not delivered as part of our current stage by the
sponsor. Although this immediate need was re-iterated in time, the obvious instrumentation issue was not resolved. The plenum and the pressure tap for a total pressure measurement is manufactured into the blade, however the tubing that goes from the blade to
the transducer is not present, and the plenum exit is covered with epoxy. If such a connection were available Equation ( 5.4 ) and our corrections would be vastly different.
The numerator of Equation ( 5.4 ) would read 𝑃𝑆 − 𝑃𝑇,𝑅𝑜𝑡𝑜𝑟 𝐼𝑛𝑙𝑒𝑡 . This would reduce error in reading the atmospheric pressure, which is currently a ±50 Pa. The absolute drum
pressure and atmospheric pressure in Equation ( 5.3 ) would be eliminated as the reference port of the ZOC22b would be connected to the rotor inlet total pressure. The main
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sources of difference between the CFD prediction and the measurement errors would be
due to the centrifugal forces on the transducer and the pumping effects. Pumping effects
would be minimized due to the reduction in radius between the static port location and
the new reference total port location.
Table 5-1: Summarization of the Corrections of Measured Static Pressures in the Rotor without Rim
seal Cavity

Span Location
Pumping Effects
Pressure Atmosphere
Absolute Drum Pressure
Transducer Diaphragm
Calculated Correction
Correction for Matching
CFD
Difference

10%
25%
50%
1500.034 1646.332 1904.202
98000
98050
98100
92073.19 92097.8 92158.88
250
250
250
4676.777 4555.87 4286.916

75%
2179.575
98100
92259.83
250
3910.597

90%
2353.218
98100
92259.83
250
3736.954

4600
76.77708

4200
-289.403

4000
-263.046

4600
-44.1297

4400
-113.084

16000
14000

Pressure (Pa)

12000
10000

y = -731.68x2 - 32.369x + 4624.2
R² = 0.9933

Fitted

8000

Calculated
Poly. (Fitted)

6000

Poly. (Calculated)
4000
y = -439.11x2 - 768.19x + 4753.9
R² = 0.9973

2000
0
0%

20%

40%

60%

80%

100%

Measurement Port Span Location
Figure 5-14: Difference Between Calculated and CFD Fitted Corrections
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-50
-100
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-200
-250
-300
-350
0%

20%

40%

60%

80%

100%

Measurement Port Span Location
Figure 5-15: Pressure Difference Between Calculated and Fitted Corrections at Each Spanwise
Measurement Location on the Blade Airfoil with Trend Line

Blades are instrumented in a similar fashion to the vanes. The blades are made with internal plenums manufactured by the additive DMLS process used for the vanes. The instrumented blades are made of cobalt-chromium and the non-instrumented blades are
made of aluminum. This causes the instrumented fixtures to weigh approximately three
pounds while the aluminum blades come in at one pound. The right side of Figure 5-1
shows the span wise locations of the blades static measurement planes with red dashed
lines. These planes correspond to 10%, 25%, 50%, 75%, and 90% span as measured
from the hub along the blades leading edge. The axial locations of the static ports are
shown in Figure 5-16 as circles on the blade profile. There are four ports on the pressure
side, shown in blue, at locations of 15%, 50%, 75%, and 90% axial chord. The suction
side, shown in red, consists of six pressure taps at 10%, 25%, 45%, 55%, 65%, and 90%
axial chord. Finally, there is one port located at the trailing edge. Like the vanes, the
taps at each axial location are connected to the taps at the same axial location in each
span slice (Figure 5-3). Meaning that to measure pressure at 10% span, taps at 25%,
50%, 75%, and 90% span must be properly covered and sealed with Scotch tape.
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10% Span

25% Span

50% Span

75% Span

90% Span

Figure 5-16: Static Pressure Ports (Circles) Locations on the Blades
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Figure 5-17: Repeatability Tests without Rim Seal Chamber Installed (Top: 10% Span, Bottom:
75% Span)
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𝐶𝑃,𝑠𝑡𝑎𝑡𝑖𝑐 =

𝑃𝑠 − 𝑃𝑟𝑒𝑓
1⁄ 𝜌𝑉 2
2 𝑖𝑛

( 5.4 )

The non-dimensionalization in Equation ( 5.4 ) makes it easier to compare results from
different days. All results shown are taken over multiple days and static measurements
are taken on both blades at the same span wise locations simultaneously. The repeatability tests are done over the course of three days at two different span locations (Figure
5-17). The tests show that the static measurements repeat and the two blades are in
agreement with each other. Each test measures each blade at a specified blade position,
further showing that the static pressure measurements (green empty triangle, tip facing
up) taken by each blade match each other. Notice that during the final 10% span test a
measurement on ‘Blade C’ at the 30% axial location is not in agreement with the rest of
the measurements. This is due to either disconnected tubing or insecure tape sealing otherwise spanwise pressure ports.
Notice in Figure 5-17 that the measurements on the suction side are slightly less agreeable than the pressure side. A few possible explanations for the discrepancies are as follows. First, the rim seal cavity is not installed. Without it, flow is leaking at an uncontrolled rate (estimated to be 3.8%) into the rotor and causing additional losses in the passage. The aforementioned correction is set so that measured data best matches predicted
pressure surface values. Shifting to match the pressure side can induce error on the suction side.

Finally, the instrumented blades are significantly heavier than the non-

instrumented blades. The centrifugal force at the hub is 730 times gravity. Instrumented
blades exert forces as though they are 2200 pounds on the rotor disk. The aluminum
blades only exert 730 pounds force. This unequal distribution of load may be causing the
rotor to elastically deform non-uniformly. Debugging the differences between CFD and
testing takes a significant amount of time. Over 50 test cases were run with a variety of
flow rates, taping techniques, boundary layer tripping methods, room warming methods,
checking tubing connections, investigating possible port or tubing clogs, modification of
tubing path, and installation of the rim seal cavity.
The blade loadings on the subsequent pages all have the rim seal cavity installed. Figure
5-18 of the 10% span location when these results are compared to 10% span results in
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Figure 5-17, the influence of the sealed rim seal cavity on blade loading is noticeable.
The new results closely follow the predicted CFD values. The CFD effort for the blade
loadings did not include an induced rim seal cavity flow. However the AFTRF runs
without the rim seal cavity chamber inserted had the excess 3.8% leakage mass flow to
influence the mainstream aerodynamic at a significant rate. The installation of the AFTRF rim seal cavity helped to reduce the leakage influence on the mainstream aerodynamics of the AFTRF.
It should be noted that the individual rotor speed for each one of these measurements is
slightly different. Some notes about the results are that each has a slightly different rotor
speed that is not 1400 RPM. One of the ways we are trying to better match predictions is
with rotor corrected shaft speed. Since turbine performance depends on axial and tangential Mach numbers as measured on a standard day, and due to atmospheric variations in
temperature and pressure compared to design intent at laboratory. Axial velocity is adjusted by using the exhaust throttle. Tangential Mach number can be adjusted by use of
the Eddie Current Break. Below defines a correction to take out the nonstandard atmospheric conditions of engine static testing. Tangential Mach number is proportional to the
shaft rotational speed divided by the local speed of sound, or the square root of the temperature variable. Since the tangential Mach number is to be held constant, it is possible
to find a corrected RPM based on the current temperature and the design temperature. It
typically is within the range of 1430 to 1440 RPM.

𝑀𝑇𝑎𝑛𝑔𝑒𝑛𝑡𝑎𝑙 ≡

𝑅𝑃𝑀
√𝑇
𝑇𝑖𝑛

𝑅𝑃𝑀𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑅𝑃𝑀𝑇𝑎𝑟𝑔𝑒𝑡 √
𝑇𝑇𝑎𝑟𝑔𝑒𝑡
𝑅𝑃𝑀𝑇𝑎𝑟𝑔𝑒𝑡 = 1400
𝑇𝑇𝑎𝑟𝑔𝑒𝑡 = 288.15

( 5.5 )
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Figure 5-18: Baseline Rotor Blade Loading at 10% Span, With Rim Seal Chamber (Non-Injecting)
Installed

Figure 5-19: Baseline Rotor Blade Loading at 25% Span, With Rim Seal Chamber (Non-Injecting)
Installed

84

Figure 5-20: Baseline Rotor Blade Loading at 50% Span, With Rim Seal Chamber (Non-Injecting)
Installed

Figure 5-21: Baseline Rotor Blade Loading at 75% Span, With Rim Seal Chamber (Non-Injecting)
Installed
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Figure 5-22: Baseline Rotor Blade Loading at 90% Span, With Rim Seal Chamber (Non-Injecting)
Installed

The 25% span location shown in Figure 5-19 follows the same trend as the 10% span location. The results at both 10% and 25% locations are good agreement with the CFD.
Flow accelerates around the pressure side of the leading edge circle up to 𝑥/𝑐 = 0.002
where CP Maximum is around -17.5.

The pressure flow slightly accelerates up to

𝑥/𝑐 = 0.60. The flow strongly accelerates from 𝑥/𝑐 = 0.60 to 0.95 on the pressure side
on a second order acceleration curve. The results from all five spanwise locations on the
pressure side of the blade show similar qualitative distributions.
The blade suction side flow continues to strongly accelerate from the stagnation point to
𝑥/𝑐 = 0.30 in an almost linear fashion for the first two spanwise measurement planes at
10% and 25% span. There is a second almost linear acceleration zone on the suction side
up to 𝑥/𝑐 = 0.70. This second acceleration zone is milder than the first one near the
leading edge. The suction side flow starts decelerating after the minimum pressure point
located around 𝑥/𝑐 = 0.70. Although the position of the minimum pressure point is located at around 𝑥/𝑐 = 0.70 for the first two spanwise positions near the hub, the mini-
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mum pressure point at higher spanwise locations varies measurably.

At the 50%

spanwise measurement plane, the minimum pressure point is observed at 0.65 axial
chord. This point moves to 0.55 axial chord for 75% spanwise location. The minimum
pressure point is near 0.575 axial chord for the 90% span measurement plane where the
tip vortex suction side interaction is the strongest.
Figure 5-20 is at the 50% span, at this location the two ports at 70% and 80% are blocked
on the suction side due to an additive manufacturing defect present in the both instrumented blades. The suction side has a slightly larger deviation than the lower spans,
measuring a slightly less efficient blade. At 75% span, Figure 5-21, the results have good
agreement on the pressure side, but the suction side is more flat than the predicted values.
The previously mentioned differences in blade weight may be the root cause of this. If
the blades are being deflected due to elastic deformation near the root, the changes in geometry would be greater away from the hub. Figure 5-22, 90% span, shows the same
flattening trend in the measurements. It is believed to be due to elastic deformation. Additional arguments in support of the disk deformation theory will be elaborated and substantiated upon in Chapter 0.
Isentropic blade relative velocity is calculated from just outside the boundary layer for
both the computational and experimental work in Figure 5-23. The stagnation point has a
velocity of zero and is at axial chord location of approximately 0.05. On the pressure
side (lower curve) the velocity stay nearly constant from the stagnation point to 𝑥/𝑐 =
0.40. It then rises quadratically until 𝑥/𝑐 = 0.97, where it reaches the pressure side
maximum velocity. The flow then decelerates and accelerates to the trailing edge.
On the suction side, the relative velocity rises nearly vertically from the stagnation point.
From 𝑥/𝑐 = 0.02 to 0.30 axial chord the velocity profile rises quickly. The slope changes from there until the location of maximum velocity at 𝑥/𝑐 = 0.65. The maximum velocity is about 78 𝑚⁄𝑠. From this point to the trailing edge the velocity diffuses linearly
to the trailing edge. The calculated velocity at the trailing edge is about 68 𝑚⁄𝑠 and the
predicted value of exit velocity from Table 3-1 is 66 𝑚⁄𝑠
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Figure 5-23: Baseline Rotor Blade Relative Velocity Outside of the Boundary Layer at 50%
Span, With Rim Seal Chamber (Non-Injecting) Installed

5.3 TVC BLADE LOADING
The static pressure loads are also presented for the second set of rotor blading named
“Tip Vortex Control (TVC)” blading. The rotating frame related correction for the presented results is the same as the preceding section. In fact, the correction is identical for
each span location between the ‘Baseline’ and ‘TVC’ blading, since the blade height and
the spanwise positions for the static holes are kept the same.
The CFD predictions provided by a custom in house RANS code the sponsor are also
compared to the CP measurements for the TVC blade set in Figure 5-24 through Figure
5-28. The coefficient of static pressure for blade loadings, Equation ( 5.4 ), for 10% span
is shown in Figure 5-24. The measurements and the CFD predictions typically agree
within 3% of CP. At this location the measurements and the prediction agree very nicely
with each other. The minimum pressure point on the suction side is at 𝑥/𝑐 = 0.70 location.
Comparison of the results of the baseline blade (Figure 5-18) and the TVC blade (Figure
5-24) show nearly identical blade loading patterns. The airfoil shape near the hub for
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both blades is identical. The differences in measurements are caused by modification of
the rim seal cavity changing the ingestion and egression patterns.

Figure 5-24: TVC Rotor Blade Loading at 10% Span, With Rim Seal Chamber (Non-Injecting)
Installed

Figure 5-25: TVC Rotor Blade Loading at 25% Span, With Rim Seal Chamber (Non-Injecting)
Installed
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Results at the 25% span location shown in Figure 5-25 also agree very well with the predicted values. Although no present, the measurement differences for CP between the two
instrumented blades are minimal. The measured minimum pressure point of the blade
(𝑥/𝑐 = 0.66 … 0.67) slightly moves toward the leading edge. There is a slight under
prediction of CP between 𝑥/𝑐 = 0.20 and 0.60 locations on the pressure side. Little difference is shown between the baseline blades (Figure 5-19) and TVC blades (Figure
5-25). This location is above the effects of the rim seal cavity and below the design modifications near the tip.

Figure 5-26: TVC Rotor Blade Loading at 50% Span, With Rim Seal Chamber (Non-Injecting)
Installed

Similar observations hold true for the 50% span measurement plane as shown in Figure
5-26. The suction side diffusion zone starts after 𝑥/𝑐 = 0.70 position of the TVC blade
show similar results 10% span (Figure 5-24) and 25% span (Figure 5-25). When compared to baseline blade results (Figure 5-20) and increase of blade loading can be seen by
increasing the pressure difference between the pressure and suction side.
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The predicted and the measured values of CP along the suction side of the TVC blade
start to deviate at a measureable rate in Figure 5-27 and Figure 5-28. These two figures
present results for 75% and 90% span measurement planes, respectively. These locations
are strongly affected by the passage vortex and its interaction with the tip vortex. This
interaction makes prediction and measurement much more difficult. The mainstream
flow is obviously more re-circulatory, turbulent, and possibly unsteady inside the tip vortex flow system. From a thermal point of view, the leakage fluid is also at a relatively
higher stagnation temperature than typical mid-span fluid because it does not perform
much work in the passage.

Figure 5-27: TVC Rotor Blade Loading at 75% Span, With Rim Seal Chamber (Non-Injecting)
Installed

The model predicts visible oscillations and peak of static pressure along suction side.
There is a predicted CP maximum point (𝑥/𝑐 = 0.66) and a minimum point (𝑥/𝑐 = 0.86)
at the 75% span measurement plane. At the 90% span measurement plane, predicted
peaks of CP as shown in Figure 5-28 are much more visible at (𝑥/𝑐 = 0.38) and (𝑥/𝑐 =
0.74). There is a distinct CP minimum at (𝑥/𝑐 = 0.55). All of these predicted CP varia-
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tions shown in Figure 5-27 and Figure 5-28 are related to the tip vortex structure of the
“TVC Blade”.

Figure 5-28: TVC Rotor Blade Loading at 90% Span, With Rim Seal Chamber (Non-Injecting)
Installed

The measurements however show a less variability in static pressure measurement along
the suction side. The distinct peaks and minimums observed in the predations are not
pronounced in the measurements. It should be pointed out that the spatial resolution of
the predictions is much higher than the measurements. The predictions are also completed by using a fully turbulent CFD model. It is expected that the extent of laminar and
transitional zones on the suction sides of the baseline and TVC blading is significant.
The suction side boundary layers of the specific blading are uncooled without significant
cooling hole disturbances on relatively smooth surfaces. It should also be kept in mind
that the first 50% chord of the suction side boundary layers is highly accelerating viscous
layers. The pressure side for both cases is in good agreement between the prediction and
the measured values of CP coefficients.

