The Pennsylvania State University
The Graduate School
Department of Aerospace Engineering

SIMULATION AND EXPERIMENTAL VALIDATION OF THE WHEEL SPACE OF THE AXIAL FLOW
TURBINE RESEARCH FACILITY UNDER LOW PURGE FLOW CONDITIONS

A Thesis in
Aerospace Engineering
by
Michael Averbach

 2014 Michael Averbach

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

May 2014

ii

The thesis of Michael Averbach was reviewed and approved* by the following:

Cengiz Camci
Professor of Aerospace Engineering
Thesis Advisor

Savas Yavuzkurt
Professor of Mechanical Engineering

George A. Lesieutre
Professor of Aerospace Engineering
Head of the Department of Aerospace Engineering

*Signatures are on file in the Graduate School

iii

Abstract
Increasing fuel cost and environmental standards create the need for more efficient gas
turbine engines. The combustion exit temperature is often raised to increase engine efficiency
and reduce specific fuel consumption.

Current combustion exit temperatures exceed the

melting point of nickel alloys used in the turbine stage of gas turbine engines, which follow the
combustor. Ceramic coatings and cooling air bled from the final stages of the compressor allow
for the turbine components to maintain temperatures that prevent failure.
Between stationary and rotating components of a gas turbine engine, a gap is
maintained to prevent a collision. This gap creates an open cavity beneath the hub of the
rotating and stationary components. If not properly sealed, air in the hot gas path can enter the
wheel space; this process is known as ingress. Conversely, air leaving the wheel space and
entering the hot gas path is known as egress. The components beneath the rotor and stator
hubs typically do not have ceramic coatings and in the presence of ingress may be heated above
acceptable limits.
Methods for preventing ingress include geometrical designs, as well as the use of purge
flow. Like the air used to cool turbine blades and vanes, purge flow is bled from the final stages
of the compressor. The use of purge flow will reduce engine efficiency since that air is no longer
used for combustion.
It has been experimentally and computationally shown that under low purge flow
conditions low frequency structures form in the wheel space, moving slower than the rotor
speed and the number of structures is unrelated to the number of vanes or blades. It has also
been shown that these structures can cause ingress deep into the wheel space.

iv
The Axial Flow Research Turbine Facility (AFTRF) was recently updated with blade, vane,
and wheel space geometry representative of the next generation of aircraft turbomachinery.
The objective of this study was to indentify low frequency structures that were present in the
wheel space of the rig under low purge flow conditions. Experimental and computational
studies were completed, in conjunction, to fully understand the flow structure and pressure
distribution in the wheel space.
An understanding of number of structures and their rotational speed will aid in the
validation of future computational models of the AFTRF wheel space which could be used do
design a more effective rim seal. It will also be useful in understanding future experimental
results from the AFTRF.
The experiential study showed 15 structures rotating at 77.5 % of the rotor speed and
the computational analysis showed 14 to 15 structures rotating at 81.7 % rotor speed. The
agreement was deemed acceptable to validate the computational model.
From the computational model, ingress mass flow from the hot gas path into the upper
wheel space was shown to be 2.5 times greater than the supplied purge flow and ingress from
the upper wheel space into the lower wheel space was 1.75 times greater than the purge flow.
Pressure in the wheel space was shown to have the strongest correlation with local ingress and
egress patterns and pressure on the rotor hub, upstream of the blade, was also strongly
correlated. Pressure on the stator hub downstream of the vanes appeared to have little
correlation with local ingress and egress patterns. Further investigation showed locations of
maximum ingress were caused when the stator vane wake, rotor blade leading edge, and low
pressure in the wheel space coincide at similar circumferential locations.
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Chapter 1
Introduction
Increasing fuel cost and environmental standards create the need for more efficient gas
turbine engines. The combustion exit temperature is often raised to increase engine efficiency
and reduce specific fuel consumption.

Current combustion exit temperatures exceed the

melting point of nickel alloys used in the turbine stage of gas turbine engines, which follow the
combustor. Ceramic coatings and cooling air bled from the final stages of the compressor allow
for the turbine components to maintain temperatures that prevent failure.
Between stationary and rotating components of a gas turbine engine, a gap is
maintained to prevent a collision. This gap creates an open cavity beneath the hub of the
rotating and stationary components known as the wheel space, shown in Figure 1-1. If not
properly sealed, air in the main gas path can enter the wheel space; this process is known as
ingress. The components beneath the rotor and stator hubs typically do not have ceramic
coatings and in the presence of ingress may be heated above acceptable limits.

Figure 1-1: The gap between a rotor and stator creates an open cavity known as a wheel space, shown in the blown
up view of a typical turbine stage (1)
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Methods for preventing ingress include geometrical designs, such as the radial seal
shown in Figure 1-1, as well as the use of purge flow. Like the cooling air used to cool turbine
blades and vanes, purge flow is bled from the final stage of the compressor. The overuse of
purge flow will reduce engine efficiency since that air is no longer used for combustion.
Additionally, it has been shown by Mclean, Camci, and Glezer (2)(3) that purge flow can have a
significant impact on the hot gas path and should be considered in turbine stage design. It is
therefore important for the turbine designer to understand how much purge flow is required to
properly seal the wheel space, the impact of purge flow on the hot gas path, and the impact of
the ingress into the wheel space when too little purge flow is provided.

1.1 Literature Review
In Phadke and Owen’s three-part investigation into the sealing of gas turbine rotor
stator systems they found two separate mechanisms controlling the ingestion of fluid from the
main gas path into the wheel space (4)(5)(6). The authors tested simple seal arraignments
between a rotating and stationary disk with an empty outer annulus. They had the ability to
vary seal geometry, rotor speed, purge flow rate, and annulus flow rate. Additionally, they could
create pressure variations in the annulus.

Their evaluation included flow visualization,

concentration measurements, and pressure measurements. At small values of Rew/Reθ (Rew is
the Reynolds number of the annulus flow and Reθ is the rotational Reynolds number) the
required purge flow rate to seal the wheel space increased with increasing Reθ. At large values
of Rew/Reθ the required purge flow rate to seal the wheel space was independent of Reθ and was
most strongly dependent on the pressure variation in the annulus. The physical mechanisms
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controlling these two regimes have become known as rotationally induced (RI) and externally
induced (EI) ingress, respectively.
Sangan et al. explained RI ingress with basic fluid dynamics (7), shown in Figure 1-2. A
rotating disk in a stationary fluid will develop a boundary layer over the disk and fluid will be
ejected radially; this is known as disk pumping. Conservation of mass must be satisfied, and to
counter the fluid being ejected radially, fluid will be entrained axially towards the rotating disk.
In a turbomachinery, opposite the rotating disk would be a stationary disk. Separate boundary
layers form on the two disks with a core of rotating fluid between them. The centrifugal force
on the core fluid is balanced by a radially inward pressure gradient. The radial pressure gradient
is created by core fluid moving slower at a lower radius than at higher radii. Near the stationary
wall, the rotation of the fluid is diminished by the no-slip condition, leaving it with lower
centrifugal force than that supplied by the radial pressure gradient. The radial pressure gradient
thus causes fluid to move down the wall of the stationary disk. This movement of fluid along the
stator wall causes ingress of air from the main gas path into the wheel space. Ingress of fluid
from the main gas path can be reduced or eliminated by the use of purge flow. Purge flow
balances the mass conservation of fluid leaving the wheel space due to disk pumping and
prevents fluid from being ingested along the stator wall.
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Figure 1-2: Simplified model of RI ingress showing boundary layer growth and decay on the rotor and stator
respectively (8).

