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Introduction

Quantifying Part-to-Part Flow
Variations and Cooling
Effectiveness in Engine-Run
Blades

As turbine inlet temperatures continue to increase for modern gas turbine engines, the lifing
of hot section components operating in a range of environments is becoming increasingly
challenging. Engine operations in harsh environments can cause a reduction in cooling
capability leading to reduced blade life relative to existing experience. This study analyzes
the effects of harsh environments on the deterioration of blade flow and cooling effective-
ness in turbine blades by comparing three commercially operated engines with varied oper-
ational times referenced against a baseline blade. Spatially resolved surface temperatures
measured using infrared thermography at high-speed rotating conditions were evaluated to
determine variations in cooling effectiveness as a function of engine operation and blade-to-
blade variability from the different commercial applications. Engine-run blades were found
to have reduced flow as well as greater part-to-part variation when compared to baseline
blades. Blade surface temperature measurements on the deteriorated operational blades
indicated film cooling traces dissipated closer to the hole exit relative to baseline blades.
Furthermore, the cooling effectiveness varied significantly even between blades from the
same engines. The reduction in cooling effectiveness in the engine-run blades led to
higher blade temperatures and significantly shorter component life, with some exhibiting
as much as an 18% reduction in life compared to baseline blades. This knowledge
allows lifing models to be developed toward predicting blade operational effects in harsh
environments. [DOI: 10.1115/1.4063518]

Keywords: fluid dynamics and heat transfer phenomena in compressor and turbine
components of gas turbine engines, heat transfer and film cooling, measurement
techniques, turbine blade and measurement advancements

performance with respect to the design intent [4,5]. Compounded
with environmental effects, manufacturing variability of compo-

Gas turbine designers continue to increase turbine inlet tempera-
tures to improve efficiency, resulting in flow temperatures well over
400 °C hotter than the melting temperatures of metal components in
the main gas path [1,2]. Although airfoil cooling designs, along
with thermal barrier coatings (TBCs), are able to protect hot gas
path components throughout their intended life, vane and blade sur-
faces degrade differently because of environmental impacts. Over
cycle times, airfoils experience spallation, erosion, hot corrosion,
and particle deposition [3]. These deterioration mechanisms are par-
ticularly dramatic when operating in harsh environments with a sig-
nificant density of particulates that are ingested into the engine.

Advanced cooling designs can protect components exposed to
the hot gas path and extend part life. However, even in newly man-
ufactured blades, part-to-part variations cause differences in cooling
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nents can lead to significant variability in engine operational times.

In this paper, spatially resolved blade temperatures are measured
and analyzed while operating at engine scale conditions to under-
stand the effects of operating environments relative to a set of
baseline blades. The blades examined in this study were operated
in aircraft engines around the world, experiencing varying levels
of deterioration and, as a result, changes in overall cooling effective-
ness. These blades were placed in a test turbine whereby spatially
resolved temperatures were measured using infrared (IR)
thermography.

Literature Review

As blades operate over time, TBC deteriorates, and film cooling
performance decreases. These coatings experience a variety of dete-
rioration mechanisms [6], many of which lead to increased surface
roughness [7,8] and external heat transfer [3,9-11]. Erosion and
spallation commonly occur near cooling holes, which therefore,
affect the trajectory of the film in these regions [§—10]. In addition,
particles have been shown to deposit on part surfaces or in cooling
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holes, causing blockages that increase heat transfer to the blade
[11,12]. This deposition occurs most often at high temperatures
and increased impingement angles, as well as for large particle
sizes and high velocities [13,14].

Deterioration effects are compounded by manufacturing variabil-
ity of turbine parts, which can also cause deviations in film cooling
performance. Factors of the manufacturing process can lead to var-
iations in blade geometries [4] and impact blade film cooling [5,15].
Depending upon the application method, often the TBC can par-
tially block film cooling holes [7], leading to decreased cooling per-
formance in newly manufactured parts [16,17]. This variability only
worsens during engine operation.

Deterioration is accelerated for parts operating in harsh environ-
ments, thereby shortening blade life. For example, calcia—magne-
sia—alumina-silicate (CMAS) particles, sand, dirt, and other small
particulates found commonly in certain parts of the world often
cause significant damage to turbine hardware [18,19]. As a specific
example, engines operated in the Vietnam War were removed from
service after an average of 80 h due to extreme compressor blade
erosion [20]. Similarly, blades from Army rotorcrafts operated in
Southwest Asia more recently showed significant damage due to
CMAS attack and extreme deterioration [21]. The severity of this
deterioration means that the operating environment typically has
an important effect on blade life, which differs from the expected
blade lifing per the design.