92
Comparing the TVC blade results at 75% and 90% span to the baseline blades (Figure
5-21 and Figure 5-22) shows a decrease in the pressure difference between the suction
and pressure sides of the blades. This is done to reduce the leakage across the tip of the
blade. Less pressure difference means that less air will be driven though the gap between
the blade tips and the outer casing. This also reduces the loading on the airfoil near the
tip. Less work is extracted near the outer span of the blade. To make sure the stage produces the same amount of power blade loading is increased near 50% span.
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6 INTRASPACE MEASUREMENTS
6.1 TEST SETUP
Intraspace measurements are taken at 27.3% axial chord downstream of the Nozzle Guide
Vane (NGV) trailing edge in the stationary frame of reference. The measurement plane
can cover up to two vane pitches and slightly more than the entire span. The intraspace
probes can move to measurements planes even slightly lower than the hub surface in the
area where the rim seal injection cavity is inserted. Figure 3-18 shows the intraspace area
where the fluid from the rim seal cavity enters and mixes with the mainstream fluid in the
stage. The probe traverser uses two high resolution (Vexta) stepper motors with microstepping ability attached to linear traversers (Velmex Unislide)
The motors are driven by a computer controllable stepper motor controller (Velmex
VXM). The conventional belt driven traverser used in the previous AFTRF research programs had significant backlash when moving the probe especially in the circumferential
direction. The traverser was redesigned under two objective functions, first to reduce
backlash, and then to minimize the amount of time needed move to a specific measurement location. Accomplishing both of these tasks would allow for much better probe positional accuracy, an increase in the number of measurement points, and a reduction in
run time. The programing is written in such a way that the mesh can be adaptive. An
adaptive measurement mesh can provide the much needed spatial resolution in the airfoil
boundary layers, in the wakes, near tip vortices, passage vortex dominated zones, and inside endwall boundary layers. Experimental execution time savings from a probe traverser that can be programed in an adaptive way can be significant. More interesting flow
structures can be identified and the grid can be refined much faster for better spatial resolution.
The window traverser developed for this specific research program is designed around an
instrumentation window and precision built non-intrusive facility cover that is an essential part of aero-heat transfer research in the AFTRF. The instrumentation window is
shown in Figure 6-1. The flow is from right to left in this image and blade tip platforms
are visible. The precision built non-intrusive facility cover in its unmounted horizontal
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position is also shown in the figure. The custom built precision probe traverser described
in Figure 6-2 is incorporated into the facility cover shown in Figure 6-1.

Figure 6-1: AFTRF Instrumentation Window and Facility Cover, as Built

A set of pictures of the new window traverser can be found in Figure 6-2. It shows how
the traverser moves along its circular track (black) through the use of a linear traverser
(red). The first four images show two connected radial traversers at four different circumferential positions. The fourth image also showing the radial traversers in motion.
One of the two traversers serves the intrastage region and the second one serves the rotor
downstream region. NGV and blade airfoil surfaces are shown in gold on the backside of
the window in the last two images in Figure 6-2.
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Figure 6-2: AFTRF External Window Radial and Circumferential Traverser

A cutaway view of the facility cover installed into the instrumentation window in the radial-axial plane is shown Figure 6-3. In this picture main gas path flow is moving from
the left to right. A Kiel type probe is being held in the intraspace measurement location.
The probe demonstrates the ability of a probe to traverser the outlet plane of the rim seal
cavity. A second Kiel probe is installed downstream of the rotor but it is held in a storage
position outside the main gas path.
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Figure 6-3: Facility Cover Installed into Instrumentation Window, Cutaway View, Radial-Axial
Plane

A second cutaway view in the radial-azimuthal plane looking from the inlet of the AFTRF downstream is shown in Figure 6-4. The cutaway is taken from the intrastage probe
traversing plane. It also includes information on how traversing circumferentially is
achieved. Circumferentially traversing was previously done by a belt system, but it is
now performed by a linear traverser. This changes the way the probe moves; there is not
an equal step size for every change in circumferential location. The calculation of linear
movement is shown in the following proof where 𝑥 (shown in blue) is the distance of the
linear movement and 𝑟 is the radial distance to the outer surface of the support track
(shown in black in Figure 6-4).
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Figure 6-4: Facility Cover Installed into Instrumentation Window, Cutaway View, RadialAzimuthal Plane Looking from Inlet Downstream, with Traveling Variables
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The grid was generated to allow for increased resolution near the boundary layers, in the
presence of secondary flows, tip vortex, and in the wake of the vane. A coarser grid is
used in the passage space where three dimensionalities are not significant to help save
time. Figure 6-5 presents the mesh used for a FHP traverse. It covers one vane pitch distance and one can approximately tell the locations of secondary flow and vane wake by
looking at the clustering character of the mesh. This measurement grid provides measured data at 868 points and takes approximately 2 hours and 15 minutes to run, nearing
the maximum duration we feel comfortable running the AFTRF continuously.

Figure 6-5: Sample Mesh Used During Five-Hole Probe Traverse (868 Points, 2 Hour 15 Minute
Run Time)

The two definitions of non-dimensionalization for this section are shown in Equation (
6.2 ) and Equation ( 6.3 ) respectively. Both are used since the Five-hole Probe (FHP)
can measure total pressure and static pressure.
𝑃𝑇 − 𝑃𝑎𝑡𝑚
1⁄ 𝜌 𝑉 2
2 𝑖𝑛 𝑖𝑛
𝑃𝑆 − 𝑃𝑎𝑡𝑚
=
1⁄ 𝜌 𝑉 2
2 𝑖𝑛 𝑖𝑛

𝐶𝑃,𝑡𝑜𝑡𝑎𝑙 =

( 6.2 )

𝐶𝑃,𝑠𝑡𝑎𝑡𝑖𝑐

( 6.3 )
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Figure 6-6: Kiel Probe Measurements of Total Pressure without Rim Seal Chamber Installed

Figure 6-7: Five-Hole Probe Measurements of Total Pressure without Rim Seal Chamber Installed

Checking the accuracy of the FHP is accomplished by comparing results against a Kiel
Probe. Data sets are shown in Figure 6-6 and Figure 6-7. With the way the total pressure
coefficient is defined the blues represent greater loss and the reds are less lossy. Both
figures contain the same fluid structures including the red gap near 80% span. There is a
shift of these structures of about 1.25°. This is mainly due to the FHP and the Kiel probe
having different neck lengths. These results are taken without the rim seal cavity in-
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stalled. The cases shown in Figure 6-6 and Figure 6-7 are used for testing the validity of
the FHP calibration and data acquisition routines.

Vθ
VAxial
VRadial

(Out of page)

VAxial positive downstream
Vθ positive counter clockwise
VRadial positive center of rotation
α positive when flow is moving in positive radial direction
β positive when flow is moving in positive θ direction
Figure 6-8: Five-Hole Probe Positive Conventions, Downstream of Rotor Looking Toward Inlet

Positive Alpha
Probe in Rig

Positive Beta

Figure 6-9: Five-Hole Probe Positive Angle Conventions

101
Positive angle conventions are needed to be well established in explaining what the FHP
is measuring. Figure 6-8 show that a positive axial direction is downstream, a positive
theta direction is counterclockwise, and a positive radial direction is toward the center of
rotation. Figure 6-9 shows the positive angles and the planes they are working in in a ¾
view. Positive alpha would be coming from below the FHP as shown in the blue meridional plane, and positive beta will be coming from the left of the probe shown in the green
radial/theta plane. The rotor is represented by the purple oval.

6.2 FIVE-HOLE PROBE RESULTS IN THE INTRASPACE PLANE
The following results are all taken during one run. They are obtained with corrected rotor
speed, Equation ( 5.5 ), varying from 1420 to 1430 RPM, depending on inlet temperature.
The measurements and traversing are performed by a custom script allowing for FHP data and rig performance data to be taken simultaneously. The coefficient of total pressure
is given in Figure 6-10. The most dominate flow structure in this picture is the blade
wake that is shown in green. At the bottom, in the -1° to 2° theta and the 0% to 10% span
range is the hub passage vortex. This is shown as a blue, significantly greater loss region.
The outer casing passage vortex appears near the 80% span and the 2° intersection.

Figure 6-10: Coefficient of Total Pressure in the Intraspace 868 Point Mesh Measured by a FiveHole Probe
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Above 90% span is a large region of loss dominated by dark blue. In this region is the
window slot for probe access. Some of the loss in this zone is due to probe related leaks
that are not straight forward to avoid completely. Sealing issues could induce flows on
the probe that are out of acceptable ranges (±30°) on the FHP. A second reason could be
due to specific location near the outer casing. The boundary layer is larger here as it has a
longer wall to develop upon. The distinct geometrical shape of the belmouth inlet attached to the outer casing also contributes to this particularly lossy region. Another reason could be due to the fact that the probe is recessing or partially recessing into the cavity of the slot for these measurements. The large pressure drop in this region could be
caused by the probe no longer being completely exposed to the main gas path and secondary flow developing with in the instrumentation cavity.

Figure 6-11: Coefficient of Static Pressure in the Intraspace 868 Point Mesh Measured by a FiveHole Probe

Figure 6-11 shows the static pressure coefficients in the intraspace region. The lowest
values are near the hub and values trend toward atmosphere near the casing. The most
likely explanation is that the vanes are of a constant thickness; there is less of a nozzle
effect near the casing. Less of a nozzle means the flow should move slower in this area.
The annular passage geometry is also a significant participant in progressively slow flow
areas when one approaches the outer casing. The variation shown in static pressure is
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sinusoidal, it move in a predictable pattern across the vanes and is the main driver of externally induced ingression. A similar pattern of static prediction is predicted by Owen in
Figure 1-2.

Figure 6-12: Velocity Magnitude in the Intraspace 868 Point Mesh Measured by a Five-Hole
Probe

By combining Figure 6-10 and Figure 6-11 with calculated density information within the
Five-Hole Probe data reduction frame work, a velocity magnitude can be found at all
measured locations. These calculations, shown in Figure 6-12, take out some of the variability and clearly show slower flow existing near casing (100% span). The passage vortex can be identified as a region bound by 0° and 2° theta and 5% to 10% span. The outer
passage vortex can be seen near 80% span and 2°. These locations are marked with a
gray ellipse in Figure 6-12. The momentum deficit that is the NGV wake can be seen as
a curved like a C to the left of the passage. There is a slightly accelerated region caused
by the blockage of the vane around this deficit zone. Near the top, the flow quickly
makes its way toward zero. This may be due to a very thick boundary layer, the probe
recessing into the cavity and taking incorrect measurements, or the cavity affecting the
flow angles so greatly that the probe flow is no longer in the probe’s accepted range.
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Figure 6-13: Alpha Angle in the Intraspace 868 Point Mesh Measured by a Five-Hole Probe

Figure 6-13 represents the pitch (alpha) angle within the Intraspace plane. It is solid
green due to the choice of range. The green shown represents pitch of about −1° over the
entire region. The small negative value of alpha is interpreted as the flow is moving from
the hub toward the outer casing. If there are disturbances in the cavity, as the probe recesses, they do not cause major changes the axial distribution.

Figure 6-14: Beta Angle in the Intraspace 868 Point Mesh Measured by a Five-Hole Probe
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Figure 6-14 shows the yaw angle distribution in the measurement plane. Variations from
the 𝛽 = 85° (green) indicate the flow areas starting to develop more three dimensionality
in terms of the velocity vector. The yaw angle variations occur especially in areas where
secondary flows and passage vortex are dominant. There is an additional region of
measurable variation near the casing itself. In this location, since the structures do not
appear to repeat themselves across the boundaries, there is an interaction between the
swirl of the flow, the instrumentation slot, and the stem of the probe that creates a nonuniform distribution of 𝛽 angle. They work in cohesion with each other and create a
swirling flow within the slot that is dependent on the probe’s pitchwise location due to
the blockage that it causes within the instrumentation slot. The best way to solve this
would be to create a seal with tight clearance that moves with the probe eliminating the
effects of the slot.

Figure 6-15: Axial Velocity in the Intraspace 868 Mesh Measured by a Five-Hole Probe

Axial velocity is shown in Figure 6-15. The deficits seen at the top again can be explained using the same reasoning as the 𝛽 angles, an interaction of blockage of the probe,
leakage into the instrumentation slot, and the swirl of the flow.. At the bottom there is an
acceleration of axial flow to the left the area identified as the passage vortex. The passage vortex increases the three dimensionality of the flow. This in turn creates a reduction in the yaw angle (𝛽). The equation to solve axial velocity, shown in Equation ( A.9
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), demonstrates that the axial velocity is a cosine function of the pitch angle and that a
smaller measured yaw angle next to the passage vortex will constitute a larger axial velocity. The axial velocity deficit of the passage vortex itself still appears in the contour
plot.

Figure 6-16: Radial Velocity in the Intraspace 868 Mesh Measured by a Five-Hole Probe

Figure 6-16 shows the magnitude of radial velocity component in the intraspace plane.
Although the figure indicates a lively variation of radial velocity component, the maximum radial velocity magnitude is around 0.16 𝑚⁄𝑠. Axial velocity is a function of 𝛼 angle, shown in Equation ( A.11 ), 𝛼 angle has the largest effect on the radial velocities.
Near the casing (100% span) there are three regions. The red region would be flow moving away from the casing, the blue region would be flow moving toward the casing. The
outer region may be dependent on the location of the probe. But it does show different
regions of ingress and egress into the instrumentation slot/seal.
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Figure 6-17: Theta Velocity in the Intraspace 868 Mesh Measured by a Five-Hole Probe

The azimuthal (theta) component of velocity is shown in Figure 6-17. The figure is
marked with a gray hexagon so that the vane airfoil wake and with a gray ellipse around
the passage vortex can be readily identified. Lower velocities can be found near the outer
casing again. The measureable circumferential velocity variations near the outer casing
are related to the leakage related small disturbances around the probe slot.

6.3 MASS AVERAGED VANE PASSAGE RESULTS
It is easier to visualize the dimensional nozzle exit in a circumferential averaged form.
The measured data set is averaged along a circumferential path for one NGV pitch at a
selected radius. The following set of figures is of the same set of data, but each plot is
prepared for a different quantity of interest. Since temperature, pressure, and velocity
vector data are all known, mass averaged values for all of the previously shown results
are calculated custom developed using automated functions in TecPlot.
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Figure 6-18: Circumferentially Averaged Velocities

Figure 6-18 shows velocity magnitude and all three velocity components in cylindrical
coordinates. Velocity magnitude is given a negative value showing how closely it follows the 𝜃 velocity. With the prescribed positive conventions shown in Figure 6-8, a
negative value of 𝜃 velocity signifies that the flow is moving in the direction of rotation
of the rotor. Radial velocities in the rig are nearly zero and always negative, meaning
flow is moving from the hub toward the casing. Axial velocity is the greatest at the locations where the NGV passage core flow has the least amount of three dimensionality and
minimum loss. At all locations axial velocity is positive, meaning that flow is always
moving from the NGV to the rotor. Momentum deficit from the passage vortex is shown
near 8% span in the velocity magnitude. The tangential component at the exit of the
NGV is controlled by the amount of turning from the axial direction. Figure 6-18 clearly
indicates that the velocity magnitude is mostly up of by the circumferential component.
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The radial velocities are almost zero from hub to tip. The axial velocities certainly influence the distribution of velocity magnitude from hub to tip.

Figure 6-19: Circumferentially Averaged Coefficient of Total and Static Pressure

Circumferentially averaged coefficient of total and static pressure are shown in Figure
6-19. The total pressure is constant for most of the span but is not zero due to the vane
wake deficit being averaged into the result. Near the hub (0%) there are two identifiable
deficits: one is caused by the endwall boundary layer (below 2.5%) the other is a dip centering near 8%. This dip is from the hub passage vortex. A very small dip is also at 80%
from the casing passage vortex. Static pressure moves linearly along most of the span
decreasing as you move toward the hub due to the annular character of the NGV vane
segments.
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Figure 6-20: Circumferentially Averaged 𝜶 Angles

Figure 6-20 shows a near constant movement of fluid radially outward, or toward the casing. The pitch angle is almost uniform at about −0.6° from hub to tip. This is expected,
the fluid with lower momentum, and hence lower pressure, is near the casing. Flow from
the region with high pressure and greater velocity near the hub will tend to move toward
the casing. Thus, there is a near constant, albeit very small, trend for the velocity to move
toward the casing. The annular nature of the NGV rows plays a small role in this flow
feature. The initial probe alignment error for the sub-miniature Five-Hole probe is about
0.25°.
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Figure 6-21: Circumferentially Averaged 𝜷 Angle

Figure 6-21 shows the 𝛽 angles for the entire span. Values in the midspan are more constant, the two peaks at 85% and 5% are caused by the passage vortex near the hub and
casing. Near 95% span, after the passage vortex, the flow angle quickly drops, recovers
slightly, then moves very quickly again. This region above 98% span has flow angles
which stray out of the acceptable measurement range of the probe. This is indicative of
the slightly circulatory weak flow being affected by the instrumentation slot. The probe
for all these tests is held at 70° and coordinate transformations are necessary to make all
results appear in the polar coordinate system of the AFTRF rig that is prescribed in Figure 6-8 and Figure 6-9.
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7 AFT OF ROTOR MEASUREMENTS
7.1 MEASUREMENT ARRANGEMENT
The AFTRF measurement window shown in Figure 6-2 is designed to hold probes in two
specific locations. The first is the intraspace measurement plane located behind the nozzle guide vane (NGV) and in front of the rotor. There is approximately a quarter of vane
axial chord between the rotor and the trailing edge of the NGV airfoils in this intraspace
plane. The second measurement plane is located approximately 75% blade axial chord
downstream of the trailing edge of the blades. The flow angle behind the rotor rapidly
changes in the spanwise direction near the inner and outer casing. The probe used behind
the rotor is a Fast Response Aerodynamic Probe (FRAP) made from a fast dynamic pressure transducer (Endevco 8507C-1) having a time response of at least 55Khz. Technical
characteristics of the dynamic pressure transducer Endevco 8507C-1 and the instrumentation amplify Endevco DC amplifier Model 136 used for processing the transducer output
are included in Appendix D.
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Figure 7-1: Data Flow During Testing