Owen et al. examined the cause of EI ingress with an orifice model and compared
results to experimental data and three-dimensional computational fluid dynamics (CFD) (9). Like
Phadke and Owen (6), they found the pressure differential in the main gas path to have a strong
correlation with ingress. Areas with static pressure higher than that of the wheel space caused
ingress, while areas with lower static pressure caused egress from the wheel space into the
main gas path. This pattern is shown in Figure 1-3; the regions of high pressure in the hot gas
path are caused by the vane wakes and low static pressure is caused by the clean flow through
the vane passages. It was also shown by Owen that the shape of the circumferential pressure
variation was of secondary importance to the pattern of ingestion.
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Figure 1-3: The static pressure field setup by the blades and vanes are the cause of EI ingress into the wheel space
and egress out of the wheel space (1).

Many studies focus on single radial or axial type rim seals, however, double rim seals are
often more engine representative and are capable of sealing the wheel space with less purge
flow. Phadke and Owen (6) showed with flow visualization that flow entering the wheel space
of a single rim system was capable of traversing large portions of the wheel space. When a
double rim seal was installed, flow entering the wheel space was confined to the outer region
and did not cross the second rim seal, as shown in the flow visualization in Figure 1-4.
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Figure 1-4: The use of a double rim seal can prevent ingestion deep into the wheel space of a rotor-stator cavity as
shown from flow visualization results showing fluid entering the wheel space from the main annulus (6).

Hills et al. (10) demonstrated ingestion to be an unsteady phenomenon by showing
unsteady CFD compared much more favorably to experimental results than steady CFD.
Additionally, Hills showed that rotating blades had a greater influence on ingestion than
stationary vanes, despite being a less significant contributor to the pressure distribution.
Cao et al. (11) identified unsteady structures inside the wheel space unrelated to the
blade or vane count with both CFD and experimental results. With the use of fast response
pressure transducers 11-14 structures were identified (there were 50 stationary vanes and 67
rotating blades) rotating slightly slower than rotor speed. They believed instabilities caused
there to be a different number of structures in the wheel space at different times. A fast Fourier
transform (FFT) showed large energy in frequencies below the blade passing frequency. A time
trace of the FFT showed the peak energy in the low frequency signal changes with time; this
pattern in shown in Figure 1-5, indicating the instability in the wheel space pressure.
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Figure 1-5: The peak frequency in the low frequency portion of the pressure signal from the wheel space changes
with time, showing the instability of pressure in the wheel space (11).

CFD showed similar results with 6-12 structures rotating at a similar speed to those
found by experimentation. Figure 1-6 shows the structures in the wheel space found through
CFD, eight low pressure regions are identified. It was suggested that the number of structures is
related to the radial length of the wheel space in which the structures were present.

Figure 1-6: Evidence of rotating structures in the wheel space from CFD results (11).
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Jakoby et al. (12) investigated several CFD models and compared them to experimental
results to identify best numerical practices. Four separate models were used. The first two
models were 22.5 degree sector models including nozzle guide vanes, rotating blades and
additional vanes behind the blades. One modeled both wheel spaces in front of and behind the
blade and the second contained only the front wheel space. The other two models contained
only the wheel space and an empty portion of the main annulus above the wheel space. Of the
two empty annulus models, one was a sector model of 22.5 degrees. The other was a 360
degree model. The models with blades and vanes most closely matched experimental results
for cases with a significant amount of purge flow; static pressures along the stationary walls of
the wheel space were used for the comparison. The 360 degree model most closely matched
the experimental results for low purge flow conditions and three low frequency structures
rotating at 80 percent rotor speed within the wheel space. An instantaneous pressure contour
plot of the low frequency structures is shown in Figure 1-7. Under low purge flow conditions
experimental results with fast response pressure probes showed low frequency pulsations that
were unrelated to blades or vanes. As purge flow was increased the magnitude of the low
frequency pulsations was reduced and eventually eliminated. The sector model version of the
empty annulus model significantly over predicted sealing effectiveness while the 360 degree
model only slightly over predicted sealing effectiveness compared to experimental results. This
indicated the low frequency rotating structures had a significant impact on ingestion. It was
concluded that the sector model, using periodicity, would not be appropriate to capture these
low frequency phenomena found under low purge flow situations.
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Figure 1-7: Instantaneous static pressure for 360 degree model with low purge flow. Three low frequency
structures are identified (12).

Boudet, Hills, and Chew (13) also experimentally identified rotating structures at lower
frequencies than the blade passing frequency, with fast response pressure probes. They had the
most success matching these results in CFD with a 360 degree model without vanes or blades. A
small sector model with one vane and two blades was unable to capture the lower frequency
structures.
Schuepbach et al. (14) experimentally measured total pressure in the mainstream flow
with a fast response pressure probe and performed spectral analysis on the signal. For their first
case air, was pulled backwards through the rim seal. In this case only the blade passing
frequency played a significant role in the frequency spectrum, shown in Figure 1-8a near 2500
Hz. The second case used a small amount of purge flow, shown in Figure 1-8b. Along with the
blade passing frequency lower frequencies were also significant. This indicates the structures
identified in the wheel space by Cao et al.(11), Jakoby et al.(12), and Boudet et al. (13) may have
the ability to influence the mainstream flow.
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Figure 1-8: Frequency response of a fast response pressure probe in the mainstream flow with (a) suction and (b)
purge flow (14).

Julien et al. (15) simulated a large sector of a turbine stage (approximately 75 degrees)
with stationary vanes, rotating blades, and wheel space. They argued that the model need only
be large enough to capture several of the rotating structures present under low purge flow
conditions. Six structures were identified in the model which would correspond to 30 structures
in the 360 degree wheel space, shown in Figure 1-9.
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Figure 1-9: Julien et al. (15) identified six structures in the wheel space for low purge flow conditions (a and b)
which were diminished in the high purge flow condition (c).

This was compared to experimental results from their test rig, shown in Figure 1-10.
Fast response pressure transducers identified a large structure at a lower frequency than the
blade passing frequency. As purge flow increased, the blade passing frequency increased in
magnitude while the low frequency magnitude largely remained the same. Assuming the
number of structures from the CFD to be correct the structures in the experiment would be
rotating at 90% rotor speed.
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Figure 1-10: Frequency spectrum results for low purge flow (a and b) and high purge flow (c). Blade passing
frequency, shown with solid circle, is more significant with higher purge flows (15).

Zhou et al. (16) modeled a single vane and blade and found that the maximum ingestion
occurred when the maximum static pressure produced from the stationary vane coincided with
the maximum static pressure produced by the rotating blade. Both steady and unsteady models
were tested with the unsteady models predicting more significant ingestion.
Wang et al. (17) simulated the full 360 degrees of a test rig complete with stationary
vanes, blades, and wheel space. Three levels of purge flow were tested. For the two lower
purge flow levels, locations of ingress and egress did not match the blade or vane count but they
did rotate at rotor speed. For the high purge flow case, the locations of ingress and egress
matched the blade count and also matched the rotor speed. Structures rotating inside the
wheel space, at lower than rotor speed, were indentified for the two lower purge flow cases.
No rotating structures were identified in the high purge flow case.
Zhang et al.(18) attempted to reduce ingestion in a CFD model with one vane and two
blades. By contouring the rim seal region such that it had a larger clearance in the core flow
path behind the vanes (where static pressure is lower and ingress is less likely to occur) and a
smaller clearance in the wake of the vane (where static pressure is higher and ingress is more
likely to occur) an overall reduction of ingress was predicted to occur. A blade-to-blade view of
the baseline case and contoured case is shown in Figure 1-11. Along with reducing the amount
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of ingress the modified rim seals reduced the magnitude of the low frequency structures in the
wheel space.