As further evidence of deterioration effects, Sidwell and Darmo-
fal [22] found that an airline operating shorter flights with higher
ambient temperatures had much shorter mean engine life compared
to airlines operating at lower ambient temperatures. Investigations
have predicted blade life to be reduced by 50% for temperature
increases between 25 °C and 40 °C [23-26]. These estimates
were used by Knisely et al. [5], who showed how manufacturing
differences affected flow and cooling effectiveness. Similar to the
study reported in this paper, Knisely et al. used an IR thermal
imaging technique to measure blade surface temperatures and
reported on the variability that can occur. These temperatures
were then scaled to real-engine values using data from the NASA
E® engine [27], showing life reductions of up to 50% due to manu-
facturing variations alone. Similar methods to this study will be
used in the present paper, but will be applied to engine-run deteri-
orated blades instead of newly manufactured blades.

While many papers have been discussed that analyzed turbine
blade deterioration, only a few of these studies have used actual
turbine hardware. Even fewer employ data collected from blades
operating at engine-relevant conditions. In addition to the previ-
ously mentioned study by Knisely et al. [5], there have been
other recent studies using IR thermography to spatially resolve
blade surface temperatures in a rotating environment. Lemieux
[28] and Markham et al. [29] both used IR cameras to measure tem-
peratures inside of in-service gas turbines, while additional studies
have used infrared cameras in rotating turbine rigs to view blade tips
and endwalls [30-32].

Michaud et al. [33] used IR imaging to analyze the overall cooling
effectiveness of engine-run nozzle guide vanes (NGVs) in an annular
cascade. Both mid-life and end-of-life parts run in non-sandy envi-
ronments were compared to new parts with the same geometries.
They found that area-averaged overall cooling effectiveness
decreased for engine-run parts, particularly on the pressure side and
early suction side near the leading edge. End-of-life vanes were
expected to have much higher surface temperature increases at
engine conditions, by up to 65 °C on the pressure side. Their study
also found that superposing the effects of individual deterioration fea-
tures was not able to accurately predict variations in cooling effec-
tiveness, and that testing at engine-representative conditions is
necessary to understand true performance. While this study provides
important information on how parts can deteriorate over their life-
time, it does not compare variations in different operating environ-
ments, which the present paper will address.

The purpose of this study is to examine the effects of deteriora-
tion in harsh environments on overall cooling effectiveness and
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blade life. Our study is unique because the data presented compares
both flow variations and overall effectiveness levels in
engine-operated parts from both harsh and benign environments
around the world. These variations were quantified for both
different engine operational environments and different blades
within the same engine. The use of IR thermography allowed for
spatially resolved temperature and cooling effectiveness measure-
ments across the entire blade pressure and suction surfaces while
operating at engine-relevant conditions. The focus of this paper is
the data on the pressure side near the blade tip, as this location is
often found to exhibit relatively hotter surface temperatures.
These temperatures were then scaled to real-engine temperatures
to calculate expected blade life.

Facility and Instrumentation

Testing for this study was carried out at the Steady Thermal Aero
Research Turbine (START) Laboratory. START houses an open
loop, continuous duration turbine test facility that operates at
engine-relevant conditions matching Mach, Reynolds, Rotational
Reynolds, and Biot numbers. Matching these nondimensional
parameters to that of an engine provides the ability to scale mea-
sured temperatures at test conditions to that of engine conditions.
An overview of the facility can be seen in Fig. 1. More information
about this facility is described by Barringer et al. [34], with updates
detailed by Berdanier et al. [35].

The START facility uses two centrifugal compressors to supply
up to 10.4 kg/s (25 Ibm/s) of air to the turbine. Air exits the com-
pressors at a pressure of up to 480 kPa (70 psia) and a temperature
of 395 K (250 °F). Most of this air goes into the main gas path, but a
portion is split off to use as cooling air. The cooling air is sent
through a shell-and-tube heat exchanger to lower the temperature
to 273 K (32 °F), after which it can be used for three controlled
cooling supplies: vane trailing edge (VTE) flow, tangential
on-board injection (TOBI) flow through the rotating blades, and
purge flow to seal the under-platform cavity.

Air in the main gas path is sent through a natural gas burner,
where the temperature can be heated as high as 672 K (750 °F).
However, a lower temperature was used for this study due to instru-
mentation requirements. Main gas path temperatures are measured
by six thermocouples upstream of the vane at varied circumferential
locations. Temperatures of each cooling flow are measured prior to
their introduction to the test section. The START rig contains a
single-stage turbine test section, with one row each of vanes and
blades. All blades were previously operated engine hardware,
which will be further described in the following sections.