Representing the flow of data for all measurement systems and their uses in the AFTRF
is shown in Figure 7-1. The FRAP time accurate total pressure probe based on Endevco
8507C-1 transducer can sample at about 55000 measurement points per second and is
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phase-locked to the rotor via the encoder. There are a few ways to phase-lock a measurement, the first and perhaps simplest is to use a starting one per revolution (OPR) trigger and estimate sample rate based on a measured rotor speed. This type of sampling
would be subjected to a series error. For example, the first data point would be at the
same location each time, small amounts of error would occur if the rotor were to change
rotational speed during sampling. Our system allows for exact measurement at 6000 locations/bins around the circumference of the rotor. A military spec MIL-SPEC grade
precision encoder sends two signals, first a once per revolution signal, and a 6000 pulses
per revolution signal that are tied to specific positions of the rotor. The hermetically
sealed encoder has a precision made rotating disk with 6000 precision holes around its
circumference. An optical illuminator and receiver electrically generates a square pulse
train of 6000 pulses per revolution. The data acquisition program is set up so that the
once per revolution signal starts the data acquisition. Instead of using a simulated clock
by measuring rotor speed, we then use the 6000 per revolution signal from the encoder
disk as the sample clock. Every rise in the 6000 per revolution signal is treated as a trigger to take in new data by the data acquisition system. Consequently, any change in
speed of the rotor is automatically taken care of and not seen in the data. The current system basically divides each rotation (360°) to 6000 well defined measurement bins.
The raw data from the FRAP is conditioned by an Endevco Model 136 amplifier before it
is acquired by the DAQ. Details of this instrument grade DC amplifier are given in Appendix D. Signal conditioning is also required by other measurement channels in the
AFTRF data operation. AFTRF system monitoring probes, such as the inlet and outlet
total and static pressure probes are measured by Validyne variable reluctance transducers
and are conditioned by a Validyne Demodulator. Although it has built in signal/data
conditioning systems, the ZOC22b electronic pressure scanner output is also conditioned
by a custom/in-house built interface named “ZOCbox”. The ZOCbox simultaneously
provides power for up to four ZOC22b units and it amplifies the 5V TTL signal of the
DAQ to the 15V CMOS signal required to run the ZOC22b. Thermocouples, measuring
total temperature at the inlet and exit, do not need any external conditioning and are
measured directly by the 24 bit DAQ. The DAQ takes the analog pressure signals and
converts them to a 16-bit digital signal. The maximum range on the signal is ±10V, how-
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ever this range can be modified, increasing the resolution of the measurement for smaller
voltage levels originating from specific transducers. The collected data is used to calculate AFTRF inlet air density, various velocities in the flow path, flow coefficients, and
RPM, via a LabVIEW script. The script displays the current rotor performance through a
GUI and saves important data.
Ensemble averaging in the current AFTRF (FRAP) measurements is performed over 200
revolutions; each revolution consists of 6000 points. Each set of raw (FRAP) data consist
of 1.2 million data points and is saved for future analysis using FFTs in the rotor domain
and testing to find the required number of revolutions for ensemble averaging. The total
number of ensembles is found by trial and error in order to obtain a statistically stable
ensemble averaged result from our aft rotor measurements. An initially selected ensemble size is progressively measured until a statically stable result is obtained. The speed at
which data is taken allows for inspection of each passing blade. At these resolutions it is
like taking data in the rotating frame while the probe is kept in the absolute frame of reference. The blade to blade distance (or pitch) of the rotor blading is automatically divided into a fixed number of bins. The available measurement bin number for the current 36
bladed rotor is about 166 (6000⁄36 = 166.66). Blade pitch distance is divided into approximately 166 intervals regardless of spanwise positon of the probe. It should be noted
that the regular spatial resolution of a typical aft rotor measurement increase linearly
from hub to tip. The angular pitch/yaw sensitive of the (FRAP) probe is presented in
Figure 7-2. The dashed line represents a drop of 1% probe electrical output from during
a pitch and yaw calibration. The problem with the Endevco type (FRAP) probe is its relatively small range of ±7.5° in the pitch or yaw angles for a 1% maximum drop from the
fully aligned operation. The sensitivity is found experimentally using the pitch and yaw
calibration rig typically used for a Five-Hole Probe calibration in a wind tunnel test section. The calibration factor, which is a scaling of the voltage, is shown in Figure 7-3.
Acceptable range here is, as previously stated, ±7.5° pitch or yaw, ±10° is avoided but
may work also. The implementation of angular sensitive curve from Figure 7-2 and Figure 7-3 is essential in (FRAP) data reduction scheme.
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A useful initial step in using (FRAP) is the estimation of the relative yaw angle of the
flow at each spanwise position. The iteration of information for this measurement may
be obtained from stage CFD predictions that are made available by the sponsor of this
research program. The available results were so coarse (20% span step sizes) that we
found it necessary to take a high precision measurement with a Five-Hole Probe in the
measurement plane behind the rotor for (FRAP) probe alignment. We found that both
pitch and yaw angles vary across the entire span of the passage behind the rotor, each to a
different extent. Luckily the pitch angle does not go above +10°, as we could not adjust
for it without modifying the probe. Yaw angle varies from -15° to +54° in a wide angular
range.

Figure 7-4: Five-Hole Probe Yaw Measurements behind Rotor and Locations of the Six Endevco
Regions
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Figure 7-4 is the map of yaw angles (𝛽) at different spanwise measurement locations
downstream of the rotor. The red, dashed lines that extend from the bottom to each box
represent the six locations that the probe is held at. The red boxes represent a range of
±7.5° for each of the probe angles. To accurately capture results for the entire span (5%
to 95%) six different regions of data must be taken as shown in Figure 7-4. The regions
are outlined as a span percentage using the green dash-dot lines. Both the angles and
span percentages are labeled and the boundaries of the six regions are given in the upper
right side of the chart. The minimization of angular sensitivity errors in a (FRAP) type
probe is essential.
The phase-locked (FRAP) results can change depending on the number of ensembles
used in the post processing phase. A statistically stable result requires a threshold number of ensembles. This threshold value is usually reached by an initial trial and error
based effort which increases the number of ensemble systematically from a small value to
a large value in an acceptable range.
Figure 7-5 is a set of pictures of this averaging; the results are taken from a single run
through use of the saved raw data. Changes in the data can be seen until approximately
the 150 revolution data set. Differences in measurement are further reported in Table
7-1. The difference column is calculated as the absolute of new value of total pressure
coefficient minus the previous value. The difference column of the 150 revolution average shows a relatively large change because it is the difference between 150 and 100 revolutions. After 150 small changes are reported and it is experimentally shown that at
least 150 revolutions are needed to get a well averaged result.
Table 7-1: Average Value of All Measurement Points

Revolutions
50
100
150
200
300

𝐶𝑃,𝑡𝑜𝑡𝑎𝑙
-2.833038
-2.833183
-2.832808
-2.832642
-2.832523

Difference
N/A
0.000154
0.000375
0.000166
0.000119

% Difference
N/A
0.0052
0.0132
0.0059
0.0042
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Figure 7-5: Averaging Over a Given Number of Revolutions
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The results behind the rotor are also non-dimensionalized, but using a new equation.
Equation ( 7.1 ) uses the same form as other total pressure coefficients, but this time it
uses the rotor speed as in the denominator.
𝐶𝑃,𝑡𝑜𝑡𝑎𝑙 =
𝑉𝑀𝑖𝑑

𝑃𝑡,𝑙𝑜𝑐𝑎𝑙 − 𝑃𝑡,𝑖𝑛
1⁄ 𝜌𝑉 2
2 𝑀𝑖𝑑
= 𝑅𝑀𝑖𝑑 𝛺

( 7.1 )

7.2 DOWNSTREAM PHASE-LOCKED DYNAMIC PRESSURE RESULTS FROM (FRAP)
PROBE
This section deals with the influence of the purge flow exiting from the rim seal cavity
chamber on the mainstream flow in intraspace region and in the rotor entrance flow zone.
The rim seal cavity formed by the AFTRF rotor disk and the stationary surfaces of the
nozzle guide vane are pressurized by a flow control system including external pressure
chambers and mass flow monitoring calibrated orifices. The current AFTRF rim seal
chamber was defined in Figure 3-9, Figure 3-10, Figure 3-17, and Figure 3-20. The influence of the purge flow from the rim seal cavity chamber is explained by using detailed
total pressure maps at rotor aft location using (FRAP) probe. The phase locked and ensemble averaged unsteady pressure maps at the rotor exit provide quantitative flow visualization at high spatial resolution.
The current AFTRF can operate with three different purge flow conditions.
A. Inlet valve to purge chamber fully closed (no leakage)
B. Inlet value to the purge chamber open to atmospheric pressure (inducing/sucking
a significant mass flow rate because of disk pumping action and pressure drop
with the AFTRF)
C. Purge chamber actually pressurized from the external tanks connected to our
compressor pressure vessel
A chart mapping the flow paths of the three conditions is shown in Figure 7-6. Starting
from the bottom, flow from the atmospheric inlet is conditioned though a honeycomb and
two layers of fine meshing It is then let into the set of selector valves. When all of the
valves are closed no purge is let in the rim seal cavity. The final setting of the selector
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valves is to open the rim seal cavity to a compressor station.

The compressor station

consists of a three stage, 200ℎ𝑝, 300𝑝𝑠𝑖 compressor. Separate stages of conditioning are
used to filters out oil, filter out water, and finally dry the air before it is set into a 2000
cubic foot storage tank. Additional valves are opened to pressurize the lab’s 1.5” diameter piping leading to a regulator. The regulator (Speedaire model 4Z546) is used to control the flow from the pressurized system. After the regulator is a settling chamber, and
then the series of control valves used to select the input.
After the flow source is selected, an ASME calibrated orifice made by Lambda Square,
Inc. is used in conjunction with Validyne transducers to calculate the amount of mass
flow moving into the rim seal cavity. From there the flow is split into two 1” diameter
tubes that feed the two gray pressure chambers shown in Figure 3-20. The gray pressure
chambers split the flow into a group of three and a group of four 0.5” diameter tubes that
are connected directly to the rim seal chamber. The multitude of tubing is used to even
distribute the purge mass flow throughout the rim seal chamber. Finally the flow is injected into the turbine stage. A simple outline of flow path is shown in Figure 7-6.
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Figure 7-7: Zero and Half Vane Pitch Probe Locations, Looking Downstream from Inlet

Three sets of data are accepted as accurate. The sets vary pitchwise location of the probe
and the purge rate. A representation of these movements is shown in Figure 7-7. The
circle represents outer casing, the red dashed lines represent the centerlines, and the blue
represents the probe. The first set of data holds the probe directly parallel to the floor;
this location is called the zero vane pitch location and is used in the data measurements
Figure 7-8 and Figure 7-10. The other pitch location moves the probe upward half vanes
pitch (6.20° clockwise) and is used in Figure 7-9. The purpose is to check if measurements from the (FRAP) Probe are effected by the vane wake and secondary flows. Purge
is a mass flow rate going through the rim seal cavity chamber and is defined as a percentage of the main gas path mass flow rate. Noting the purge rate and comparing results to
measurements with no purge allows for a comparison of significant flow structures.
Measurements of the baseline blades with the SLA tip treatments installed are reported in
Table 7-2. The measurements are taken at three locations, the leading edge, the mid
chord, and the trailing edge. The average values are reported in the subsequent figures.
The goal was to have 1% clearance at each location. The maximum standard deviation of
these measurements is 0.10%.
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Table 7-2: Tip Clearances With SLA Tips Installed

Blade
B
1
2
3
4
5
6
7
8
9
10
35
12
13
14
16
15
17
18
C
11
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
Average
Max
Min

Tip Clearance, t/h (h=4.35")
Leading Edge Mid Chord Trailing Edge
0.94%
1.08%
0.90%
0.99%
1.03%
1.03%
1.03%
1.08%
0.94%
1.03%
1.03%
0.99%
1.17%
1.13%
1.08%
1.08%
1.08%
1.08%
1.13%
1.13%
1.08%
1.13%
1.17%
1.08%
0.99%
1.03%
1.08%
0.99%
1.13%
1.08%
1.03%
1.06%
0.85%
1.10%
1.13%
0.97%
1.22%
1.22%
0.99%
1.17%
1.22%
1.03%
1.13%
1.13%
0.97%
1.03%
1.08%
0.99%
1.08%
1.13%
0.94%
1.03%
1.13%
0.90%
1.03%
1.03%
0.90%
1.08%
1.08%
0.90%
1.13%
1.17%
0.87%
0.99%
1.08%
0.83%
0.99%
1.03%
0.85%
1.03%
1.08%
0.80%
1.08%
1.13%
0.80%
1.08%
1.17%
0.80%
1.03%
1.08%
0.76%
1.08%
1.08%
0.85%
1.08%
1.08%
0.83%
1.08%
1.08%
0.94%
1.13%
1.13%
0.83%
1.17%
1.22%
0.94%
0.99%
1.08%
0.76%
1.08%
1.08%
0.90%
1.03%
1.08%
0.76%
0.99%
1.13%
0.76%
1.07%
1.11%
0.92%
1.22%
1.22%
1.08%
0.94%
1.03%
0.76%

Average
0.97%
1.02%
1.02%
1.02%
1.13%
1.08%
1.11%
1.13%
1.03%
1.07%
0.98%
1.07%
1.14%
1.14%
1.07%
1.03%
1.05%
1.02%
0.99%
1.02%
1.06%
0.97%
0.96%
0.97%
1.00%
1.02%
0.96%
1.00%
1.00%
1.03%
1.03%
1.11%
0.94%
1.02%
0.96%
0.96%
1.03%
1.14%
0.94%
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Figure 7-8: Phase Locked (FRAP), 0% Purge, Zero Vane Pitch, 200 Revolutions

Figure 7-8 has the probe at zero vane pitch and uses no purge. The blades are individually numbered with the largest tip clearances put down for each. Tip clearances are measured at three locations (tip, midspan, and trailing edge) on each blade while the rotor is
not moving. All of the numbered blades are made out of aluminum and the lettered locations denote instrumented blades made of cobalt-molybdenum, weighing three times
more than the instrumented blades. Blade wakes are the green region of the chart that
turns yellow, sometimes red, near the center signifying greater loss. The blue region between each of the blades represents the clean flow region that has made it through the
passage. The strong loss near the tip of each blade, above 80% span, is related to the tip
vortex. Below 20% span we have the region with the passage vortex. The hub passage
vortex is shown as the red region. The region below 20% span region has more loss
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overall, which may be due to the large half angle of the hub endwall surface diffusing
behind the rotor. The diffusion behind the rotor is greater than 8°. Considering the 7°
usually seen as the upper limit of the half angle 2D diffuser, this is an aggressive endwall
surface design near the onset of separation on the endwall surface. There are two regions
of greater loss in the rotor near the instrumented blades.

Figure 7-9: Phase-Locked (FRAP), 0% Purge, Half Vane Pitch, 400 Revolutions

Figure 7-9 has very similar results, but it is held at a different pitch location relative to the
vanes. The change in pitch location influences how the vane wake interacts with the rotor. At the half vane pitch measurement location loss is increased for the entire measurement plane. Once again there is greater loss near the instrumented blades. In all of
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the measurements taken, this loss region never moves, it is always there and in the same
two locations near the instrumented blades.
Comparing Figure 7-10 and Figure 7-8 shows that increasing purge flow rate makes the
passage vortex near the hub more visible with relatively stronger loss core. This chart
also shows that the level of losses in the blade wake and tip is also slightly elevated.
Purge flow can affect passage flow up to 60% span and is gone over more completely in
following chapters.

Figure 7-10: Phase Locked (FRAP), 0.28% Purge, Zero Vane Pitch, 200 Revolutions
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Figure 7-11: Comparison of a ‘Clean’ and ‘Lossy’ Region in the Rotor, Half Vane Pitch, 0% Purge
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Circumferential averaging along a few blade pitches can be used for better understanding.
Circumferential averaging is done by taking values for a specified span location and averaging them all together. For the range of 5% to 95% there are 91 different span locations of 1% increments. The span ranges can also be split into regions of azimuthal angle. A more quantified look at the area with additional loss is shown in Figure 7-11. The
graph describes three regions: a ‘Lossy Region’ prescribed by a black trapezoid (5% to
95% and 100° to 140°), a ‘Clean Region’ bounded by a green trapezoid (5% to 95% and
160° to 200°), and an ‘Average Region’ of the whole range (5% to 95% and 0° to 360°).
The blue line in the figure represents the ‘Average Region’. When comparing the regions
one notable feature is that they are shifts of approximately 40 Pascal from the average
region. Similar flow structures exist in all regions as they are simply strengthened or
weakened due to their rotor relative location. This leads us to believe that the flow is
scaling in these regions, modifying their magnitudes. No structure modifications are
shown, meaning that the passage is not stalling or separation is happening within those
passages.