Figure 1-11: Blade-to-blade view of the uniform slot and contoured slot computationally tested by Zhang et al. (18)

1.2 Objectives
The Axial Flow Research Turbine Facility (AFTRF) at The Pennsylvania State University
has previously been used to study the secondary flows in a turbine stage, impact of blade tips on
turbine aerodynamics, heat transfer to contoured casings, influence of contoured enwalls on
secondary flows, and effect of purge flow on the hot gas path, as well as other studies. The
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AFTRF was recently updated with blade, vane, and wheel space geometry representative of the
next generation of aircraft turbomachinery.
The objective of this study was to indentify low frequency structures that were present
in the wheel space under low purge flow conditions. Experimental and computational studies
were completed, in conjunction, to fully understand the flow structure and pressure distribution
in the wheel space. Their results will be used to develop an estimate for number of structures in
the wheel space and their rotational speed.
An understanding of number of structures and their rotational speed will aid in the
validation of future computational models of the AFTRF wheel space which could be used do
design a more effective rim seal. It will also be useful in understanding future experimental
results from the AFTRF.
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Chapter 2
AFTRF Description
The AFTRF test rig is a single stage turbine consisting of 29 stator vanes and 36 rotor
blades. Air is drawn through the system by four axial fans downstream of the test section and
the rig is open to atmosphere. A cross-section of the rig is shown in Figure 2-1. The rotor speed
is regulated by a water cooled eddy current brake and mass flow is controlled with a moveable
plug behind the fans, changing the back pressure. Stationary frame measurements are taken
through a removable window on the rig casing. Measurement planes are in front of the stator
vanes, in between the stator vanes and rotor blades, and behind the rotor blades. Both
measurement locations behind the stator vanes are capable of radial and circumferential
traversing. The measurement plane in front of the stator vanes is radial only.
Static pressure measurements on the stator vanes are also available as well as
temperature measurements upstream of the stator blades and downstream of the rotor blades.
Rotating frame pressure measurements are possible with the use of a 150 channel slip ring.
Rotating frame measurements can be taken behind the rotor and static pressure measurements
can be taken on the rotor blades. Along with standard pressure measurements, five-hole probe
pressure measurements can be taken to determine all three components of velocity. Details of
the calibration and use of the five-hole probes are given by Town (19). Fast response pressure
probes can be used as well.

For the fast response pressure probes, phase locked

measurements can be taken with the use of an encoder which sends a pulse 6000 times per
revolution triggering the data acquisition.

Fast response pressure probes are also flush

mounted inside of the wheel space along the stationary wall. LABVIEW and a National
Instruments DAQ are used for all data collection. Camci (20) described the facility in detail;
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however the stator vanes, rotor blades, and wheel space have since been updated. The
measurement capability is largely still the same. The facility can also inject purge flow to both
the stationary and rotating frames. The purge flow is fed from a 300 psi compressor.

Figure 2-1: A sketch of the AFTRF (21)

2.1 Test Section Geometry
The test section is representative of a high pressure turbine stage from a modern jet
engine, scaled for the low speed AFTRF rig. The outer diameter of the casing at the vane leading
edge is 0.92 meters and the vane span is 0.12 at the leading edge. The vane axial chord is 0.062
meters at mid span. The blade span is 0.11 meters at the trailing edge and the blade axial chord
is 0.035 meters at mid span.
The wheel space, which is the focus of this study, is an axisymmetric cavity. The
geometry of the wheel space, with various dimensions, is shown in Figure 2-2. The blue arrow
indicates the purge flow inlet into the wheel space.
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Figure 2-2: Geometry of the axisymmetric wheel space, all dimensions in meters.

2.2 Operating Conditions
Normal operating conditions are defined at a temperature of 298.15 K and an
atmospheric pressure of 101.325 kPa. The normal operating mass flow is 5.97 kg/s and
rotational speed is 1400 RPM. A flow coefficient and speed coefficient are defined in Equations
2-1 and 2-2, respectively. Both coefficients are monitored during operation and rotational
speed is adjusted accordingly.

[2-1]

[2-2]
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Chapter 3
Experimental Study

3.1 Experimental Set Up
Two static pressure taps are located in the wheel space at a radius of 0.32 meters and
separated by five degrees. Location of the taps, in a meridional view, is shown in Figure 3-1 and
a picture of the flush mounted transducers is shown in Figure 3-2. Pressure from the static ports
was measured by flush mounted piezoresistive pressure transducers. The transducers, from
Endevco (model number 8507C-1), are differential pressure transducers with a range of 1 psig;
their data sheet is shown in Appendix A. Data from the transducers was simultaneously
sampled at a rate of 100 kilo-samples per second, for one minute.

Figure 3-1: Pressure Tap Location

Purge flow is monitored with an ASME calibrated mass flow orifice plate.

The

calculation of the purge flow coefficient is shown in Equation 3-1. The target purge flow
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coefficient was 0.25 or 0. This was a relatively low value for purge flow; instead of using the 300
psi compressor, a valve was opened to atmosphere. This provided a pressure drop inducing the
proper purge flow rate.

Figure 3-2: Location of flush mounted Endevco pressure probes in the wheel space, circled in red

[3-1]
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3.2 Experimental Results
Two experiments were conducted; one with purge flow (Case 1) and one without purge
flow (Case 2).

The monitored coefficients are shown in Table 3-1 along with the target

coefficients. All coefficients were reasonably matched.

Table 3-1: Coefficient monitored during experiments and their target values calculated from Equations 2-1, 2-2, and
2-3.

Target
Case 1
Case 2

1.02
0.989
0.995

81.1
82.5
82.6

0.25 or 0
0.28
0

All of the pressure signals were extremely noisy, the frequency spectrum of the signals
were used for initial analysis. MATLAB was used to transform the pressure signal into the
frequency spectrum with an FFT. This MATLAB function is an optimized discrete Fourier
transform which works by adding zeros to the end of the signal to make the length of the signal
a power of two, which significantly reduces the number of equations that need to be solved
(22). Along with the FFT all of the post processing of the experimental data was completed in
MATLAB; the MATLAB code is shown in Appendix B. Figure 3-3 through Figure 3-6 show the
frequency spectrums from both pressure taps, for both cases. The horizontal axis is represented
in terms of frequency per revolution, as calculated in Equation 3-2, where
Hertz and
representation, a

is the frequency in

is the rotational speed of the rotor in radians per second.

With this

value of 1 corresponds with a frequency of once per revolution.

[3-2]
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Figure 3-3: FFT of pressure signal from pressure tap 1, Case 1

In all four of the FFT plots significant magnitudes can be seen to correspond with integer
values of

. These magnitudes are directly related to the rotor rotation and not to the low

frequency structures in the wheel space. At location one for both cases a significant magnitude
is located at a

value of 36, matching the blade count. This may indicate pressure tap 1 is in a

location of ingress since it can detect the periodic pressure signal resulting from the rotor
blades. Pressure tap two for both cases has a much smaller magnitude at a
indicating less ingress may occur at this location.

value of 36,
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Figure 3-4: FFT of pressure signal from pressure tap 2, Case 1

For Case 1 (Figure 3-3 and Figure 3-4) a series of wide peaks exist between

values of

five and fifteen. A zoomed in view of this region is shown in the inset of the figures. These wide
peaks are composed of a series of individual peaks, many of which do not correspond with
integer values of

. The peaks are believed to be associated with the low frequency structure

in the wheel space. There are several reasons why the low frequency structure would not
create a single peak in the frequency spectrum; the number of structures may change over time,
the structures may not be evenly spaced, the maximum and minimum pressures within the
individual structures may move with respect to the structures, the speed of individual structures
may change with time, and the overall speed of the structures may change with time.
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Figure 3-5: FFT of pressure signal from pressure tap 1, Case 2

In Case 2 (Figure 3-5 and Figure 3-6), the wide peaks seen in Case 1, are hardly
distinguishable. They also seem to have shifted to slightly higher values of

. It is believed that

since Case 2 has no purge flow the structures are even more unstable than those seen in Case 1
and therefore are unable to produce a measurable signal in the frequency spectrum. Had the
series of wide peaks in Case 1 been related to a rig vibration or external noise they would also
have been present in Case 2; this shows they are indeed related to the low frequency structures
in the wheel space.
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Figure 3-6: FFT of pressure signal from pressure tap 2, Case 2

Since the low frequency structures are only distinguishable in Case 1, Case 2 is ignored
in the remainder of the experimental study.
To further investigate the low frequency structure in the wheel space the pressure
signals from Case 1 were filtered in MATLAB. A Butterworth type, band pass filter was chosen
with cutoff frequencies of 5.25 and 16.75 (in terms of
frequency spectrum are shown in Figure 3-7.

) (23). Results of the filtering on the
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Figure 3-7: FFT of filtered pressure signals, Case 1

Estimation for number of structures and structure rotational speed was then calculated
with the filtered data. The data that needed to be extracted from the filtered data was the total
number of structures observed during the sample time and the phase shift between pressure
signal one and two. Location of a structure was identified as a peak in the pressure signal; the
MATLAB function findpeaks was used to identify the location of the peaks in time, which works
by checking if a data point has a higher pressure than a specified number of data points, before
and after the data point in question. The specified value of data points was set as five. The
results were 16,547 peaks for pressure signal one and 16,585 peaks for pressure signal two. An
average of these two results was used; 16,566 peaks.
Next, the phase shift was calculated. The phase shift was determined by choosing the
location of a peak from pressure signal one, and then finding the next occurring peak, in time, in
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pressure signal two. A histogram of the resulting phase shifts are shown in Figure 3-8, along
with locations of the average and mode of the data. It was decided that the average was
skewed too high, resulting from situations where the code failed to find a peak or found an extra
peak. An example of this situation is shown in Figure 3-9 at approximately nine blade passings.
A peak was found in pressure signal one, the blue dot, but no corresponding peak was found in
pressure signal two. The code would count the next peak in pressure signal two, at 13 blade
passings, as the corresponding peak resulting in a large phase shift. Therefore, the mode was
determined to be a more representative estimation of phase shift, resulting in a phase shift of
750 microseconds.

Figure 3-8: Phase shift histogram
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With the number of peaks during the sample and phase shift between signals
determined, the rotational speed and number of structures could be estimated. The speed of
the structures, as a percentage of rotor speed is calculated in Equation 3-3 and the number of
structures in the rotor is calculated in Equation 3-4.
[3-3]

[3-4]

The resulting speed of the structures, as a percentage of rotor speed, is 77.5% and the
number of structures is 14.89, which can be rounded to 15. These results will be later used to
validate the CFD model.

Figure 3-9: Pressure history with peaks identified in MATLAB

While an estimate for rotational speed and count of structures in the wheel space was
made from the experimental results, it was evident that the estimations were of a variable
nature. The structures did not produce a clear signal in the frequency spectrum, and estimation
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was required to approximate an overall structure frequency. The phase shift between signals
also did not produce a clear result. The range of phase shifts calculated from the two signals
was significant and the mode of the phase shift was selected as an appropriate estimation for
phase shift. The resulting rotational speed, 77.5 percent of rotor speed is similar to other
reported results, most closely matching the 80 percent of rotor speed found by Jakoby et al. (12)
but considerably slower than the 90 percent of rotor speed reported by Julien et al. (15) and 97
percent of rotor speed reported by Cao et al. (11). The number of structures in the wheel space,
15 for the present study, is difficult to compare to other results, as it is not fully known what
controls the number of structures. As few as three (12) and as many as thirty structures (15)
were found in the articles reviewed by the author.
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Chapter 4
Computational Study
The following chapter discusses the development of the computational model of the
AFTRF test stage. The model was designed to most efficiently model flow inside the wheel
space and view how the structures in the wheel space and external pressure field from the main
gas path influence the wheel space flow.

4.1 Computational Details

4.1.1 Solver
All simulations in this study were completed with ANSYS CFX; a three-dimensional,
compressible, Reynolds Averaged Navier-Stokes solver. Both steady and unsteady simulations
were completed.

ANSYS CFX has built in functions making it ideal for turbomachinery

applications, such as the present study.
The ANSYS suite used was 64-bit ANSYS CFX, version 15. The solver was used in
distributed parallel mode with as many as 48 licenses. The licenses were a shared resource in
the Aerospace Engineering Department and often a reduced number were used.

4.1.2 Computational Model
The computational model was divided into a rotating and stationary domain. The
stationary domain contained the stator vanes, stator hub, casing, and wheel space. The wheel
space had both stationary and rotating walls. The inlet into the domain is located one axial vane
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chord upstream of the vane leading edge. The rotating domain contained the rotor blades,
rotor hub, and casing. The exit from the rotor is located 1.25 axial blade chords downstream of
the blade trailing edge. A meridional view of the domains is shown in Figure 4-1.

Figure 4-1: Meridional view of the computational domain. Stationary domain boundaries are shown in green and
black, rotating domain boundaries are shown in red. Stationary walls are shown in green, rotating walls are shown
in red and black.

The grids for each domain were created with GridPro. GridPro creates multi-block,
body-fitted, structured, hexahedral grids. Structured grids were chosen based on the work of
Turgut and Camci (24) which showed structured grids to be more accurate and computationally
efficient when simulating flow through the stator vanes of the previous AFTRF stage, described
in (20). Images of both Grid Domains are shown in Figure 4-2. Each domain contains one vane
or blade. To create a domain of multiple vanes or blades two or more grids would be combined
with an interface. A grid independence study was completed and discussed in Section 4.2 Grid
Independence
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Figure 4-2: Structured grid of stationary and rotating domains created with GridPro.
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4.1.3 Boundary Conditions
The inlet to the stator was chosen to have atmospheric total pressure and low intensity
turbulence (1% turbulence). To properly predict secondary flows in the main gas path, more
accurate inlet conditions, including boundary layer and turbulent kinetic energy profiles, would
be required, however, this was not the focus of the study. The rotor exit had a specified mass
flow that was scaled based on the sector size of the model. The target mass flow was 5.97 kg/s
for a 360 degree annulus. The stator hub, rotor hub, and wheel space all had a no slip condition
applied along the solid walls. The stator vanes, rotor blades, and casing were free slip surfaces.
This allowed for a coarser mesh along those surfaces, since no boundary layer would be formed,
reducing computational time.