7.3 INVESTIGATION OF STRUCTURES NEAR THE INSTRUMENTED BLADES
Tests investigating the specific flow structures near the instrumented blade to see if they
are part of the flow field or they could be caused by an elastic deformation of the rotor.
In order to investigate the possible blade surface elastic deformation related modifications, a series of aerodynamic tests using Discrete Fourier Transforms (DFT) in the rotating domain was conducted. These phase locked (FRAP) based dynamic total pressure
measurements were screened for certain dominate frequencies that may exist in the total
pressure signal. The probe itself is held at 50% span behind the rotor in the stationary
frame. The DFTs are calculated by MATLAB using the Cooley-Tukey algorithm, which
is chosen over the FFTs for its speed and accuracy. The DFT is used to break down
complex sinusoidal waves into their dominate frequencies within either a time. The results shown in Figure 7-9 are presented in a specific ‘Occurrence per Revolution’ region
for better graphical resolution and ease of discussion.
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Figure 7-12: DFT of Structures per Revolution, 50% Span, 1433 RPM

Figure 7-12 shows DFT result from (FRAP) unsteady total pressure signal under our
normal operating conditions at the corrected rotor speed of 1433 RPM. There are three
main events in Figure 7-12 as the probe measures the flow exiting the rotor. The most
energetic event is at 36 occurrences per revolution which is the blade passing and the
second most significant event at is at 72, or twice the blade passing frequency. Next
there is a third event at twice per revolution. This is from the two regions of clean flow
and flow of greater loss as described in Figure 7-11. These regions repeat two cycles per
revolution and are locked with the rotor position. They are locked with rotor position and
appear to be a harmonic of the rotor itself.
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Figure 7-13: Magnitude of Three Dominant Signals with Varying Rotor Speed

If this structure is caused by an elastic deformation of the rotor, it stands to reason that
the deformation would be reduced under lesser centrifugal loads. The proposed test is to
reduce the speed of rotation; reducing the elastic deformation/vibration related influence
of the heavier instrumented blades. In Figure 7-13, a reduction in RPM, and thus centrifugal loading, reduces the magnitude of the twice per revolution structure while increasing
the energy in the blade passing occurrences. An interpretation of this is that the reduced
speed is causing off design conditions of the rotor blades. This off design condition is
increasing the aerodynamic loss of each blade, and is increasing the energy shown in the
DFT. The twice per revolution structure is becoming less energetic with reduced rotor
speed since the rotor is deforming less
Another possibility is that the structure is caused by a vibration of the probe, or an electrical signal contamination. Two tests are proposed to assess this hypothesis. First is to
hold the probe within the instrumentation slot of the window. This test would prove if
there is a problem with vibration or electrical signal. The second test is to hold the probe
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outside the rig altogether. This test would show if there was contamination from an electrical signal. Both tests are needed if it is a mechanical vibration issue, as it would only
show up on the test in the instrumentation window but not in the test outside of the rig. If
the problem is electrical, all results will contain the twice per revolution structure.

Figure 7-14: DFT with Probe in Window Instrumentation Slot

The results of each test are shown in Figure 7-14 and Figure 7-15 respectively. It can be
seen that there is no appreciable effect of vibration or electrical noise on the DFTs of either result. These series of tests have led us to believe that the results shown are correctly
measured within the specified uncertainty of the specific measurement chain, there is
some sort of flow structure that occurs twice per revolution. This flow structure is
marked in Figure 7-11. Looking at the variations of this flow structure with rotational
speed of the rotor has led us to the conclusion that the cause of this structure is within the
rotor itself, caused by the increased mass of the two instrumented blades or by a permanent deformation of the ring.
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Figure 7-15: DFT with Probe Outside of Rig

Additional testing done to see if the instrumented blades are the cause of the problem is
done. Both instrumented blades are removed, replaced with aluminum blades, and testing with the Endevco probe is done again. The results in Figure 7-16 show that the structures are still present in the rotor without the blades being present, with a lossy region
boxed in green and a clean region boxed in by black.
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Figure 7-16: Phase Locked (FRAP), 0.00% Purge, Zero Vane Pitch, No Instrumented Blades, 200
Revolutions

7.4 PHASE-LOCKED RESULTS
The figures from the previous discussion show a non-negligible variation from run to run.
The variation is due to the sensitivity of the pressure coefficient to inlet flow density in
AFTRF. To remove this sensitivity, a new pressure coefficient is used that is based on
the static to total pressure drop across the stage as shown in Equation ( 7.2 ). This new
equation removes the dependency on inlet speed and density (a dynamic pressure term)
and replaces the denominator with pressure drop across the stage.
∗
𝐶𝑃,𝑡𝑜𝑡𝑎𝑙
=

𝑃𝑡,𝑙𝑜𝑐𝑎𝑙 − 𝑃𝑡,𝑖𝑛
𝑃𝑠,𝑒𝑥𝑖𝑡 − 𝑃𝑡,𝑖𝑛

( 7.2 )
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The (FRAP) probe allows a unique snapshot of the rotor exit total pressure in an ensemble averaged and phase-locked form. This total pressure map is dependent on where the
probe is held relative to the vane wake, the two positions are described in Figure 7-7.
Three cases are run. The baseline set of blading has the probe at ‘Zero Vane Pitch’, a location defined as parallel to the ground in our rig, and ‘Half Vane Pitch’, a location that is
1/2 a vane pitch away from parallel to the ground. The TVC (Tip Vortex Controlled
Blading) case only has data at the ‘Zero Vane Pitch’ location.
7.4.1 Baseline, Smooth Tip Blades

Figure 7-17: Rotor Exit Phase-Locked Total Pressure Coefficient, Baseline Blade, Smooth Tip,
Zero Vane Pitch

Ensemble averaged and phase-locked rotor exit total pressure data for the baseline blading, with a smooth blade tip at ‘Zero Vane Pitch’ is shown in Figure 7-17 and Figure
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7-18. The snapshot of the entire rotor with 36 blades is shown in Figure 7-17. It shows
each unique wake clearly caused by the blades. Taking all 36 blades and averaging them
together into a single passage averaged form is shown in Figure 7-18. Some of the structures that can be seen in this location are a tip vortex core with significant total pressure
loss shown in yellow near 95% span and -2 theta. The green represents clean passage
flow, it spans from 0 to -5 theta. The secondary passage vortex near the hub is below
20% span, with the lowest total pressure being centered near 10% span and -7.5 theta.
The blade wake is shown in blue from 30% to 80% span and -5 to -10 theta. Above it a
mixing of secondary flow vortices are shown in green. Next to the green region at 85% to
93% span the blue region is a secondary effect of the tip leakage vortex.

Figure 7-18: Rotor Exit Phase-Locked Total Pressure Coefficient, Baseline Blade, Smooth Tip,
Half Vane Pitch, Passage Averaged
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Figure 7-19: Rotor Exit Phase-Locked Total Pressure Coefficient, Baseline Blade, Smooth Tip,
Half Vane Pitch

Moving the probe a ‘Half Vane Pitch’ creates a new total pressure coefficient contour.
Since the once per revolution (OPR) signal always appear for a unique position of the
rotor, the new ensemble averaging is now started at a circumferential position ‘Half Vane
Pitch’ away from the rotor position used in the previous paragraph (Figure 7-17 and Figure 7-18). The reason for this is because the vane wake propagates downstream and
through the rotor. Therefore, a new pitch location will create a unique contour map. The
results of moving the probe a ‘Half Vane Pitch’ are shown as a full rotor snapshot in Figure 7-19 and a passage average in Figure 7-20. In these figures, the blade wake shown in
blue is more oblique than in the ‘Zero Vane Pitch’ location. A larger passage flow can be
seen in green. The tip leakage is reduced and is now mostly green near 90% span and -7
theta. The secondary flow at the tip has become more dominant and is near 87% span
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and -2 theta. The hub region below 20% span is still dominated by the relatively low total pressure fluid.

Figure 7-20: Rotor Exit Phase-Locked Total Pressure Coefficient, Baseline Blade, Smooth Tip,
Half Vane Pitch, Passage Averaged
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7.4.2 Baseline, Slotted Tip Blades

Figure 7-21: Baseline Blade Tips, Smooth Tip (White), Slotted tip (Amber) with Slots Shown in
Red

The blade tips of the baseline blades are replaced with a double slotted design, examples
of each are shown in Figure 7-21 along with related distances. The result of the rotor is
shown in Figure 7-22, the passage averaged version is shown at the top in Figure 7-23.
The results below 80% span show very similar structures to the smooth tip, ‘Zero Vane
Pitch’ results shown in the bottom of Figure 7-23. Above 80% span there is a more significant loss of the tip leakage vortex located from 90% to 95% span and 0 to -3 theta, the
region in red. This region interacts with the region in blue, slightly reducing the size of
the blue area when compared to the results of a smooth tip. The blue region located from
85% to 92% span and -10 to -5 theta is caused by the interaction of the passage vortex,
the tip vortex, and the blade wake. Its size and magnitude is directly affected by the
strength of the tip vortex. In this case, the strengthening of the tip vortex shown in red
reduces the size and strength of the blue region. The blue region below 80% span is directly attributed to the blade wake.

138

Figure 7-22: Rotor Exit Phase-Locked Total Pressure Coefficient, Baseline Blade, Slotted Tip,
Zero Vane Pitch
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Figure 7-23: Rotor Exit Phase-Locked Total Pressure Coefficient, Baseline Blade, Slotted Tip
(Top), Smooth Tip (Bottom), Zero Vane Pitch, Passage Averaged
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Figure 7-24: Span Averaged (FRAP) Probe Results for Baseline Blade’s Smooth Tip, Slotted Tip,
and Smooth Tip Half Vane Pitch

Span averaged results shown in Figure 7-24 done by averaging the result each span
measurement location (5% to 95% span in 1% steps) and bring them to one unique value
for each location. The chart shows the smooth tip results of Figure 7-18 (black), half
vane pitch results of Figure 7-20 (red), and the slotted tip results of Figure 7-23 (blue).
The results have a moving average. Comparing the smooth and slotted tip (black and
blue) shows similar structures up to 70% span. From 70% to 80% span greater loss (values closer to 1) is shown for the slotted tip, and from 80% to 95% span less loss is shown
for the slotted tip. There is an interaction between the tip leakage vortex and the passage
vortex. In this case a stronger tip leakage vortex coincides with a weaker passage vortex,
and a weaker tip leakage vortex coincides with a stronger passage vortex. The slotted tip
appears perform better, as its profile is more left, difference below 70% span can because

141
by probe misalignment. The results show that it appears that the slotted tips work more
well than the smooth tips for the baseline blades.
A significantly different profile is shown of the smooth tips between the zero vane pitch
result (blue) and the half vane pitch result (red). The half vane pitch result has a low
momentum hub region that extends to 30% span, the zero vane pitch low momentum region extends to 25%. Less loss is shown in the midspan region (30% to 70%) of the half
vane pitch. The passage and tip vortices are also modified by the vane wakes. Modification of the loss profile with respect to the probes relative position of the vanes means that
results should be taken across an entire vane pitch in order to obtain more repeatable
measurements.
7.4.3 TVC, Smooth Tip Blade
Changing the blades to the Tip Vortex Control (TVC) design creates a new wake profile
of the rotor blades as far as the rotor exit total pressure field obtained from (FRAP) probe
is concerned. The TVC design for the HP stage also represents a change in its associated
rim seal geometries, as shown in Figure 7-25. Differences between the two designs include on the stationary NGV side removal of extra chamfers near the top, smooth transitional period to the outer seal, and removal of the chamfer on the bottom of NGV side at
the inner seal. On the rotor side, radial gap is reduced by way of a backward facing step
at the outer seal. This changes ingestion and egression patterns slightly modifying the
results near the hub.
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Figure 7-25: Rim Seal Cavity Design, Baseline (Left) and Modified Rim Seal Geometries (Right)

The full disk (FRAP) results for rotor exit total pressure shown in Figure 7-26 show the
periodic circumferential variation of blade profiles that was shown before. They are
somewhat rotated compared to the previous results shown in Figure 7-17, Figure 7-19,
and Figure 7-22 due to changes in encoder alignment during the rotor blade replacement
process in the AFTRF. A red colored tip vortex dominated loss zone for each blade is
seen above 90% span. A passage averaged result is shown in Figure 7-27. The structures
below 20% span are dominated by the hub endwall secondary flows and low momentum
fluid residing near the hub surface. The blade wake can be seen as a light blue region in
the 25% to 75% span region. The wake region occupies almost on half of the pitch distance in each passage. Above that is the casing region secondary flows, and the tip leakage vortex is shown in red from -3 to -7 theta above 90% span. When comparing to baseline results, it is possible to see the blade wake in blue is moved to lower spans, and the
secondary tip vortex flow shown in blue is increased in size.
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Figure 7-26: Rotor Exit Phase-Locked Total Pressure Coefficient, TVC Blade, Smooth Tip, Zero
Vane Pitch
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Figure 7-27: Rotor Exit Phase-Locked Total Pressure Coefficient, TVC Blade, Smooth Tip, Zero
Vane Pitch, Passage Averaged
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Figure 7-28: Rotor Exit Phase-Locked Total Pressure Coefficient, TVC Blade, Smooth Tip, Half
Vane Pitch

Similar to Figure 7-19, measurements of the TVC blading, in Figure 7-28 and Figure
7-29 at ‘Half Vane Pitch’ show a curving of the blade wake profile in blue caused by a
change in the interaction between of the blade and vane wake. The tip leakage vortex is
shown in red and is reduced in size. The tip secondary flow shown in blue is also reduced in size. The hub secondary flows have expanded to nearly 30% span. This shows
that the measurements taken by the fast response Endevco transducer based (FRAP)
probe are dependent on the location relative to the vane.
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Figure 7-29: Rotor Exit Phase-Locked Total Pressure Coefficient, TVC Blade, Smooth Tip, Half
Vane Pitch, Passage Averaged
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7.4.4 TVC, Slotted Tip Blades

Figure 7-30: Baseline Blade Tips, Smooth Tip (White), Slotted tip (Amber) with Slots Shown in
Red

Figure 7-30 shows the slotted tip (top) and the smooth tips (bottom) designs. Results of
replacing the tips of the TVC blades to a slotted design are shown in Figure 7-31 and
Figure 7-32. In the full rotor measurement, near 180 degree theta, blade number 21, a
large loss is shown. This is the result of losing the tip insert on blade 21 accidently. The
tip inserts are made up of a stereolithography (SLA) plastic material. Results from this
region are not included in the passage averaging. Above 90% span, a unique leakage
vortex can be seen for each blade. Blade wakes are the blue regions from 25% to 75%
span. Low momentum flow near the hub is measured below 20% span.
Comparing the slotted and smooth blade tips passage average results in Figure 7-32 show
that the slotted design has a very slightly larger tip leakage vortex shown in red. This reduces the size of the passage vortex in blue. Below 90% span the aerodynamic structures
are very similar.
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Figure 7-31: Rotor Exit Phase-Locked Total Pressure Coefficient, TVC Blade, Slotted Tip, Zero
Vane Pitch
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Figure 7-32: Rotor Exit Phase-Locked Total Pressure Coefficient, TVC Blade, Slotted Tip (Top),
Smooth Tip (Bottom), Zero Vane Pitch, Passage Averaged
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Figure 7-33: Span Averaged (FRAP) Probe Results for TVC Blade’s Smooth Tip, Slotted Tip,
and Smooth Tip Half Vane Pitch

Span averaged results shown in Figure 7-33 are taken by averaging each span location
(5% to 95% in 1% steps) into a unique value of total pressure coefficient. Comparing
results of the smooth and slotted tip designs (black and blue) reveals similar low momentum flow near the hub from 5% to 25% and small differences in the mid span region
(25% to 75%), and minuet changes in the tip region (75% to 95%). The differences in
the tip region are not as pronounced as the baseline blades (Figure 7-24) due to the design
of the blades. The TVC are designed to minimize the losses created by the tip vortex.
The smooth tip zero (black) and half vane (red) pitch results show trends similar to the
baseline blades. The region of low momentum fluid near the hub extends up to 25% for
the zero vane pitch, while the region extends to 30% for the half vane pitch. Structures
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within the core flow region (30% to 75% span) are modified and the less loss is shown at
the half vane pitch for most of the region, with a higher maximum loss at75% span. Tip
structures (75% to 95% span) of the half vane pitch are transported up nearly 5% span.
However the minimum value caused by the passage vortex is the same, while the maximum value caused by the tip leakage vortex at 90% span does not reach the same values
of the zero vane pitch. The differences in the loss profile with respect of the probes relative position to the vane demonstrate the need to take measurements across an entire vane
pitch to reduce uncertainty within the data.