The same procedure was used by Julien et al. (15). The authors

compared results of the partially free slip model to that of a fully no slip model and found the
pressure difference along the stationary hub, the main indicator of EI ingestion, to be only
slightly effected. This model is therefore best at predicting flow inside the wheel space and not
in the mainstream, since secondary flows will be truncated. Purge flow was specified by mass
flow through the inner seal inlet with a turbulence intensity of 1%. This mass flow was scaled
based on the sector size of the stationary domain. The mass flow through the rotor outlet was
also adjusted to account for the extra inlet mass flow through the seal.
Sector models of the domains with rotationally periodic boundary conditions on the
sides would be used to reduce computational time. Since a goal of the present study is to
identify the number of structures rotating in the wheel space, under low purge flow conditions,
the rotationally periodic boundary may pose a problem; the number of structures in the sector
would be forced to be an integer value to maintain periodicity.
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Equation 4-1 shows how the number of structures in the sector model would be
converted to number of structures in a 360 degree model. This is dependent on number of
vanes modeled only, since the wheel space is part of the stator domain. For example, if 2 vanes
were modeled (out of 29 vanes) the total amount of structures would be forced to be a multiple
of 14.5.
[4-1]

Cao et al. (11) showed through experiments and CFD that the number of structures in a
wheel space can change with time. Therefore, the author believes the error induced by a sector
model is sufficient to find an estimate for structure count provided that the ratio of total vanes
to vanes in the sector is limited. The author chose a sector model with eight vanes creating a
total vane to sector vane ratio of 3.625.
Since the blade and vane count do not match, and the number of vanes (29) is a prime
number, the only possible combination of vanes and blades to have a matching sector angle is
the entire 360 degree model. ANSYS CFX, however, is able to correct for the mismatching sector
sizes provided that the ratio of the two sectors angle is near unity. Since the vane count is
chosen to be eight in the sector model, the best choice for blade count will be ten blades. This
creates a pitch ratio of 0.9931 calculated from Equation 4-2.

[4-2]
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4.1.4 Turbulence Modeling
The Shear-Stress-Transport (SST) model is chosen for the present simulation. The SST
model, developed by Menter (25), utilizes the k-ω model in the sub and log layers of a boundary
layer and gradually switches to the k-ε model in the wake region.

The switch between

turbulence models is based on empirical data. The SST model is best for regions with adverse
pressure gradients and is ideal for predicting separation. The unique geometry of the wheel
space is bound to create separated flow making the SST model a proper choice.
Flow entering into the stator is laminar and before it reaches the blades there is a
transition to turbulent flow. Based on the work of Turgut and Camci (24) the Gamma Theta
Model is used to predict transition. The Gamma Theta model uses empirical correlations to
solve two additional transport equations; one equation for intermittency and one for the
momentum thickness Reynolds number.

4.1.5 Simulation Procedure
ANSYS CFX has three ways to model the interactions between rotating and stationary
components (26). The first is a frozen rotor simulation where the relative positions of the
rotating and stationary components are fixed. Frozen rotor simulations require the least
computational time but fail to capture any transient phenomena. The second is a stage analysis
which uses circumferential averaging between the rotor and stator. This type of analysis is
analogous to a time averaged result. The final simulation type is a transient simulation, which
requires the most computational time. The transient simulation accounts for the relative
motion of the rotor and stator in a time-accurate manner.
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As discussed extensively in the literature review, transient simulations are needed to
capture the structures rotating in the wheel space and their interaction with the main flow. The
transient simulations require the specification of initial conditions, which was solved for through
a frozen rotor simulation. The frozen rotor simulation was run for 600 time steps with auto time
stepping.
Once the frozen rotor simulation was completed the transient simulation was started. It
was necessary to allow the transient simulation to run for some time in order to achieve a stable
transient solution. This initial transient simulation was completed with a course time step. The
selected time step was 1/8th of the time required for the rotor to travel one blade pitch or
1.4481x10-4 seconds. Ten inner coefficient loops were run for each time step. The course time
step simulation was run for a half rotor revolution. A fine transient simulation was then begun
with a time step 1/16th of the time required for the rotor to travel one blade pitch or 7.4405x10-5
seconds. It was run for 64 steps, which is equivalent to 4 blade passages with fifteen inner
coefficient loops for each time step. For the final simulation the fine transient simulation was
then repeated and transient results were written at every fourth time step.

4.2 Grid Independence

4.2.1 Grid Independence Setup
Four grids for each domain were created in GridPro. The number of elements per grid
was adjusted by changing the distance of the first node from the wall in the boundary layer
regions while keeping the stretch factor constant. Grid Details are listed in Table 4-1.
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Table 4-1: Details of grids for grid independence study

Grid

Distance from Wall
to 1st Node (in.)

Stretch Factor

Number of
Elements
(4 Vanes 5 Blades)

A
B
C
D

1.0x10-3
5.0x10-4
1.0x10-4
5.0x10-5

1.2
1.2
1.2
1.2

4.0x106
4.4x106
5.0x106
5.6x106

A steady state simulation was chosen to save computational time over a transient run.
The stage analysis was selected over the frozen rotor so that results would be representative of
time averaged data. Since the rotating structures in the wheel space are not expected to be
present in a steady state analysis the number of vanes and blades were halved to reduce mesh
size but maintain pitch ratio. The simulation was allowed to run for 600 iterations with auto
time stepping so that results were sufficiently converged.
Data was collected at the four locations shown in Figure 4-3. The first location is the
green line extending in the circumferential direction.

It is located along the NGV hub,

downstream of the vane trailing edges. The second location is the red circumferential line
located on the rotor hub, upstream of the blade leading edges. The third data line is the green
line in the wheel space. It begins at the stationary side of the inner seal inlet and follows the
stationary wall radially and axially up to the NGV hub. The fourth data line begins on the
rotating side of the inner seal inlet, extending radially and axially until it meets the rotor hub.
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Figure 4-3: Locations were data was extracted for grid independence study

4.2.2 Grid Independence Results
Results for the first location, the NGV hub surface, are shown in the top left of Figure
4-4. All the grids properly capture the periodic nature of the flow behind the stator vanes with
four visible peaks matching the four vanes in the domain. The largest difference in grids is seen
where pressure is lowest. Grid A, shown in blue, is visibly different from the results of the
denser grids. Differences between the three other grids are difficult to distinguish. Grid B can
be seen to be slightly different, in the low pressure region, than the two remaining denser grids.
Grid C and D appear to produce identical results.
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Figure 4-4: Static pressure along stator hub downstream of vane trailing edges

Results on the rotor hub, shown in Figure 4-5, are very similar to the stator hub. Five
peaks in pressure are now seen corresponding to the five rotor blades in the domain. At both
the pressure peaks and valleys, Grid A is seen to be different than the three other grids. In the
pressure valleys Grid B captures a different pressure than either of the two denser grids. Once
again, Grid C and D appear to have identical results.
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Figure 4-5: Static Pressure along rotor hub upstream of blade leading edges

The results from the stationary wall in the wheel space are shown in Figure 4-6. As
expected from the literature review, static pressure in the wheel space increases with radius.
The apparent discontinuities in the results are created by sharp corners in the wheel space. Grid
A over predicts the static pressure. Slight variations can be seen between Grid B and Grid C and
D. Like the results from the stator and rotor hub Grid C has nearly identical results to Grid D.
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Figure 4-6: Static pressure along stationary wheel space wall

Static pressure results from the rotating stator wall are shown in Figure 4-7. Similar to
the stationary wheel space wall pressure increases with radius and discontinuities are caused by
sharp corners. The same results are repeated, where Grid A is clearly insufficient to capture the
proper pressure, Grid B only slightly varies in pressure from Grid C and D, and Grid C is nearly
identical to Grid D in terms of pressure.
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Figure 4-7: Static pressure along rotating wheel space wall

To ensure the boundary layers along no-slip walls are properly modeled, the nondimensional wall coordinate
where

is also monitored. Equation 4-3 shows the calculation of

,

represents the grid thickness of the first cell at the wall. It was important that this

value be sufficiently low such that the boundary layer can be captured over many cells,
especially near the wall where a turbulent boundary layer has large velocity gradients. It is
generally accepted that the

value be less than one.
[4-3]

Results of

values are shown in Table 4-2; as expected y+ decreases with increasing

mesh density. The highest

values for Grids A and B are behind the trailing edges of the blades

and vanes and near the suction surface of the blades. The highest values for Grids C and D are
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at the domain interface, where the elevated values are highly localized. All other locations have
a

value below one for Grids C and D

Table 4-2:

results from grid independence study

Grid
A
B
C
D
From the results of static pressures and

7.34
3.87
1.34
1.17
values on the various Grids Grid C has been

chosen as the appropriate grid. Slight changes in pressure could be detected going from Grid B
to C, but pressure differences were negligible between Grids C and D. Also, the

values were

largely below one for Grid C, with the exception of the slightly elevated values at one location
along the domain interface.