Figure 7-34: Span Averaged (FRAP) Probe Results for Baseline and TVC Smooth Tip

Span averaged results of the baseline and the TVC blades using the smooth tip are in Figure 7-34. The results and location low momentum fluid of each is nearly the same from
5% to 30% span. The midspan location between 30% and 70% span has measureable

152
differences most likely due to noticeable design changes between the baseline and TVC
propagating into the passage. Above 70% span is the passage vortex. The TVC design
reports higher momentum of the passage vortex and the lower momentum in the tip leakage vortex, which peaks at 88% span. The baseline design marks a notably more flat loss
from the passage vortex and tip leakage vortex.
In conclusion, the results taken here provide a quick way of assessing the aerodynamic
loss character of the rotor and are dependent on the location relative to the vane in which
they are taken. Ideally, measurements could be taken at many more vane pitches and
placed together to make an animation of total pressure profiles aft of the blades. The
TVC blading provides a measurable reduction in loss near the tip.
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8 ROTOR DOWNSTREAM KIEL RESULTS WITH PURGE FLOW
IN THE RIM SEAL CAVITY SIMULATOR
8.1 TEST SETUP
Testing with the (FRAP) probe based on Endevco dynamic pressure transducer has
shown that measurements are slightly dependent on relative vane pitch location of the
probe mounted in the stationary frame. By changing the pitchwise position of the probe
inserted from outside a new total pressure map is measured. In order to obtain results
that are representative of the whole rotor exit field many points along the entire vane
pitch must be measured. It was further found that previous non-dimensionalization of
𝐶𝑝,𝑡𝑜𝑡𝑎𝑙 in Equation ( 7.1 ), is very sensitive to changes in density through atmospheric
pressure and temperature. A second way to non-dimensionalize is shown in Equation (
8.1 ), below. Both total and static pressure after the rotor are less than the inlet total pressure that is about the same as the atmospheric pressure in the lab. Inlet total pressure is
∗
approximately zero. By this definition, a smaller value of 𝐶𝑃,𝑡𝑜𝑡𝑎𝑙
refers to a greater dif∗
ference between total and static pressure. A value of 𝐶𝑃,𝑡𝑜𝑡𝑎𝑙
that nears one means that

the local total pressure and static pressure at the wall are about the same.
∗
𝐶𝑃,𝑡𝑜𝑡𝑎𝑙
=

𝑃𝑡,𝑙𝑜𝑐𝑎𝑙 − 𝑃𝑡,𝑖𝑛
𝑃𝑠,𝑒𝑥𝑖𝑡 − 𝑃𝑡,𝑖𝑛

( 8.1 )

Due to data repeatability issues observed previously and the long duration of the proposed AFTRF test, a room warming procedure is established. Initial warming of the
room is necessary for improving the thermal zero stability of the transducers. A zero
shift error from the temperature rise caused by the AFTRF operating at 1400 RPM is
measurable in the first 30-40 minutes of a typical AFTRF run. So the rotor is first turned
on for 40 minutes to bring the room to approximately 310K. This initial operation of the
AFTRF helps to eliminate the thermal gradients existing on the metallic surfaces of the
rig. Non-negligible amounts of heat are produced in the bearings of the AFTRF shaft.
The two electrical motors imbedded in the axial flow fan units also cause some heat production that is transferred into main stream air of the rig. It seems a 40 minute initial operation of the rig is sufficient to obtain isothermal enough surfaces inside the rig. The lab

154
temperature rise after the first 40 minutes slows down considerably, resulting in a more
thermally stable operation of the transducers and amplifiers. Once sufficient thermal stability of the environment is achieved the rotor is stopped, zeros are retaken, recorded, and
the AFTRF test is started.

Figure 8-1: Rotor Exit Kiel Traverse Measurement Grid

The measurement grid that is used to investigate the influence of purge flow has 13 pitch
locations from −6.207° to 6.207° and 39 span locations. The grid is spaced so that higher resolution measurements are taken in the region that is affected by the tip vortex, and
the hub passage vortex. The measurement grid is also designed to have higher resolution
at the exit location of the purge flow. A standard Kiel type total pressure probe from
United Sensor is used for the measurements. Although a Kiel type total pressure probe is
well known for its accuracy and miniature size, it has a relatively low data rate since the
distance between the probe head and the pressure transducer is much longer than that of
the (FRAP) probe. At each location the probe and the data system uses a 2.5 second settling time and a 7.5 second sampling time at 1000 samples per second data rate. The
probe is located two axial chords downstream of the rotor trailing edge at the hub. The
probe, shown in Figure 8-2, has a head diameter of 0.125” of an inch a depth of 0.215”
(0.10 from probe centerline) and diameter of the probe stem is 0.250”. For comparison,
the FRAP probe head diameter was 0.094”, a depth of 0.852” (0.75” from center), and a
stem diameter of 0.250”.
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Figure 8-2: Diagram of a 1/8” KB Kiel Type Probe, Adapted from United Sensor [38]

Two different blades sets and rim seal geometries are used. The two blade sets defined in
the previous paragraphs are investigated experimentally. The baseline set of blades have
their own rim seal cavity design as shown in Figure 8-3. The picture on the left is used
with the baseline blading, and the picture on the right is with the TVC blading. The differences are circled and include a redesign on the NGV side include the removal of a
large slot at the bottom (blue), modification of the buffer cavity (green), and a removal of
a chamber facing the rotor near the outer seal (red). On the rotor side, the only modification is a backward facing step added to the ‘Modified’ design (fuchsia).

Figure 8-3: Rim Seal Cavity Design, Baseline (Left) and Modified Rim Seal Geometries (Right),
Modifications Identified

Purge flow is introduced into the rim seal cavity at four different rates. The rates are
carefully monitored using an ASME calibrated orifice and total pressure contour maps
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are taken for each case using the Kiel Probe. Uncertainty of the probe measuring the total pressure coefficient is approximately ±0.20%%, and uncertainty of the mass flow device is approximately±1.00%. A discussion on uncertainty can be found in Appendix B.
After a set of purge rates are established, the tip treatments are changed, and the contour
maps are taken for only one flow rate. The idea is that the hub passage vortex is very dependent on the purge flow rate being used. The tip vortex, being far away from the hub
passage vortex and exit of the rim seal chamber will not greatly affect by the purge flow.
A matrix of the ten tests that are reviewed in this section is shown in Table 8-1. Here
purge rate is presented as a percentage of the mass flow though the AFTRF rotor.
Table 8-1: Rotor Exit Kiel Tests

Blade Type Tip Style Purge Rate
Baseline

Smooth 0.00%
0.25%
0.50%
1.00%
Slotted 0.00%

TVC

Smooth 0.00%
0.25%
0.50%
1.00%
Slotted 0.00%

The tip platforms surfaces in the baseline ‘smooth’ designs are cylindrical surfaces and
the tips refer to blade tips that are curved to fit into the casing with no other design modifications, and the ‘slotted’ tips have two groves put in them to modify the tip vortex.
Both designs can be seen in Figure 8-4, the lower tip is ‘smooth’ while the upper tip is
‘slotted’. The slots in the upper design are highlighted in red.
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Figure 8-4: Baseline Blade Tips, Smooth Tip (White), Slotted Tip (Amber) with Slots Shown in
Red

8.2 AERODYNAMIC EXPERIMENTS WITH PURGE FLOW FROM THE RIM SEAL CHAMBER

The influence of increasing the amount of purge flow systematically for the baseline
blade is shown in Figure 8-5. In this figure, the typical flow structures found in a rotor
can be seen. Below 5% is the boundary layer of the spinning rotor hub. The no slip condition in the relative frame of reference of the rotor increases the absolute velocity magnitude as seen from a stationary frame of reference. Above is region is area affected by the
rim seal cavity. The region above the rotor boundary layer is dominated by the passage
vortex. With no purge present, the passage vortex is located from 5% to 20% span. Each
increase in purge flow causes the location of maximum coefficient of static pressure to
move further into the passage. With the maximum purge of 1.00% the peak location is at
17% span, with no purge present the peak is at 11% span. The region of affected by the
passage vortex for 1.00% purge flow also increases to a maximum of 28% span. The
purge flow entering main stream is swirled to a fraction of the mainstream gas and has a
significant radial component not present in the mainstream gas. Increasing the purge
flow rate energizes the boundary layer fluid that rolls into the passage vortex, in turn increasing the strength and penetration of the passage vortex and appearing as a the movement described by the arrow in Figure 8-5.
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Figure 8-5: Baseline Blade with Smooth Tips Purge Varying Purge Rate

A region of clean flow exists above the passage vortex. For the baseline blade this occurs
between 40% and 70%. However, for the 1.00% purge flow case, the clean flow region
is affected by the purge flow that it never makes a recover back to baseline results. Between 70% and 85% exists the casing passage vortex. It is in this region that the 1.00%
flow rate case returns to baseline conditions. Above 85% is the tip vortex region (fuchsia). This region reacts strongly with the casing vortex (green), and has an underturned
region (orange) where the highest momentum fluid is found at 95%. Beyond that is the
casing boundary layer that brings the velocity back to zero.
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Figure 8-6: TVC Blade with Smooth Tip Purge Varying Purge Rate

The results of the TVC purge flow rates can be found in Figure 8-6. The conclusions are
similar to the baseline blading. Below 5% is a region affected by the hub boundary layer.
Above that in the 5% to 20% range lays a region affected by the rim seal cavity purge
flow. Increasing the purge flow rate increases the strength of this region, and pushes the
hub secondary flows to greater span locations. In the 20% to 40% region is the secondary effects of the passage vortex which is affected in strength and location by the purge
flow rate. 40% to 70% is a clean flow region, higher purge test slowly go toward values
of no purge flow. The TVC blading modifies the location of the casing secondary flow
region (green) and it is now found from approximately 70% to 85%. Locations from
85% to 92% span show evidence of the tip vortex (fuchsia). The underturned region
above 92% (orange) shows the greatest velocity.
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Figure 8-7: Baseline and TVC Blade Purge Varying Purge Rate

Cases at all purge rates and all blade designs are shown in Figure 8-7. This figure helps
visualize the results of the two designs that are used. At a quick glance, the rim seal cavity affects the strength and the radial location of the passage vortex and the rim seal cavity
vortex. The TVC blading modifies the tip vortex at 95%, but it comes at the cost of
strengthening the passage vortex below it. The two systems are interrelated and counter
rotating.
The difference between each case can be viewed when the results are split up in to purge
flow rates. Figure 8-8 shows the 0.00% purge flow case. In this case, there is still a difference below 20%. This is caused by a change in the ingress egress pattern into the rim
seal cavity. The location and magnitude of maximum momentum is found at 30% for
both cases. Between 30% and 50% is a region where both designs coincided. In the
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TVC design, the location of maximum pressure coefficient moves to 95%. This blade
design modifies the casing passage vortex, and affects the flow structures down to 50%.

Figure 8-8: Baseline and TVC Blade 0.00% Purge Rate

If purge flow rate is increased to 0.25% of main passage mass flow rate, as shown in Figure 8-9, the structures below 50% are modified. The design used in the TVC reduces the
penetration of the hub passage vortex, and weakens it. It also modifies the strength of the
structure caused by the rim seal cavity. The TVC reduces the value of coefficient of
pressure but keeps its maximum value near the same span location.
Figure 8-10 shows a further increase of purge flow to a 0.50% of passage mass flow.
Again, the effects of purge flow rate are kept below 50% span and the penetration of the
hub passage vortex is lessened. The maximum coefficient value for the TVC blading is
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now at a lower span location and a lesser amount. This signifies that for the TVC blading
the low momentum fluid from the rim seal cavity is kept closer to the hub.

Figure 8-9: Baseline and TVC Blade 0.25% Purge Rate

The highest purge flow rate tested of 1.00% is shown in Figure 8-11. Looking at Figure
8-5 and Figure 8-6 shows that this purge rate modifies the flow up to approximately 80%
span. The location passage vortex minimum and rim seal cavity secondary flow maximum is at approximately the same span location for each. The minimum and maximum
is dampened for the TVC blades. Even though the values are modified, the same structures are apparent for both cases above 50% just scaled due to the different designs.
The conclusions that are drawn for the observations here are as follows. The structure
directly related to the rim seal cavity design is found at approximately 20% for the 0.00%
case for both design types, shown in Figure 8-8. This is a low momentum region caused
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by the mixing of the boundary layer and fluid exiting the rim seal cavity. Increasing the
purge flow rate increases the mixing of the boundary layer and rim seal cavity, further
decreasing the momentum of the fluid and increase the penetration of the structure into
the cavity.

Figure 8-10: Baseline and TVC Blade 0.50% Purge Rate

The hub passage vortex is located above rim seal cavity flow structure. As the purge
flow is increased and the rim seal cavity flow structure increases in strength and penetration. This pushes the passage vortex to greater span locations and magnitudes proportional to increases in rim seal cavity flow related structures as seen in Figure 8-5 and Figure 8-6. Minimum values of the secondary vortex structure are unaffected by the tested
rim seal cavity designs for 0.00%, 0.25%, and 0.50% tests (Figure 8-8, Figure 8-9, and
Figure 8-10). However, 1.00% measurements shown in Figure 8-11 seem to suggest that
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if the flow rate is high enough the rim seal design can strengthen the secondary passage
vortex. The design of the rim seal cavity also modifies the spanwise location of minimum coefficient of pressure, and typically the TVC design keeps the passage vortex closer to the hub.

Figure 8-11: Baseline and TVC Blade 1.00% Purge Rate

8.3 ROTOR TIP TREATMENTS
There are two tip treatments tested with each blade set. Due to the shape and design of
the rotor, the blades are held with a 1% nominal tip clearance. The tips are glued onto the
blades using epoxy and then tested. The two types of tips are a ‘smooth’ and a ‘slotted’
design. They are shown in Figure 8-4.
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Figure 8-12: Baseline and TVC Blades with Slotted and Smooth Tips

The results shown in Figure 8-12 represent data take from one vane pitch behind the rotor
as shown in Figure 8-1. All testing is done with no purge flow. Effects of the tip treatments become apparent above 70% span. The ‘smooth’ baseline has peak value of coefficient of pressure at 85% span. This is the tip leakage vortex. It interacts with the casing
vortex whose minimum is at 77% span. The underturned region is located at 95% span.
The ‘slotted’ baseline is shown in a dashed red line. It reduces the maximum peak of the
tip vortex and keeps the location at 85%. The strong interaction between the casing vortex and tip leakage vortex removes the unique valley present in other cases. The casing
vortex would still be held near 77% span. An underturned region still exists near 95%.
This region has passed though the rotor without departing much of its energy meaning
that the fluid would be mostly unaffected by the designs to the tips.
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The TVC blades modify the structure of the passage flow above 50%. The two blade designs have identical roots. Parts near the hub are affected by ingestion and egression patterns of the rim seal cavity. Between 30% and 50% the measured results closely follow
each other. Deviation between the two designs between 50% and 70% appears as a lower
value of coefficient of total pressure for the TVC blade. Effects of tip design do not appear until above 70%. The tip vortex peak is at 88% for both the ‘smooth’ and ‘slotted’
designs. The ‘smooth’ tip has a reduced peak compared to the ‘slotted tip’. The tip vortex affects the casing vortex with its minimum valley at 81% for both designs. The minimum of the casing vortex valley scales with the peak of the tip leakage vortex. The reduction tip vortex value for the ‘smooth’ tip also shows a reduction in casing vortex when
compared to the ‘slotted’ tip. The beneficial effects of the ‘slotted’ tip treatments for the
baseline blades do not carry over for the TVC blading. The slotted tip treatments are detrimental to the TVC rotor blades. The slotted tips were designed for the baseline blades
and unique designs should have been made for the TVC blading. Showing that there is
no one size fits all solution to tip treatments. Absolute minimum value caused by the underturned region is found at 95%. For the TVC blade the value of both designs has been
measured to be the same. As previously reasoned, this flow does not impart much of its
energy onto the rotor and has little interaction with the rotor. Little interaction with the
rotor means the underturned region would not be affected by the design changes of the
rotor blade tips.
Comparing the blade designs shows that the TVC blades reduce the magnitude and penetration of the casing and tip leakage vortices. The underturned region for all results is
found to be near the same span of 95%. The ‘slotted’ tip designs for the baseline reduces
the valley and peak evident of the tip leakage vortex and passage vortex. The ‘slotted’ tip
designs for the TVC blades increases the value of coefficient of total pressure but does
not diminish the difference between the peak and valley. The difference between the two
blades at the hub is caused by changing the rim seal cavity design. The effects of design
differences between the baseline and TVC blades appear from 50% to 100% span.
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9 UNSTEADY AERODYNAMIC STRUCTURES WITHIN THE RIM
SEAL CAVITY
9.1 EXPERIMENTAL BACKGROUND AND SETUP
Results of the unsteady aerodynamic structures within the rim seal cavity were completed
in conjunction with a fellow research within the lab. They are presented in detail in
Averbach thesis [31]. The author was intimately involved in the work completed. While
the full scope of the research is not presented in this thesis, an overview of what, why,
and how was done will be presented here.
Unsteady pressure structures found in Jakoby et al. research [20] [21] [22] and shown in
Figure 1-22, Figure 1-23, and Figure 1-25 are found within the buffer chamber of the rim
seal cavity. These structures affect the ingress and egress patterns of fluid through the
rim seal cavity. They move at a fraction of the rotor speed, reported at a minimum of
80% and a maximum of 87% rotor speed. Wang has demonstrated that the structures coincide with ingress and egress cells within the rim seal cavity [22]. The only way to
properly solve for these structures computationally is with transient unsteady analysis
involving a significantly large computational area. The computational area must be
enough to contain a structure with larger sections providing better results. Meaning that
if there are three structures, as with Jakoby, an area of at least 120° must be used. Structures smaller in size and greater in number form when the current rim seal cavity of more
complex geometry is used. Thus, a smaller range can be used.
There are two piezoresistive pressure transducer installed into the baseline rim seal cavity. The transducers types are Endevco model 8507C-1, more details can be found on this
type of transducer in Appendix D. The axial location of the probe is 0.32 𝑚 from the rotational axis and is represented in Figure 9-1 as the red line in the buffer chamber of the
rim seal cavity. The probes are flush mounted and held 5° apart, their installation is
shown in Figure 9-2.
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Figure 9-1: Baseline Purge Chamber with Axial Location of Piezoresistive Pressure Transducer

Figure 9-2: Location of Flush Mounted Piezoresistive Pressure Transducers in Rim Seal Cavity
(Circled in Red)
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The unsteady structures each have a unique pressure peak that must shift across the transducers at different times. The modern data acquisition system is set to take data from
both of piezoresistive transducers simultaneously. A known sample rate controlled by an
internal clock is set so that a time difference can be calculated. This time difference is set
by identifying the pressure peak of each unsteady structure and calculating the difference
in number of sample taken for that peak to pass from one transducer to another. This
time difference can be used to calculate the fractional speed at which the structures are
moving within the rim seal chamber as shown in Equation ( 9.1 ).
θ𝑑𝑖𝑓𝑓
2𝜋
360 𝑡𝑝ℎ𝑎𝑠𝑒 ∙ 𝜔𝑟𝑜𝑡𝑜𝑟
θ𝑑𝑖𝑓𝑓 = Difference in degrees between each transducer
= Difference in time between each peak across each transducer
𝜔𝑟𝑜𝑡𝑜𝑟 = Rotor speed in radians per second
Ω𝑠𝑡𝑟 =

𝑡𝑝ℎ𝑎𝑠𝑒

( 9.1 )

Unsteady structures will move at a fraction of the rotor speed. The number of structures
can also be calculated. This can be done by dividing the number of structures that pass
by the transducers each second and dividing it by the frequency of each unique structure
passes by the transducers, as shown in Equation ( 9.2 ).
𝑁𝑠𝑡𝑟 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑
𝑓𝑠𝑡𝑟
𝑁𝑠𝑡𝑟 𝑡𝑜𝑡𝑎𝑙
𝑁𝑠𝑡𝑟 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 =
𝑇𝑠𝑎𝑚𝑝𝑙𝑒
𝑁𝑠𝑡𝑟 𝑡𝑜𝑡𝑎𝑙 = Total number of structures identified
𝑇𝑠𝑎𝑚𝑝𝑙𝑒 = Total sample time in seconds
Θ𝑑𝑖𝑓𝑓 1
𝑓𝑠𝑡𝑟 =
360 𝑡𝑝ℎ𝑎𝑠𝑒
N𝑠𝑡𝑟 =

( 9.2 )

Table 9-1: Test Cases of Unsteady Structures within the Rim Seal Cavity

Target
Case 1
Case 2

𝜔𝑟𝑜𝑡𝑜𝑟

𝑚̇𝑝𝑢𝑟𝑔𝑒
⁄𝑚̇
𝑔𝑎𝑠𝑝𝑎𝑡ℎ

1430
1433
1433

0.25% or 0%
0.28%
0.00%

Two tests cases are done with carefully monitored purge flow conditions, inlet mass flow
rates, and rotor speed. These results are compared against an unsteady computation anal-
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ysis. Major details of the test cases are described in Table 9-1. Samples are gathered at a
rate of 100,000 samples per second for 60 seconds. The data acquisition board is set so
that data at both transducers values are recorded is taken at the rising edge of an internal
reference clock.

9.2 EXPERIMENTAL RESULTS
Experimental results are completed in the frequency spectrum. MATLAB employs a
transform to convert the pressure signal into the frequency domain using Fast Fourier
Transform (FFT) functions. Results are given as a function of occurrence per revolution
(𝒇∗ ), the transform is given in Equation ( 9.3 ).
2𝜋𝒇
𝜔𝑟𝑜𝑡𝑜𝑟
𝒇 = Frequency in Hertz
𝒇∗ =

( 9.3 )

MATLAB is optimized to work with FFTs, it quickly completes transforms by reducing
complexity of the equation. This is accomplished by adding zeros to the end of the equation until the length is a power of two. The total number of samples for a 60 second run
at 100,000 samples per second is 6,000,000 samples.

An optimization routine in

MATLAB increases the length of the samples to 223 , or 8,388,608.
Frequency domain results for the first case with a rotor speed of 1433 RPM and a purge
mass flow rate of 0.28% of the main gas path for can be seen in Figure 9-3. The first
transducer in the upper part of the figure has a large magnitude of 𝒇∗ = 36. This is equal
to the number of rotor blades and is the blade passing frequency. This indicates that the
transducer may be in an area of ingress. Thus it is more apt measure the pressure field
disturbances caused by the rotor blades as they pass. Frequencies below five occurrences
per revolution are understood to be noise.
The second transducer’s frequency spectrum results are shown in the lower part of Figure
9-3. The blade passing frequency of 36 is not as pronounced as the first locations results.
The second transducer is not in a location of constant ingress, and the upstream rotor
blade pressure field does not affect it as much as the first location. Frequencies below
five occurrences per revolution are once again considered noise.
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Figure 9-3: FFT of Pressure Signals from Transducer 1 (Top) and Transducer 2 (Bottom), Case
1 (Purge Mass Flow of 0.28%) [31]
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Insets in both graphs charts of Figure 9-3 show the range of 5 to 15 occurrences per revolution. This range and series of signals is identified as the low frequency unsteady structures within the rim seal cavity. A range of frequencies is identified as the unsteady
structures because the structures may change shape, size, and speed of overtime and may
not be evenly spaced.
The second case with no purge flow is shown in Figure 9-4. The signal from the first
transducer in the upper part of the picture has an easily distinguishable signal at 36 occurrences per revolution. This signal is caused by the rotor blades and is equal to the rotor
blade passing frequency. The second transducer location, shown in the bottom of Figure
9-4, does have the rotor blade passing frequency. Transducer 1 is more likely in a location of ingestion causing measurable effect of the rotor blade pressure field as it passes,
while the transducer 2 is in an area of egression so is much less affected by the rotor
blade pressure field.
The region of 5 to 15 occurrences per revolution is measurably less in magnitude than the
results from the first case. As such it is harder to distinguish from the noise. The current
data reduction program could not use these results to calculate the speed or number of
structures for the second case. It is likely that the structures are more unstable and less
pronounced at the measurement locations. These results show that the expected range
from 5 to 15 occurrences per revolution is most likely caused by unsteady structures
within the rim seal cavity. Had these frequencies been produced by natural harmonic of
the AFTRF or external noise they would have shown up in both test at the same magnitudes and frequencies.
To isolate the unsteady structure signals from the rest of the measurements the results are
filtered using a Butterworth type bandpass filter with cutoff frequencies of 5.25 and 16.75
in terms of occurrences per revolution. The filtered results of the first case are shown in
Figure 9-5. The results of the second case are ignored as the frequencies could not be
filtered out of the signal. For the first case a clear set of similar signals is measured by
each transducer. The signals are not caused by the blade or vane pressure fields and are
the unsteady structures in the rim seal cavity.
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Figure 9-4: FFT of Pressure Signals from Transducer 1 (Top) and Transducer 2 (Bottom), Case
1 (Purge Mass Flow of 0.00%) [31]
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Figure 9-5: FFT Results of Buttersworth Bandpass Filter Pressure Measurements [31]

Figure 9-6: Filtered Pressure History with Identified Peaks [31]
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Calculating the rotational speed and number of unsteady structures can be done by equations ( 9.2 ) and ( 9.3 ). What is needed from the filter data is the number of peaks present in the signal of each transducer and the time it takes for one peak the traverse between the two transducers. The location and number of peaks was found using the
MATLAB function findpeaks. The function checks to see if a number is higher than a
specified range around of immediate numbers around it. The range is set so that five
numbers ahead and behind a value is checked to see which is greater. If the value is
greater than all numbers it is checked against, the value is identified as a peak.
A sample of the data consisting of approximately 20 blade passings is shown in Figure
9-6. The results show an instantaneous pressure value subtracted by the average value.
The function (findpeaks) identified 16,547 peaks in the transducer 1 and 16,585 peaks in
transducer 2.
Identifying the peaks can be used to calculate the time it takes to move from one pressure
port to another. The pressure peaks traversed from transducer 1 to transducer 2. There
are 10 microseconds between each sample. Taking the number of samples between each
peak and multiplying it by 10 microseconds results in the amount of time it takes for a
peak to move between the two transducers.
The code looks for a pressure peak in the signal of transducer 1, when found it calculates
the amount of samples and time it takes for the next peak to occur in signal of transducer
2. This is not without flaw. For example in Figure 9-6 a peak is identified at 9 blade
passings. There is not a corresponding peak in pressure signal of transducer 2. The code
calculates the time difference between the peak at 9 blade passings from signal 1 and the
peak at 13 blade passings from signal 2. This creates a large time difference and can
skew the results to structures that are measured toward more slowly moving results. The
second peak in transducer 1 at 13 blade passings uses the same peak at 13 blade passings
in transducer 2.
A histogram of the time it takes to traverse from the first transducer to the second is
shown in Figure 9-7. The red line represents the average of all of the results, it is approximately 1000 microseconds to move between the transducers. The average result is
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skewed by the code that cannot account for missing pressure peaks in the second signal.
The mode of the time difference is 750 microseconds. The mode is value that is used for
calculation of speed and the number of structures.

Figure 9-7: Time for Cell to Traverse from Transducer 1 to Transducer 2 Histogram [31]

The fractional speed at which the structures are rotating in the rim seal cavity is calculated using Equation ( 9.1 ). The structures are found to be rotating at 77.5% of the rotor
speed. This is close to the value of 80% report by Jakoby et al. [20]. It is slower than
the rotational speeds record of 90% by Julien et al. [21] and 87% by Wang et al. [22].
The speed at which the structures rotate is dependent on the geometry of the rim seal cavity and is always is recorded as a significant faction of the rotor speed, but never faster
than the rotor rotational speed.
The number of structures within the rim seal cavity can be calculated using Equation( 9.2
). The number of structures found in the rim seal cavity is calculated to be 14.89, which
is rounded up to 15. The number of structures is exceedingly dependent on the geometry
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of the rim seal cavity. A minimum number of three structures were recorded by Jakoby
et al. [20] and maximum number of 30 structures was recorded by Julien et al. [21].

9.3 COMPUTATIONAL SIMULATION OF UNSTEADY STRUCTURES IN THE RIM SEAL
CAVITY SETUP
In order to computationally simulate the structures found in the rim seal cavity ANSYS
CFX (64-bit, version 15) is employed as a transient, unsteady, three-dimensional, compressible Reynolds Averaged Navier-Stokes solver. The solver was distributed in parallel
mode with as many as 48 licenses used at a time.

Figure 9-8: Meridonial View of the Computational Domain, Stationary Domain (Green), Rotating Domain (Red) [31]

The model was adapted from previously unpublished work of Ozhan Turgut. Figure 9-8
shows geometry representative of the domains from the Meridonial view. It is divided
into two domains, the first being a stationary domain containing the nozzle guide vane,
the stator hub, the casing, and rim seal cavity. The inlet is located one axial vane chord
upstream of the leading edge.
The second domain is the rotating domain and it contains the rotor blade, rotor casing,
and rotor hub. The exit is located 1.25 blade axial chords downstream of the trailing edge
of the rotor blade.
Stationary surfaces in the figure include the nozzle casing, nozzle hub, hub side of the
rim seal cavity, the nozzle guide vane surfaces, and rotor casing. The rotating surfaces
include the rotor hub, rotor blade surfaces, and the rotor side of the rim seal cavity shown
in black.
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Figure 9-9: GridPro Generated Structured Grid Surfaces and Rim Seal Cavity [31]

179
Grid generation was adapted from unpublished work of Turgut and completed in
GridPro. GridPro creates a multi-block, body-fitted, structured, hexahedral grid and uses
automated subroutines to improve mesh quality. Figure 9-9 shows the representative geometry of the grid. The stator shown in an isometric view consists of the vane, hub, casing, inlet, outlet, and rim seal cavity. Below the isometric view is a detailed view of the
stator hub surface grid, and to the left is a detailed view of the rim seal cavity. The rotor
isometric view consists of an inlet, outlet, hub, casing, and blade. Below it is a view of
the rotors hub surface mesh.
Boundary layers are only placed on the hub surfaces and within the rim seal cavity. One
of the main forces causing ingestion can be followed back to the effects of boundary layers near the hub. Boundary layers are not included on the blade or the casing surfaces as
they are do not have a great effect on the rim seal cavity ingestion and egression.
The size and boundary conditions of the computational domain along with grid intendance is recorded in great detail in Averbach [31]. A quick overview of the work will be
given here. The resources required to complete a Full rotor simulation were not available. There are 29 vanes and 36 blades, a ratio of 0.8056: 1. A sector model of 8 vanes
and 10 blades was used, a ratio of 0.8: 1. The calculated pitch ratio between the sector
model and the actual stage is 0.9931.
A domain of sufficient size must be used in order to correctly capture the unsteady structures within the rim seal cavity. From the experimental results, we expect there to be approximately 15 structures. Each structure would be 24 degrees apart from the next,
meaning that the current rim seal cavity which contains 99.31 degrees of space would
have the ability to capture four of the structures within it.
The unsteady analysis was started by completing a frozen rotor run, which then stepped
into the transient simulation. A time step of the required time to move the rotor one 1/8 th
of a pitch was chosen, or 1.4481x10-4 seconds, was used for the first half of a rotor revolution. Afterward a more fine time step of 1/16th of a blade pitch movement time, or
7.4405x10-5 seconds was used for data gathering. Four blade pitch passages, or 64 time
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steps were completed with 15 inner loops for each time step. These four pitch passes are
used for the transient results.

9.4 COMPUTATIONAL SIMULATION OF UNSTEADY STRUCTURES IN THE RIM SEAL
CAVITY RESULTS

Static pressure is monitored in the simulation at the same radial location of as the piezoresistive pressure transducer shown in Figure 9-1. Results of the static pressure across
the surface of the 8 vanes are shown in Figure 9-10.

Figure 9-10: Static pressure Steps Across the NGV Side Rim Seal Cavity at 0.32m and Varying
Time [31]
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In Figure 9-10 a single peak is identified by a green dot. The movement of the rotor is
represented by the red line. The variable ‘t’ represents the current time, while ‘T’ represents the time it takes the rotor to move one blade pitch. At t/T=0 both the green dot and
the red line are at the same position. The distance between the green dot and red line becomes greater as time steps move on. The pressure peak is moving at a slower speed than
the rotor, as expected. Four pressure peaks are also readily identified in the results.
Knowing the number of vanes in the domain (8) and the number of vanes in the full stage
(29) makes it possible to find the total number of structures in the simulated stage. The
calculation shows that in the simulated stage there are 14.5 unsteady structures.
𝜃𝑝𝑒𝑎𝑘,𝑡+1 𝜃𝑝𝑒𝑎𝑘,𝑡 𝜋
𝜔𝑟𝑜𝑡𝑜𝑟 Δ𝑡
180
𝜃𝑝𝑒𝑎𝑘,𝑡 = Peak location at time step
𝜃𝑝𝑒𝑎𝑘,𝑡+1 = Peak location at next time step
Ω𝑠𝑡𝑟 =

( 9.4 )
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The speed at which the structures move can be calculated using Equation ( 9.4 ). The rotor speed, along with time step, is set during the initial conditions of the simulation. The
four peaks observed in Figure 9-10 are mapped for the time steps and recorded in Figure
9-11. The figure shows the rotor moving at a constant speed greater than all of the peaks.
The four peaks do not move uniformly and have variance in speed from one time step to
another. The peaks could be inherently unsteady, or they an insufficient number of rotor
rotations was used before data was collected. The average speed for which all the peaks
are moving is 81.7% of the rotor speed. This is also the speed at which the unsteady
structures are moving.