4.3 Model Validation
The first set of data extracted from the CFD results was compared with experimental
results to validate the model. A more extensive review of the CFD results was completed once
the model was validated.
Static pressure is extracted at two locations shown in Figure 4-8. The static pressure line
is located at the same radius and axial location where the fast response pressure probes are in
the rig; at a radius of 0.32 meters and 0.072 meters from the vane leading edge, measured
axially. The static pressure plane extends from a radial location of 0.31 to 0.33 meters at 0.08
meters from the vane leading edge in the axial direction.
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Figure 4-8: Locations of static pressure results

Figure 4-9 shows the static pressure plane at the initial time step from the final transient
results. The view shown is looking downstream. The green and red lines above the contour
represent the locations of the vane trailing edge and the blade leading edge, respectively. A
pattern of four high pressure regions and four low pressure regions is visible.

Figure 4-9: Contour of static pressure in wheel space at t/T = 0
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Figure 4-10 shows the static pressure contour after the rotor blades had moved 1.75
blade pitches from the initial time step of the final transient results. While there are four
alternating regions of high and low pressures, two of these regions have much higher maximum
and minimum pressures creating strong pressure gradients in the theta direction.
The regions of high and low static pressure shown in the two contour plots are highly
irregular and do not exhibit the circular pattern seen in other results (11)(12)(17). The author
believes the small radial extent of the wheel space in the present simulation prevents the
structures from naturally forming into circular shapes as suggested by Wang et al. (17).

Figure 4-10: Contour of static pressure in wheel space at t/T =1.75

Results from the static pressure line are shown in Figure 4-11 at 8 time steps over 1.75
blade passings. The pattern of four alternating regions of high and low pressure is evident in
each time step. The peaks and valleys can be seen to move to the right as time increases. A
green dot is used to track the motion of a single peak. A red line is drawn through the green dot
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in the upper left plot. The red line moves at the rotor speed in subsequent plots. It is evident
that the peaks move at a slower speed than the rotor.

Figure 4-11: Static pressure at varying time steps. The green dot tracks a pressure peak and the red line tracks the
speed of the rotor

Figures 4-9 through 4-11 indicate the number of structures in the sector CFD model to
be four. The number of structures that would be present in a 360 degree model can be
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calculated from Equation 4-1, with a result of 14.5 structures. This compares favorably with the
experimental calculation of 15 structures.
Structure speed was then determined by tracking the motion of each of the four static
pressure peaks. The movement of the peaks is shown in Figure 4-12. Peaks one and three
appear to move in a similar pattern as well as peaks two and four. On average all are seen to
move slower than the rotor. There are locations, however, where the peaks appear to move
faster than the rotor. For example, peak one, between one and one and a half blade passings,
appears to have a slope greater than the rotor line.

Static Pressure Peak Location
40
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Θpeak -Θpeak,initial [degrees]
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Figure 4-12: Motion of static pressure peaks

Structure speed between each time step and for each peak was calculated from
Equation 4-4. Each peak has moments where it goes faster than rotor speed, and other
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moments when it travels as slow as half rotor speed. This acceleration and deceleration of the
structures may account for the multiple peaks viewed in the frequency spectrum of the
experimental results (Figure 3-3 and Figure 3-4).
[4-4]

The average structure speed, for each structure at each time step, was 81.7 percent
rotor speed. This is similar, but slightly higher than the structure speed found experimentally of
77.5 percent.
Table 4-3 reviews the findings of the experimental and computational studies. The
computational results appear to adequately capture the low frequency structures residing in the
wheel space, when compared to experimental results. Therefore the computational model is
sufficient to study the flow structure of the wheel space as well as ingress and egress patterns
between the wheel space and hot gas path.

Table 4-3: Comparison of experimental and computational results

Number of Structures
Structure Speed/Rotor Speed

Experimental

CFD

15
77.5%

14.5
81.7%

4.4 Ingress and Egress Patterns
Four planes in the wheel space, shown in Figure 4-13, were used to determine ingress.
To calculate ingress, net mass flow through the seal was calculated with the integral shown in
Equation 4-5, which is the difference between egress mass flow and ingress mass flow. Total
mass flow through the seal was then calculated with the integral in Equation 4-6, which is equal
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to the sum of ingress and egress mass flow. Ingress mass flow was then found by solving
Equations 4-5 and 4-6 for egress mass flow, and setting the two equal to each other. The
resulting equation for ingress mass flow is shown in Equation 4-7. A mass flow ingress ratio was
then calculated with Equation 4-8 where ingress mass flow was non-dimensionalized with the
purge mass flow. The post-processing tools in ANSYS CFX were used for the calculations.

Figure 4-13: Locations of ingress planes used to calculate ingress
[4-5]

[4-6]

[4-7]

[4-8]
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The ingress mass flow ratio was found at each time step from the final transient
simulation and results were averaged at each plane; results are shown in Figure 4-14. The
ingress ratio increases nearly linearly from Plane 4 to Plane 1. Plane 2 to Plane 1 shows a
sharper increase of ingress ratio with radius. This may indicate that a significant portion of the
ingress crossing Plane 1 recirculates and crosses Plane 1 again, as egress, rather than continuing
further into the wheel space.

Figure 4-14: Ingress mass flow ratio at various ingress planes

To identify causes of local ingress and egress, local mass flow was calculated at Plane 1,
along lines extending radially; 1000 radial lines were used with each line containing 100 data
points. Local mass flow, calculated in Equation 4-9, assumes that mass flow is axisymmetric at
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each radial line. Local mass flow is normalized in Equation 4-10. These calculations were
completed with MATLAB, with the code shown in Appendix C.
[4-9]

[4-10]

The local mass flow ratio results are shown in Figure 4-15. Along with mass flow ratio,
static pressure from three locations was also plotted. The mass flow is identical in all three
plots. The stator hub and rotor hub pressures come from the same locations used for the grid
independence (locations shown in Figure 4-3) and the wheel space pressure location is the same
as shown in Figure 4-8. In each plot the blue and red line represent the local mass flow ratio
with red depicting ingress and blue depicting egress. Their values correspond with the y-axis to
the left. The black lines represent pressure, corresponding to the y-axis on the right.
In plot A, of Figure 4-15, it is difficult to determine a relationship between stator hub
pressure and the ingress/egress pattern. The pressure pattern does show eight periodic peaks
relating to the eight stator vanes in the domain.
In plot B, the static pressure along the rotor hub does not appear nearly as periodic as
the pressure along the stator hub; however ten peaks relating to the ten rotor blades are still
visible. This is likely due to the complex interaction of the blades and vanes as well as in
influence from the wheel space. The two largest areas of ingress coincide with the two areas of
highest pressure on the rotor hub (44.3˚ and 93.6˚). Also, two areas of significant egress are
aligned with low pressures on the rotor hub (29.2˚ and 77.7˚). The pattern of low rotor hub
pressure causing egress does not hold true at 18.4˚ and 68.3˚, where areas of relatively low
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rotor hub pressure coincide with regions of ingress. While the stator hub pressure initially
appeared inconsequential to the pattern of ingress and egress it was noticed that the locations
of the highest rotor hub pressure (and largest ingress) occur in a location where the stator wake
and rotor wake are aligned, indicating the stator hub pressure does have influence on ingestion.