9.5 UNSTEADY STRUCTURES IN THE RIM SEAL CAVITY CONCLUSIONS
To the author’s knowledge, there has been no such experimental analysis using piezoresistive pressure transducers to investigate unsteady cells within the rim seal cavity. A
summary of the experimental and computational results can be found in Table 9-2. The
number of cells found experimentally was 15, while the number of cells found in the
computation was 14.5. The fractional number of cells is due to the way the rim seal cavity is dependent on the number of vane used in the simulation (8) and the total number of
vanes in the stage. The 29 vane stage is a prime number, and while it helps to eliminate
vibrations in the system, it increases the difficulty of computational analysis. Slower
cells were measured in the experimental setup at 77.5% rotor speed, while faster cells
were found in the computation work at 81.7% rotor speed.
Table 9-2: Results of Experimental and Computational Analysis of Unsteady Cells

Experimental CFD
15
14.5
Number of Cells
81.7%
Cell Speed/Rotor Speed 77.5%
The computational results would benefit from a full rotor simulation with an increased
number of revolutions completed before the results were taken. This would allow greater
room and time for the correct number of cells to develop and settle. The computational
results are validated and used within Averbach [31] for investigation into the ingress and
egress patterns, rim seal flow structures, and proposed methods of improved sealing.
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10 CONCLUSIONS
10.1 SUMMARY AND CONCLUSIONS
This investigation dealt with the aerodynamic features of a new HP turbine stage simulating the main aerodynamic character of a 30,000 pound class modern HP turbine used for
civilian passenger aircraft propulsion purposes. The HP stage designed and assembled
into the AFTRF depicts the general features of the HP turbine of a present day high bypass ratio turbo-fan engine. The new HP stage was designed and manufactured by the
sponsor company. However the NGV assembly, the rotor, and the new purge flow/rim
seal cavity system was incorporated into the AFTRF by the author of this thesis. The
new turbine stage benefits from a previous PSU design as far as the rim seal cavity flow
generator design. The PSU design originated by Christopher McLean and Cengiz Camci
was heavily modified, machined, and incorporated into the AFTRF by the author of this
thesis.
The new HP turbine stage incorporated into the AFTRF is unique because of its airfoil
manufacturing technology that is “Direct Metallic Laser Sintering (DMLS)”. The AFTRF was retrofitted with NGV airfoils and rotor blading that is manufactured by the new
DMLS method for the first time. The NGV airfoils and instrumented blades of the new
stage used are obtained in a metallurgically controlled environment by laser melting and
solidifying in an additive style. This method is analogous to the well-established Stereolithography (SLA) method for plastic parts. However the final DMLS is a ChromiumMolybdenum alloy with superior strength and thermal durability. The new rotor system
and the NGV airfoils used internal plenum chambers and static pressure holes that are
directly obtained from a 3D computer file using the DMLS process.
Shakedown testing has shown the AFTRF is capable of producing detailed results that
can be used for investigation into the effects of rim seal cavity purge flow, a variety of tip
treatments, rim seal geometry, and blade design on the performance and aerodynamic
structures of a high pressure turbine. The shakedown testing moved in a logical order,
attempting to start with the most basic testing and moving toward the more complex. The
first experiment uses three Pitot Probes to inlet flow uniformity. It is found that the
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measurement nearest to the floor had a higher standard deviation (0.1215), and a lower
measured velocity, 17.07 𝑚⁄𝑠 as opposed to 17.28 𝑚⁄𝑠, than the probes at higher locations. It is reasoned that the increase in uncertainty is because the inlet to the AFTRF is
not in the center of the room, it is closer to the ground causing an interaction with it and
an upstream slip-ring support is in its flow path. Both reasons contribute to a marked
lower inlet velocity measured at the bottom of the rotor.
Careful calculation and calibration of the flow coefficient to match design parameters is
required to produce results are representative aero-engines. Flow coefficient is a dimensional number. Its units and calculation is found in Equation ( 4.1 ). Temperature and
atmospheric pressure are easily recorded; mass flow must be calculated by integrating the
velocity profile across the inlet in cylindrical coordinates. The profile is dependent the
performance of the compressor downstream of the rotor. To change the performance, a
throttle plug is moved to increase or decrease the exit area of the AFTRF. Changing the
exit area modifies the performance of the axial fans and the inlet profile. Nondimensionalization the inlet velocity profile by dividing by midspan speed causes all
measurement tests to coincide with each other. Flow coefficient can then be calculated
by measuring the midspan inlet velocity and multiplying it by an AFTRF unique coefficient. Flow coefficient was measured against the throat exit area and is found to be a
second order equation that increases with greater throat area.
Testing of airfoil loadings is done for both the NGV and rotor. NGV testing is done at 33
locations (three span locations, 11 measurements at each span) and shows a run to run
variation of 1.15%, exemplifying good repeatability and a working data acquisition system. Measurements are also compared to a RANS, stage computational prediction. The
greatest difference between measurement and prediction is approximately 4%, however
the average of all of differences is about 1.5%. This is within the uncertainty of the experiment and the prediction. Changing the rotor blades has little effect on the NGV loadings.
Rotor blade testing is done at 55 locations (five span locations, 11 measurements at each
span) for the baseline blades and 70 locations (five span locations, 14 measurements at
each span) for the TVC blades. Two major challenges were found in measuring in the
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rotor relative frame. The first is a shift between measured and predicted values. The
shift is found to be a combination of pumping effects, pressure drop at the reference port,
and transducer diaphragm loading. The proposed correction brings measurements and
the prediction within 1.7% of the transducer range. The same correction value is used on
both blades at each respective span location. The next problem was an uncontrolled
leakage into the rotor of approximately 3.8% mass flow through the rim seal cavity. This
is solved by the addition of the rim seal cavity purge chamber and seals. With the AFTRF in good working order, it is shown that the run to run variation is approximately 1%
and results agree reasonably well with the predictive CFD.
Intraspace measurements are taken 0.273 vane axial chord downstream of the NGV using
the new traversing system. The new traversing system increases the number of data
points that can be taken in a two hour period. The previous design took 336 points while
the new design can take 868 points, an increase of nearly 160% in the same two hour testing period. Testing shows good agreement between Kiel Probe and FHP total pressure
measurements. The adaptive gridding allows for refinement of measurements in flow
structures such as the boundary layers, secondary flow structures, and vane wake. Measurements show increase a velocity that is mostly in the tangential direction, flow slightly
moving toward the hub, increased swirl near the passage vortex, total pressure deficit at
the passage vortex, and increased uncertainty near the casing due to the instrumentation
slot.
Rotor exit measurements are done with a custom made piezoresistive total pressure transducer. The new (FRAP) probe is tested in a pitch and yaw calibrator, finding that the acceptance angle is ±7.5° before the total pressure measurements are outside of an acceptable accuracy limits. Testing to find the minimum number of revolutions for an accurate ensemble averaging was found to be 150 revolutions, however the presented results are done with 200 revolutions. A radial traverse with a FHP probe aft of the rotor is
done to find azimuthal angle variation. A radial traverse is then split into six measurement regions and the (FRAP) probe is twisted to the correct angle as it moves radially.
Measurements aft of the rotor using the (FRAP) probe are held 0.75 chord downstream of
the blade trailing edge. Results of the (FRAP) probe show the hub and casing passage
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vortex, blade wake, and tip leakage vortex. The azimuthal location of the probe shifts the
loss profiles of the rotor; it is due to the measurement location relative to the vane wake.
The rotor shows four identifiable regions of alternating greater and lesser loss. The regions are locked into the rotor position. Through further testing it is known not to be a
rig vibration, electrical interference, or blade balancing dependent. It a characteristic of
the rotor disk itself.
Total pressure as a contour map are presented for one vane pitch and the 3% to 99%
blade span at one blade axial chord downstream of the rotor using a Kiel type total pressure probe. Purge flow rates are varied from 0.00% to 1.00% in two different rim seal
chamber designs. Results are averaged to a single value for each span location. Averaging across a vane pitch is found to reduce uncertainty in measurements behind the rotor.
Secondary flow structures such as the casing passage vortex, secondary casing related
flows, clean passage flow, hub casing vortex, tip leakage vortex, and underturned flow
are identified. The effect of tip treatment and purge flow rate on these structures are investigated
The results show that the second rim seal cavity design used with the TVC blading reduces the magnitude and penetration of low momentum fluid into the passage for all
purge flow conditions when compared to the baseline rim seal cavity design. It further
reduces the secondary flow caused by passage vortex minimum coefficient of total pressure and penetration. The no purge condition shows that the differences in blade design
affect the results of the upper 50% span. Purge flow from the exit of the rim seal cavity
disrupts the lower 50% span. The second design of the rim seal cavity used with the
TVC rotor blades is overall more efficient at reducing loss within the rotor than the first
design.
For the baseline blading, the addition of ‘slotted’ tip treatments increases the efficiency of
the rotor by reducing the peak measured value of coefficient of total pressure located in
the region of the tip vortex. This is furthered justified by a measured increase in rotor
power. Adding the slotted tip design to the TVC rotor blades increase the value of the
peak of the tip leakage vortex and the valley of the casing vortex, decreases the amount
of power extracted by the rotor and its efficiency compared to the smooth blade tip de-
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signs. The rotor tips were designed for the baseline blades, and the results demonstrate
that unique designs must be made for each blade, what works for the baseline blade does
not work for the TVC blades. In this case a lower peak within the tip leakage vortex is
found to coincide with greater power extracted by the rotor. The TVC rotor blades for
both results have lower values of coefficient of total pressure near the blade tip and increased work output. The underturned region of fluid above 95% varies ±1% span for all
the results. This region is not affected much by any of the blade and tip design changes
because it does not interact with the rotor to a measurable extent.
Differences between the designs and the impacts on the work output of the rotor can be
summarized as follow. There are two rim seal cavity designs and the second ‘modified’
rim seal cavity used with the TVC rotor blades is more efficient at reducing loss and increasing power than the rim seal cavity used with the baseline rotor. The major difference between the two rim seal cavity designs is the inclusion of a backward facing step
reducing the clearance between the outer seal and the vane hub surface.
The TVC blading works more well than the baseline blading, extracting more power
though greater efficiency. The ‘slotted’ tip treatments are beneficial to the baseline
blades, which they are designed for, when compared to ‘smooth’ tip treatments. When a
similar design is applied to the TVC blades, ‘slotted’ tip treatments are detrimental when
compared to the ‘smooth’ tip treatments. The ‘slotted tip’ treatments are designed to
benefit the baseline blading; they are adapted to fit the TVC rotor blades. A unique design would be beneficial and proves that there is no one size fits all design solution for
the aerodynamic tip structures.
Unsteady flow structures forming cells of high and low static pressure is investigated in
the rim seal cavity. Two piezoresistive pressure transducers located five degrees apart
are used to calculate the number of structures and the fractional speed at which they are
moving. Two flow conditions are tested, one with a rim seal cavity purge mass flow rate
of 0.28% and another with no rim seal cavity purge flow. The unsteady structures, if any,
could not be separated out of the noise of the data for the case with no purge flow rate.
Well-developed cells in the rim seal cavity are recorded when the rim seal cavity purge
mass flow rate is 0.28%. In this case the structures are experimentally measured to be
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moving at 77.5% of the rotor speed and there are 15 structures within the rim seal cavity.
ANSYS CFX is used to complete a transient computational study. The computational
work with the 0.28% rim seal cavity purge mass flow rate is found to have 14.5 structures
moving at 81.7% of the rotor speed. Experimental and computational works within the
rim seal cavity are in good agreement, and to the authors knowledge this is the first type
of study to use piezoresistive transducers to measure unsteady structures within the rim
seal cavity..

10.2 SUGGESTIONS FOR FUTURE RESEARCH
Additional research should be performed to further investigate the complex mixing process of the mainstream and rim seal purge flow. This can be performed in a number of
ways. First would be to map the rotor exit total pressure from the rotating frame of reference. If the blades are modified, it would be possible to gather data on the total-to-total
efficiency of the stage.
A series of total pressure map could be made with the (FRAP) traversing it along the
vane pitch along with the radial positions. The data would provide a better understanding
of how the vane wake is modifies rotor total pressure profiles as it moves thought the rotor.
Investigations in the rim seal cavity done in conjunction with Averbach [31] have shown
with careful placement of piezoresistive transducers inside the cavity and unsteady numeric simulation of the rim seal cavity that the unsteady structures can be both predicted
and measured. Using Discrete Fourier Transforms the AFTRF is used to measure the
number and speed of the structures like those shown in Figure 1-22, Figure 1-23, and
Figure 1-25. The current computational study consists of 8 vanes and 10 blades in the
simulation. A transient full rotor simulation including the rim seal cavity would be beneficial for measuring the number of cells and the speed at which they move through the
rim seal cavity.
Finally, ingestion into the rim seal cavity could be investigated by including carbon dioxide sampling devices by adding a known quantity of CO2 to the purge flow and measuring the concentration of CO2 within the rim seal cavity. As demonstrated on other de-
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signs, the difference between the injected concentration of CO2 and the measured concentration within the rim seal cavity can be used to calculate the amount of fluid ingested
from the main gas path.

190

Appendix A FIVE-HOLE PROBE
A.1

FIVE-HOLE PROBE CALIBRATION

Due to the high speed of the flow in the intraspace region, a new wind tunnel was made
to calibrate a Five-Hole Probe (FHP). This free jet style wind tunnel is connected to the
300 psi lab air system and uses a previously made robotic calibrator to gather data. The
entire setup is shown in Figure A-1.

Figure A-1: Five-Hole Probe Calibration Rig and Tunnel

The wider part is the settling chamber, and it consists of a six inch honeycomb region and
two screens shown in Figure A-2. The honeycomb is used to straighten the flow, while
the two screens are used to reduce the turbulence in the flow. A regulator shown near the
red tank in Figure A-1 allows for control of the mass flow and speed of the wind tunnel.
The probe is held at the exit of long white tube and is controlled by two stepper motor
actuated rotating tables from Velmex.

Each calibration takes approximately seven
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minutes and is repeated four times. The final calibration is based on the average of those
four runs.

Figure A-2: Six Inch Honeycomb (Left), Turbulence Screens (Right)

𝑃5 − 𝑃4
𝑃1 − 𝑃̅
𝑃2 − 𝑃3
𝐶𝑃,𝑦𝑎𝑤 =
𝑃1 − 𝑃̅
𝑃2 − 𝑃𝑡𝑜𝑡𝑎𝑙
𝐶𝑃,𝑡𝑜𝑡𝑎𝑙 =
𝑃1 − 𝑃̅
𝑃1 − 𝑃𝑠𝑡𝑎𝑡𝑖𝑐
𝐶𝑃,𝑠𝑡𝑎𝑡𝑖𝑐 =
𝑃1 − 𝑃̅
𝑃2 − 𝑃3 − 𝑃4 − 𝑃5
𝑃̅ =
4
𝐶𝑃,𝑝𝑖𝑡𝑐ℎ =

( A.1 )
( A.2 )
( A.3 )
( A.4 )
( A.5 )

The Five-Hole Probe (FHP) is calibration is defined using Equations ( A.1 ) through (
A.5 ). The addition of a static pressure port and a total pressure probe provide 𝑃𝑡𝑜𝑡𝑎𝑙 and
𝑃𝑠𝑡𝑎𝑡𝑖𝑐 . Other ports are measured directly from the FHP and are shown in Figure A-3.
Positive conventions are also shown in Figure A-3. One way to think of this is if you
were sitting on top of the probe as though you were flying in it. Nose up, so that the wind
would be coming from beneath you, would be a positive pitch (α) convention. Where
nose right, where the wind would be from your left, would be the positive yaw (β) convention. In our probe, port one is used for total pressure, ports 2 and 3 are used for yaw,
and ports 4 and 5 are used for pitch. By averaging ports 2 to 5, the probe makes a simulated static pressure.
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Figure A-3: Positive Conventions and Port Numbering of a Five-Hole Probe

The FHPs used in our experiments are custom built by our lab, and they are 1.68mm in
diameter. This small size allows for excellent spatial resolution for traverses but increase
the length of required sample time.
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The procedure to calculate velocity and flow angles with a calibrated FHP is as follows.
Equation ( A.1 ), Equation ( A.2 ), and Equation ( A.5 ) are used to calculate 𝑃̅, 𝐶𝑃,𝑝𝑖𝑡𝑐ℎ ,
and 𝐶𝑃,𝑦𝑎𝑤 . With these known variables, the chart in Figure A-4 is used with linear interpolation to find pitch (α) and yaw (β) angles.

Figure A-4: Five-Hole Probe Calibration (70 m/s)

Figure A-4 is the calibration of the FHP used for measuring intraspace velocities in the
Axial Flow Turbine Research Facility (AFTRF). This calibration is done so that it has 81
points, increasing the resolution near the outer edge where more rapid changes happen.
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With known α and β angles, linear interpolations are done on the data sets represented in
Figure A-5 and Figure A-6. These figures are also from the calibration used to measure
Intraspace velocities in the AFTRF.

Figure A-5: Calibrated Coefficient of Total Pressure versus Pitch and Yaw Angles (70 m/s)

Now that the coefficients of total and static pressure are known, actual total and static
pressure can be found using Equation ( A.6 ) and Equation ( A.7 ) respectively. Bernoulli’s equation, Equation ( A.8 ), can be used to find the velocity magnitude and velocity
components can be found using Equation ( A.9 ), Equation ( A.10 ), and Equation ( A.11
). The FHP is a powerful tool once calibrated correctly and additional information can be
found in an IGTI paper [32].
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Figure A-6: Calibrated Coefficient of Static Pressure versus Pitch and Yaw Angles (70 m/s)

𝑃𝑇 = 𝑃1 − 𝐶𝑃,𝑡𝑜𝑡𝑎𝑙 (𝑃1 − 𝑃̅)
𝑃𝑆 = 𝑃1 − 𝐶𝑃,𝑠𝑡𝑎𝑡𝑖𝑐 (𝑃1 − 𝑃̅)
𝑉=√

2(𝑃𝑇 − 𝑃𝑆 )
𝜌

𝑢 = 𝑉 cos 𝛽 cos 𝛼
𝑣 = 𝑉 cos 𝛽
𝑤 = sin 𝛼 cos 𝛽

( A.6 )
( A.7 )
( A.8 )

( A.9 )
( A.10 )
( A.11 )
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Appendix B UNCERTAINTY ESTIMATES
B.1

MEASUREMENT PHILOSOPHY

It is desired to both correct for quantifiable bias errors and to compute measurement uncertainties. The measurement philosophy of McLean [33] was adopted for the current
research program. The philosophy is as follows:
1. When known sources of measurement error exist, avoid them.
2. If known sources of error cannot be avoided, and IF a repeatable bias error exists,
correct for it.
3. Avoid as many error sources as possible though calibration.
4. If a source of error cannot be nulled though calibration or correction, provide an estimate of its magnitude.
The following chapter presents the error analysis methods and error estimates for the
five-hole probe, Kiel probe, pitot probe, Fast response probe, and ZOC22B/32Px unit
measurements and the results derived from them.

B.2

UNCERTAINTY METHODOLOGY

The adopted methodology for error propagation is put forward by Taylor [34]. He refers
to the equation uses as the general formula for error propagation. It can be used with any
of the nondimensionalizations. The general form states…
𝑞 = 𝑞(𝑥, … , 𝑧)

( B.1 )

Is a function of 𝑥, … , 𝑧, then…
( B.2 )
𝜕𝑞 2
𝜕𝑞 2
𝜕𝑞 = √(𝜕𝑥 ) + ⋯ + (𝜕𝑧 )
𝜕𝑥
𝜕𝑧
Where the leading term 𝜕 in each square is equal to the uncertainty of each measurement.