Figure 4-15: Local mass flow ratio and pressure variation with

Plot C, of Figure 4-15, shows the static pressure along the stationary wheel space wall
can fairly accurately predict ingress and egress patterns. Locations of higher static pressure are
aligned with egress and lower static pressure is aligned with ingress. The only location where
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this does not hold true is at 51.4˚. It appears that low static pressure in the hot gas path, from
the stator or rotor hub, caused egress despite the relatively low pressure in the wheel space.

4.5 Wheel Space Flow Structure
Vector plots of meridional velocity along meridional cross sections are now explored to
understand the flow structure on ingress and egress. All the vector plots are extracted from the
initial time step of the final transient simulation.
The first meridional vector plot is at an angle of 93.6 degrees (a region of high ingress
from Figure 4-15), shown in Figure 4-16. The backward facing step of the stator hub creates a
vortex (location A) and flow passing over the vortex stagnates at the rotor hub (location B). In
this region, pressure in the hot gas path is higher than in the wheel space and flow converges
between the vortex and stagnation point and crosses the upper seal, into the upper wheel
space, where it begins to diverge. This fluid encounters another backwards facing step (location
C), once again a vortex is formed. Flow not caught in the vortex once again converges, passing
into the lower wheel space. The top portion of the lower wheel space is filled with a large low
momentum vortex, which appears to dissipate most of the high momentum fluid entering the
lower wheel space. The lower wheel space vortex appears to be aided by the purge flow which
is pumped radially along the rotor wall.
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Figure 4-16: Meridional velocity vectors at =93.6˚ where strong ingress occurs

The next meridional plane is at 77.7 degrees, a location of high egress, shown in Figure
4-17. At location A, in the lower wheel space, a formation occurs that has the appearance of a
source; likely created by the highest pressure in the wheel space. This formation sends fluid
downward in the wheel space, interacting with the purge flow and forming a vortex preventing
the purge flow from traveling upward along the rotor wall.

Fluid, from the source like

formation, also moves towards the lower seal; that fluid converges as it passes into the upper
wheel space with high velocity and continues through the upper seal where it then diverges.
After diverging into the main gas path it mixes with the hot gas path fluid.
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Figure 4-17: Meridional velocity vectors at =77.7˚ where strong egress occurs

The third meridional plane, shown in Figure 4-18, is at 68.3 degrees, a location which
showed significant ingress, likely caused by the low wheel space pressure despite relatively low
rotor hub pressure. Similar to Figure 4-16, a vortex is formed by the backward facing step of the
stator hub and flow passing over the vortex impinges on the rotor hub at location B. Flow
converges between the vortex and impingement location towards the upper seal. At the upper
seal, it is met by flow moving radially outward from the lower seal, reducing the velocity of the
fluid moving into the upper wheel space. The outward radially moving fluid appears to be
caused by the purge and radial pumping along the rotating wheel space walls. While fluid is still
able to move into the upper wheel space in this location it appears that it is not able to continue
through the lower seal into the lower wheel space.
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Figure 4-18: Meridional velocity vectors at =68.3˚ where ingress occurs despite relatively low stator and rotor hub
pressures

The final meridional plane is at 51.4 degrees, a location where significant egress occurs
despite relatively low wheel space pressure. This is likely caused by the low rotor hub pressure.
Unlike the plane at 77.7 degrees (Figure 4-17), there is no source like formation appearing in the
wheel space ejecting fluid through the lower seal. In this case the purge fluid is pumped radially
along the rotating wall and converges through the lower seal into the upper wheel space. Two
low momentum vortices are present in the upper wheel space, a result of the sharp corner at
location A. The high momentum fluid passing through the lower seal does not diverge as it
enters the upper wheel space, a result of the low momentum vortices directing the fluid, but
instead is ejected out of the upper wheel space through the upper seal where it then diverges.
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Once in the main gas path the fluid splits into two vortices. The vortex at location B is not seen
at the other three planes.

Figure 4-19: Meridional velocity vectors at =51.4˚ where egress occurs despite low wheel space pressure

It is evident that the flow structure in the wheel space is extremely complex. It is
affected by both the rotor and stator pressure fields as well as the independent pressure field in
the wheel space. The complicated wheel space geometry also complicates the matter by
creating vortices which appear to have the ability to direct the flow.
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4.6 Proposed Methods for Improved Sealing
Figure 4-15 showed the pressure in the wheel space had the greatest correlation with
ingress and egress patterns. Since the pressure field in the wheel space is moving, and slower
than rotor speed, it would not be possible to modify the geometry to account for pressure
variation in the wheel space. Also from Figure 4-15, pressure on the rotor hub was shown to be
responsible for the regions of greatest ingress and egress. A proposed method for improving
the sealing of the current wheel space configuration would be non-axisymmetric contouring on
the rotor hub, where it forms the upper seal with the stator hub. This is a similar idea as that
proposed by Zhang et al. (18); however they modified the clearance of an axial seal by adjusting
the stator hub profile.
Figure 4-20 shows a sketch of the proposed design where the upper seal clearance
would be reduced near the blade leading edges (where high rotor hub pressure and ingress
typically occur) and increasing the upper seal clearance between blade leading edges (where
low rotor hub pressure and egress typically occur). This would likely reduce the overall ingress
into the wheel space; however, it would be possible that local ingress could be significantly
increased when a large seal clearance would be aligned with low pressure in the wheel space.
This could lead to ingress deep into the lower wheel space.
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Figure 4-20: Proposed non-axisymmetric, upper seal clearance adjustment
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Chapter 5
Conclusions
Experimental and computational results were used in conjunction to better understand
the interaction between wheel space and hot gas path flow. Both results showed the flow
physics to be highly three-dimensional, unsteady, and irregular.

This was viewed in the

experimental results as a wide range of peaks in the frequency spectrum of an FFT plot from the
wheel space static pressure. The range of peaks indicated the flow structures in the wheel
space were comprised of many frequencies. In the computational results the unsteadiness was
viewed as the acceleration and deceleration of structures rotating in the wheel space and their
tendency to change in size and shape.
The experiential study showed 15 structures rotating at 77.5 % of the rotor speed and
the computational analysis showed 14 to 15 structures rotating at 81.7 % rotor speed. The
agreement was deemed acceptable to validate the computational model.
From the computational model, ingress mass flow from the hot gas path into the upper
wheel space was shown to be 2.5 times greater than the supplied purge flow and ingress from
the upper wheel space into the lower wheel space was 1.75 times greater than the purge flow.
Pressure in the wheel space was shown to have the strongest correlation with local ingress and
egress patterns and pressure on the rotor hub, upstream of the blade, was also strongly
correlated. Pressure on the stator hub downstream of the vanes appeared to have little
correlation with local ingress and egress patterns. Further investigation showed locations of
maximum ingress were caused when the stator vane wake, rotor blade leading edge, and low
pressure in the wheel space coincide at similar circumferential locations.
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The present upper seal designed could be improved with non-axisymmetric contouring
on the rotor side of the upper seal. The clearance near the blade leading edges could be
reduced and the clearance could be increased between the leading edges. This would likely
reduce overall levels of ingestion but could locally induce ingress deep into the wheel space
when a large upper seal clearance was aligned with low pressure in the wheel space.
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Appendix A
Data sheet for fast response pressure transducer (Model 8507C-1)
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Appendix B
MATLAB code used to take an FFT of Endevco pressure data and post processing of data to
calculate structure speed and count.
clear;clc;close all
%% Input Parameters
Fs = 100000;
Ts = 60;
N = 50;
F3dB1 = 125;
F3dB2 = 400;
w_rotor=23.89;