B.3

UNCERTAINTY ESTIMATES

Each transducer has an error in the measurement. Estimates of these errors are listed below. Validyne transducers are used for measuring probes in the stationary frame of reference. Thermocouples are used to measure inlet and exit total temperature. Atmospheric
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pressure is measured using a conventional gage on the wall.

The Endevco Probe

measures unsteady pressures behind the rotor from the stationary frame.

Two

ZOC22B/32Px units are used to measure blade and vane loading. The ZOC22B/32Px1psid unit is used to measure vane loading, and the more robust ZOC22B/32Px-2.5psid
unit measures blade loading from the rotating frame of reference
Table B-1: Uncertainty Estimates of Transducers

Measurement
Validyne DP15-30
K-Type Thermocouple
Atmospheric Pressure
Endevco
ZOC22P/32Px-1psid
ZOC22B/32Px-2.5psid

B.4

Uncertainty
±5 𝑃𝑎
±0.2 𝐾
±25 𝑃𝑎
±5 𝑃𝑎
±5 𝑃𝑎
±15 𝑃𝑎

INLET VELOCITY

Moving downstream, the first measurement taken is the inlet velocity. This measurement
is used calculate flow coefficient. Inlet velocity is a function of total pressure, static
pressure, atmospheric pressure, and temperature. The equation for it is as follows.

𝑉𝑖𝑛 = √

2(𝑃𝑇 − 𝑃𝑆 )𝑅𝑇
𝑃𝑎𝑡𝑚

The difference between total and static pressure is measured using one Validyne (variable
reluctance pressure transducer), meaning that the difference can be treated as one variable. To calculate uncertainty the following equation must be evaluated.

𝜕𝑉𝑖𝑛 = √(𝜕(𝑃𝑇 − 𝑃𝑆 )

2
𝜕𝑉𝑖𝑛
𝜕𝑉𝑖𝑛 2
𝜕𝑉𝑖𝑛 2
) + (𝜕𝑇
) + (𝜕𝑃𝑎𝑡𝑚
)
𝜕(𝑃𝑇 − 𝑃𝑆 )
𝜕𝑇
𝜕𝑃𝑎𝑡𝑚

𝜕(𝑃𝑇 − 𝑃𝑆 ) = ±5 𝑃𝑎
𝜕𝑉𝑖𝑛
=
𝜕(𝑃𝑇 − 𝑃𝑆 )

𝑅𝑇
2𝑅𝑇(𝑃𝑇 − 𝑃𝑆 )
𝑃𝑎𝑡𝑚

𝑃𝑎𝑡𝑚 √

𝜕𝑇 = ±0.2 𝐾
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𝜕𝑉𝑖𝑛
=
𝜕𝑇

𝑅(𝑃𝑇 − 𝑃𝑆 )
2𝑅𝑇(𝑃𝑇 − 𝑃𝑆 )
𝑃𝑎𝑡𝑚

𝑃𝑎𝑡𝑚 √

𝜕𝑃𝑎𝑡𝑚 = ±25 𝑃𝑎
𝜕𝑉𝑖𝑛
=
𝜕𝑃𝑎𝑡𝑚

−𝑅𝑇(𝑃𝑇 − 𝑃𝑆 )
2𝑅𝑇(𝑃𝑇 − 𝑃𝑆 )
𝑃𝑎𝑡𝑚

2 √
𝑃𝑎𝑡𝑚

Inserting values average values into these equation results in a calculated uncertainty estimate. The average amount of error for the inlet velocity is estimated to be ±0.3 𝑚⁄𝑠.

B.5

VANE AND BLADE LOADING

Since the vanes use the same non-dimensionalization as the blades, only one set of calculation will be shown. The difference between the two is only in magnitude of the measurements. Shown below is the equation for the coefficient of static pressure on the vanes
and blades. This equation can be simplified by using Bernoulli’s principle for the velocity.
𝐶𝑃,𝑠𝑡𝑎𝑡𝑖𝑐 =

𝑃𝑆 − 𝑃𝑎𝑡𝑚
𝑃𝑆 − 𝑃𝑎𝑡𝑚
𝑃𝑆 − 𝑃𝑎𝑡𝑚
=
=
1⁄ 𝜌𝑉 2
𝑃𝑇 − 𝑃𝑆
1⁄ 𝜌 2(𝑃𝑇 − 𝑃𝑆 )
2
2
𝜌

Both the denominator and the numerator are measured with their own respective Validyne. Meaning the equation is only a function of two measurements. To find the uncertainty the following equation is used.

𝜕𝐶𝑃,𝑠𝑡𝑎𝑡𝑖𝑐 = √(𝜕(𝑃𝑆 − 𝑃𝑎𝑡𝑚 )

𝜕𝐶𝑃,𝑠𝑡𝑎𝑡𝑖𝑐 2
𝜕𝐶𝑃,𝑠𝑡𝑎𝑡𝑖𝑐 2
) + (𝜕(𝑃𝑇 − 𝑃𝑆 )
)
𝜕(𝑃𝑆 − 𝑃𝑎𝑡𝑚 )
𝜕(𝑃𝑇 − 𝑃𝑆 )

𝜕(𝑃𝑆 − 𝑃𝑎𝑡𝑚 ) = 𝜕(𝑃𝑇 − 𝑃𝑆 ) = ±5 𝑃𝑎
𝜕𝐶𝑃,𝑠𝑡𝑎𝑡𝑖𝑐
1
=
𝜕(𝑃𝑆 − 𝑃𝑎𝑡𝑚 ) 𝜕(𝑃𝑇 − 𝑃𝑆 )
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𝜕𝐶𝑃,𝑠𝑡𝑎𝑡𝑖𝑐
−(𝑃𝑆 − 𝑃𝑎𝑡𝑚 )
=
(𝑃𝑇 − 𝑃𝑆 )2
𝜕(𝑃𝑇 − 𝑃𝑆 )
Solving the equation for the vanes gives an uncertainty of ±0.5, while solving for the
blades results in an uncertainty of ±0.8.
Coefficient of total pressure used for both the Endevco and Kiel type probes behind the
∗
rotor, and referred to as 𝐶𝑃,𝑡
within this text, is given by the following equation.

∗
𝐶𝑃,𝑡
=

𝑃𝑇,𝑙𝑜𝑐𝑎𝑙 − 𝑃𝑇,𝑖𝑛
𝑃𝑆,𝑒𝑥𝑖𝑡 − 𝑃𝑇,𝑖𝑛

∗
𝜕𝐶𝑃,𝑡

= √(𝜕(𝑃𝑇,𝑙𝑜𝑐𝑎𝑙 − 𝑃𝑇,𝑖𝑛 )

2

∗
𝜕𝐶𝑃,𝑡

𝜕(𝑃𝑇,𝑙𝑜𝑐𝑎𝑙 − 𝑃𝑇,𝑖𝑛 )

) + (𝜕(𝑃𝑆,𝑒𝑥𝑖𝑡 − 𝑃𝑇,𝑖𝑛 )

∗
𝜕𝐶𝑃,𝑡

𝜕(𝑃𝑆,𝑒𝑥𝑖𝑡 − 𝑃𝑇,𝑖𝑛 )

2

)

𝜕(𝑃𝑇,𝑙𝑜𝑐𝑎𝑙 − 𝑃𝑇,𝑖𝑛 ) = 𝜕(𝑃𝑆,𝑒𝑥𝑖𝑡 − 𝑃𝑇,𝑖𝑛 ) = ±5 𝑃𝑎
∗
𝜕𝐶𝑃,𝑡

𝜕(𝑃𝑇,𝑙𝑜𝑐𝑎𝑙 − 𝑃𝑇,𝑖𝑛 )
∗
𝜕𝐶𝑃,𝑡

𝜕(𝑃𝑆,𝑒𝑥𝑖𝑡 − 𝑃𝑇,𝑖𝑛 )

=

=−

1
𝑃𝑆,𝑒𝑥𝑖𝑡 − 𝑃𝑇,𝑖𝑛
𝑃𝑇,𝑙𝑜𝑐𝑎𝑙 − 𝑃𝑇,𝑖𝑛

(𝑃𝑆,𝑒𝑥𝑖𝑡 − 𝑃𝑇,𝑖𝑛 )

2

To find the uncertainty, the worst case scenario is chosen by trying the min and max
numbers. But since the numbers are so close together (about 100 Pascal difference between the Endevco and Kiel) the resulting uncertainty comes out to be the same. For
∗
both the resulting uncertainty in 𝐶𝑃,𝑡
is ±0.002

B.6

FIVE-HOLE PROBE

The Five-Hole Probe’s uncertainty is calculated in much the same way. It is a total and
static pressure measurements are a function of the five measurement transducers and a
calibration factor. Following the method used in the master thesis Town [35] and [36].
The results of the calculations are presented in the table below, along with the rest of the
results of the calculated uncertainties.
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Table B-2: Measurement Uncertainty Estimates

Measurement
𝑽𝒊𝒏
𝑪𝑷,𝒔𝒕𝒂𝒕𝒊𝒄 Vane
𝑪𝑷,𝒔𝒕𝒂𝒕𝒊𝒄 Blade
𝑪∗𝑷,𝒕 Kiel
𝑪∗𝑷,𝒕 Endevco
𝑷𝑻 FHP
𝑷𝑺 FHP
𝑽 FHP

Uncertainty
±0.3 𝑚⁄𝑠
±0.5
±0.8
±0.002
±0.002
±10 𝑃𝑎
±10 𝑃𝑎
±0.75 𝑚⁄𝑠

Percent
±1.88%
±3.24%
±2.99%
±0.20%
±0.20%
±0.50%
±0.50%
±1.07%
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Appendix C TIP TREATMENT ATTACHMENT PROCEDURE
C.1

ATTACHMENT DIFFICULTIES

Manufactured SLA tip treatments that are attached to the rotating blades in our tests receive loads of approximately 700 times gravity. If the tips are not properly attached they
can have rubbing incidents with the outer casing and separate from the blade. The best
scenario is that none of the tips rub or separate from a blade. Another scenario is a single
tip separates and does not damage its neighboring tip treatments. The worst would be the
cascading failure of all tip treatments. The utmost care is taken to avoid the final scenario.

C.2

ATTACHMENT METHOD

The author has been in contact with 3M in order to find the most effective epoxy and to
create a best practice method of attachment. The most effective epoxy was found to be
3M™ Scotch-Weld™ Epoxy Adhesive DP100 Plus Clear. It is a 1-to-1 ratio, fast setting
adhesive with a four minute work life, 10 minute tack-free time, 20 minute time to handling strength, and 48 hour cure time.
All of the tips supplied by the sponsor are too large and must be hand sanded to tolerance.
Additionally, radial distance from the axis of rotation to the top and bottom of the case
are reduced compared to the access window on the side of the case. This made it impossible to complete all of the epoxying and then move on to the sanding process, they had
to be completed simultaneously. The processes of tip treatments attachment takes two to
three days of epoxying and sanding and two additional days of letting the epoxy set. Following are the steps that are taken to attach the SLA tips to the blades.
1. Mix small amount of epoxy on a wax plate or wax paper with a toothpick
2. Sand the SLA tip attachment surface with 60 grit sand paper
a. Clean the SLA tip attachment with denatured alcohol and a disposable
shop towel
3. Sand the metallic rotor blade tip attachment surface with 60 grit sand paper
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a. Apply painters tape around the rotor blade’s aerodynamic surfaces near
the tip so that extra epoxy does not get on it
b. Clean the tip with denatured alcohol and disposable shop towel
4. Put latex glove onto non-dominate hand to hold SLA tip attachment
5. Apply thin, even coat of epoxy onto SLA tip attachment surface with toothpick
a. Clean toothpick for reuse (usually about 4-5 uses before thrown away)
6. Attach SLA blade tip to rotor blade
a. Clean extra epoxy off blades aerodynamic surfaces with disposable shop
towel, use the one with denatured alcohol on it, the alcohol helps
b. Hold SLA tip attachment in place until epoxy sets to the point that the tip
feels attached as though it is attached
7. Repeat for the next SLA blade tip while making sure the previous attachments do
not slide from their positions
a. Repeat this process for about 9 blades
b. Let the final blade set for at least one hour
8. Sand the blades for 1% tip clearance, or approximately 42 mil clearances
a. Clearance is checked by feeler gauge at three locations, leading edge, midchord, and trailing edge
b. This is ideal done by hand, however an orbital sander and shop vacuum
was found to be very effective
This process was completed four times for the 36 blades of the rotor. A note about the
sensitive static pressure ports on the aerodynamic surfaces on two of the blades. The
ports are completely covered in protective painters tape to minimize the ingestion of dust
created by the sanding process.

C.3

BLADE TIP TREATMENT REMOVAL

Removing the SLA blade tip treatments and cleaning the attachment surfaces on the rotor
blades presents unique challenges. The SLA blade tips have about a 50% chance of surviving the removal process, but the author is of the opinion of that all removed tips
should be discarded and replaced. The most successful method of removal and blade
cleaning is given below.
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1. Cover the instrumented rotor blades with protective tape
2. Remove all the blade tips with a pair of pliers
a. The glue does not take shear stress well, it is best to remove in a twisting
motion along with the rotational axis along the blade chord
3. Create a sharpened tool out of approximately 0.75 inch thick Plexiglas
a. This is used to minimize damage to the rotor blade
b. It may be necessary to sharpen the tool periodically using a bench sander
4. Heat the blade tip using a heat gun
a. A high power heat gun with an reported exhaust temperature of 700℉ was
used
5. Quickly cool the blade tip using ice
6. Scape epoxy residue off the blade using Plexiglas tool
a. Stubborn epoxy was removed using 3M™ Scotch-Brite™ General Purpose Hand Pad 7447
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Appendix D FAST RESPONSE AERODYNAMIC PROBE DATA
D.1

ENDEVCO TRANSDUCER 8507C-1

Table D-1: Endevco Transducer 8507C-1 Operational Characteristics

Range
Positive Sensitive
Combined: Non-Linearity, Non-Repeatability, Pressure Hysteresis
Non-linearity, Independent
Non-Repeatability
Pressure Hysteresis
Zero Measured Output
Zero Shift After 3X Range
Thermal Zero Shift from 0℉ to 200℉
Thermal Zero Shift from 40℉ to 140℉
Thermal Sensitive Shift from 0℉ to 200℉
Thermal Sensitivity Shift from 40℉ to 140℉
Resonance Frequency
Non-Linearity at 3X Range
Thermal Transient Response
Photoflash Response
Warm-Up Time
Acceleration Sensitivity
Burst Pressure

±1 psig
200 ± 50 mV/psi
1.5 % FSO RSS Max
1.5
0.2
0.2
±10
0.2
(0.02)
3
3
4
4
55000
2.5
0.003
0.01
1
0.0002
20⁄20

% FSO Typical
% FSO Typical
% FSO Typical
mV Max
±% 3X FSO Max
(Typical)
±% FSO Max
±% FSO Max
±% Max
±% Max
Hz
% 3X FSO
psi/℉
Equiv. psi
ms
Equiv. psi/g
psi Min
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Figure D-1: Dimensions and Circuit Diagram of Endevco 8507C-1 Transducer
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D.2

ENDEVCO AMPLIFIER MODEL 136

Table D-2: Endevco Amplifier Model 136 Operational Characteristics

Input Impedance
Input Range: Differential
Input Common Mode
Input Common Mode Rejection - Noise
Input Common Mode Rejection – Impedance
Input Imbalance Adjustment
Output Impedance
Linear Output
Current Output
Output DC Bias Stability Temp
Output DC Bias Stability Time After 1 Hour Warmup

Excitation Voltages, Selectable
Excitation Voltage Accuracy
Excitation Current, Short Circuit Protected
Noise and Ripple, 10 Hz to 50 kHz, 1 kOhm Load
Transfer Characteristics - Gain Resolution
Transfer Characteristics - Gain Accuracy of Full Scale
Max, DC to 1kHz, Filters Disabled
Transfer Characteristics - Gain Linearity of Full Scale,
Best Fit Straight Line at 1kHz Refence
Transfer Characteristics - Gang Stability of Full Scale,
0℃ to +50℃
Transfer Characteristics – Noise, DC to 50kHz, with 1
kOhm Source Unit in Non-Monitoring State, 10 kHz
Internal Lowpass Filter Enabled
Broadband Frequency Response, DC to 200 kHz, Referenced to 1 kHz
Filter Characteristic/Type
Crosstalk Between Channels

±1
0 to ±10
±10
70
200
±100
±1
±10
0.2
10
10
±5
±0.1
±20
±5
0
5.0
10.0
15.0
±1
30
1
0.0025
0.025
0.25

MOhm min
VDC
VDC
dB
Ω
mVDC
VDC
VDC
Ω Max
V peak
mA, minimum
𝜇𝑉 ⁄℃
𝑚𝑉 ⁄℃
𝜇𝑉 ⁄℃
𝑚𝑉 ⁄℃
VDC
%
mA, Max
mV rms Max
0 ≤ gain≤ 10
10 ≤ gain≤ 100
100 ≤ gain≤ 1000

±0.5 %
0.1 %
±0.2 %
20 𝜇V rms RTI plus
1 mV rms RTO
−3 dB
4-pole Buttersworth
80 dB RTI
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Figure D-2: Endevco Amplifier Model 136 Technical Illustrations
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Appendix E LABVIEW SCRIPT
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