%
%
%
%
%
%
%
%

Sampling frequency
Sampling time
Filter order
Low frequency cut-off
High Frequency cut-off
Rotor speed in radians per second
From system data
Angle between taps in degrees

theta=5;
%% Load Data
newData1 = importdata('Endevco_Pressures.txt');
vars = fieldnames(newData1);
for i = 1:length(vars)
assignin('base', vars{i}, newData1.(vars{i}));
end
P1=data(:,1);
% Signal from pressure tap 1
P2=data(:,2);
% Signal from pressure tap 2

clear colheaders data i newData1 textdata vars
%% FFT of Raw Data
L = Fs*Ts;
% Length of signal
NFFT = 2^nextpow2(L);
% Next power of 2 from length of signal
f = Fs/2*linspace(0,1,NFFT/2+1);
% Frequencies obtained from FFT
P1_fft = fft(P1,NFFT)/L;
P2_fft = fft(P2,NFFT)/L;

% FFT of signal from pressure tap 1
% FFT of signal from pressure tap 2

% Plotting FFT of signal 1
figure(1)
plot(f/w_rotor,2*abs(P1_fft(1:NFFT/2+1)),'LineWidth',2)
axis([0 40 0 10])
set(gca,'FontSize',14)
xlhand = get(gca,'xlabel');
set(xlhand,'string','f*','fontsize',14,'FontAngle','italic')
ylhand = get(gca,'ylabel');
set(ylhand,'string','Magnitude','fontsize',14)
title('Case 1 - FFT of Pressure Signal 1')
grid on
grid minor
figure(6)
plot(f/w_rotor,2*abs(P1_fft(1:NFFT/2+1)),'LineWidth',2)
axis([5 15 0 2])
set(gca,'FontSize',14)
grid on
grid minor
% Plotting FFT of signal 2
figure(2)
plot(f/w_rotor,2*abs(P2_fft(1:NFFT/2+1)),'LineWidth',2)
axis([0 40 0 10])
set(gca,'FontSize',14)
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xlhand = get(gca,'xlabel');
set(xlhand,'string','f*','fontsize',14,'FontAngle','italic')
ylhand = get(gca,'ylabel');
set(ylhand,'string','Magnitude','fontsize',14)
title('Case 1 FFT of Pressure Signal 2')
grid on
grid minor
figure(7)
plot(f/w_rotor,2*abs(P2_fft(1:NFFT/2+1)),'LineWidth',2)
axis([5 15 0 2])
set(gca,'FontSize',14)
grid on
grid minor
clear xlhand ylhand
%% Filter
d = fdesign.bandpass('N,F3dB1,F3dB2',N,(2*F3dB1)/Fs,(2*F3dB2)/Fs);
Hd = design(d,'butter');
P1f=filter(Hd,P1-mean(P1));
P2f=filter(Hd,P2-mean(P2));
P1f_fft = fft(P1f,NFFT)/L;
P2f_fft = fft(P2f,NFFT)/L;
% Plotting FFT of filtered signal 1
figure(3)
subplot(2,1,1)
plot(f/w_rotor,2*abs(P1f_fft(1:NFFT/2+1)))
axis([0 20 0 5])
title('FFT of Pressure Signal 1')
set(gca,'FontSize',14)
% xlhand = get(gca,'xlabel');
% set(xlhand,'string','f*','fontsize',24)
ylhand = get(gca,'ylabel');
set(ylhand,'string','Magnitude','fontsize',14)
% Plotting FFT of filtered signal 2
subplot(2,1,2)
plot(f/w_rotor,2*abs(P2f_fft(1:NFFT/2+1)))
axis([0 20 0 5])
title('FFT of Pressure Signal 2')
set(gca,'FontSize',14)
xlhand = get(gca,'xlabel');
set(xlhand,'string','f*','fontsize',14,'FontAngle','italic')
ylhand = get(gca,'ylabel');
set(ylhand,'string','Magnitude','fontsize',14)
clear d Hd xlhand ylhand F3dB1 F3dB2 L N NFFT
%% Phase Shift
[pks1,loc1]=findpeaks(P1f,'MinPeakDistance',1);
[pks2,loc2]=findpeaks(P2f,'MinPeakDistance',1);
phase=zeros(length(loc1),1);
m=0;
s=520000;
figure(99)
hold off
set(gca,'FontSize',14)
plot(10*((1:length(P1f))-s)/2222.22,P1f)
hold on
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plot(10*((1:length(P2f))-s)/2222.22,P2f,'r')
plot(10*(loc1-s)/2222.22,pks1,'.b','MarkerSize',20)
plot(10*(loc2-s)/2222.22,pks2,'.r','MarkerSize',20)
axis([0 42860/2222.22 -125 125])
grid on
grid minor
legend('Filtered Pressure 1','Filtered Pressure 2')
xlabel('Blade Passings')
ylabel('P-P_m_e_a_n [Pa]')
title('Pressure History - Case 1')
for n=1:length(loc1)
I=find(loc1(n)<loc2-0,1,'first');
if I~=0
if loc2(I)-loc1(n) < 1000
m=m+1;
phase(m)=loc2(I)-loc1(n);
end
end
end
[ind]=find(phase==0,1,'first');
phase=phase(1:ind-1);
mode_phase=mode(phase);
med_phase=median(phase);
ave_phase=mean(phase);
std_phase=std(phase);
figure(5)
hist(phase*10,50)
set(gca,'FontSize',14)
axis([0 5000 0 4000])
xlabel('Phase Shift [microseconds]')
ylabel('Occurences')
title('Histogram of Phase Shift for Case 1')
hold on
plot([ave_phase*10,ave_phase*10],[0,4000],'r','LineWidth',2)
plot([mode_phase*10,mode_phase*10],[0,4000],'g','LineWidth',2)
legend('Phase Shift','Average','Mode')
Percent_Rotor_Speed=((((mode_phase/Fs)/theta)*360)^-1)/w_rotor
Total_Structure_Frequency=mean(length(pks1),length(pks2))/Ts;
Single_Structure_Frequency=(360*(mode_phase/Fs)/theta)^-1;
Number_of_Structures=Total_Structure_Frequency/Single_Structure_Frequency
clear I ind m n theta w_rotor Ts Fs
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Appendix C
MATLAB code used to calculate local ingress mass flow through the upper seal.
clear; clc; close all
%% Mass Flow
filename='Seal.csv';
importfile1(filename)
N=1000;
seal_data=cell(N,1);
data=getfield(Seal,'data');
for n=1:N
seal_data{n}=data(1+100*(n-1):1+100*(n-1)+98,:);
end
m_dot=zeros(N,1);
m_dot_theta=zeros(N,1);
for n=1:N
for m=2:length(seal_data{1}(:,1))
rho1=seal_data{n}(m-1,1); rho2=seal_data{n}(m,1);
Vx1=seal_data{n}(m-1,5); Vx2=seal_data{n}(m,5);
r1=seal_data{n}(m-1,3); r2=seal_data{n}(m,3);
m_dot(n)=m_dot(n)+0.5*(rho1*Vx1+rho2*Vx2)*pi*((r2^2)-r1^2);
end
m_dot_theta(n)=mean(seal_data{n}(:,4));
m_dot(n)=m_dot(n)/(5.97*0.0025);
end