Test Article Cross-Section View
H iy

3

Fig. 1 START facility with single-stage turbine test section
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Infrared Thermography Measurements. The START facility
utilizes IR imaging to capture temperatures on turbine blade sur-
faces as they rotate at over 10,000 RPM. START’s IR system,
which was first described by Knisely et al. [36], used a
mercury-cadmium-telluride detector in the long-wavelength spec-
trum. The detector was mounted on top of the START rig, where
an optical probe was inserted through the rig casing at different
axial positions to capture the images of the blade surface during
operation. To view the pressure side and leading edge of a blade,
the optical probe was placed in a specially designed, additively
manufactured vane upstream of the blades with a viewing
window cut from the vane’s suction side, as seen in Fig. 2. In addi-
tion, a separate measurement port was made to capture the suction
side, which is not the focus of this paper. The position of the probe
in the vane was such that its placement did not affect the blade being
imaged, as verified through computational fluid dynamics (CFD).

The camera angle and radial position were modified throughout
testing to take images that encompassed the entire pressure side,
suction side, and leading-edge surfaces. Two hundred images
were captured at each viewing location and averaged to reduce
noise in the final image. A camera integration time of 2 ps was
shown by Knisely et al. [36] to reduce both motion blur and
noise during operation and was therefore used for all images in
this study. Phase locking allowed for consistent identification and
imaging of specific individual blades as they rotated during testing.

Calibration images were performed to correlate the raw pixel
values measured by the camera with detected radiation based on
surface temperature. To perform these calibrations, images were
taken of a copper plate coated in high-emissivity black paint. The
temperature of this plate was varied over the entire range of blade
surface temperatures expected during testing. The raw pixel
values of the camera were then correlated with the expected radia-
tion based on emissivity, surface temperature, and background tem-
perature during the individual calibration. By using this calibration
procedure, blade surface temperatures were calculated using only
emissivity and rig background temperature during data acquisition.
Once completed, the measured temperatures were mapped onto the
blade surface through in-house software that was developed by the
investigators.

While images were taken of the entire pressure and suction sur-
faces, this paper primarily focuses on the pressure side tip trailing
edge region, shown in Fig. 3. Area-averaged overall effectiveness
was calculated in Region A, where Region A contains a row of
four radially spaced cooling holes. Additional analysis focused on
film cooling trajectories, all of which were calculated for the hole
shown in Region B.

Overall cooling effectiveness was used to compare the cooling
performance. Cooling effectiveness is a nondimensional tempera-
ture that provides the needed scaling between test turbine and
engine blade temperatures, provided the relevant nondimensional
parameters are matched to that of the engine. Effectiveness was

Fig. 2 IR probe location in the START rig
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Region A (four holes)
Region B (single hole)

Fig. 3 Analysis locations of tip trailing edge and mid chord
regions

calculated using Eq. (1), using main gas path temperature, blade
surface temperature, and cooling air temperature. Blade tempera-
tures were measured using IR thermography, while main gas path
and cooling temperatures were measured with thermocouples as
described in the facility instrumentation section. Because Reynolds
number, Mach number, and Biot number were matched to engine
conditions, calculated effectiveness could be used to scale values
to true engine temperatures.

Tigp — T,
b= M
Tingp — Te

All the data presented in this paper are comparisons of the degra-
dation of the cooling performance using effectiveness values due to
environmental impacts relative to a baseline condition.

Uncertainty and Repeatability. Uncertainty in temperature and
effectiveness was calculated using methods described by Moffat
[37]. The main contributors to bias uncertainty were the calibration,
surface emissivity, and background temperatures. For precision
uncertainty, the main contributor is the IR detector’s pixel value.

Looking at the bias uncertainty contributions, the calibration
uncertainty is dependent on the thermocouples measuring surface
and background temperature during the calibration, the emissivity
measurement of the calibration surface, and the error introduced
by the curve fit correlating the raw pixel values of the camera
with measured radiation. The uncertainty of emissivity values for
this set of blades was measured, and all contributing temperatures
were used to calculate background temperature uncertainty. The
precision uncertainty within a 95% confidence interval was calcu-
lated for each pixel across the 200 images taken for a given position.
For the data reported in this paper, the bias uncertainty of the rela-
tive effectiveness values when compared to a baseline condition
(¢ — dui/Pp) was calculated to be 0.046, while the precision uncer-
tainty based on the 200 images was 0.037.

To map the images into one composite of the blade surface, con-
sistent and repeatable test conditions in START were required to be
replicated over many test days. As an illustration of the repeatabil-
ity, Figs. 4(a) and 4(b) show the blade surface temperature and
overall effectiveness behind the row of cooling holes in Region
A. The solid and dotted lines for a given color show data taken
at the same test condition on different days. The measurements
almost entirely overlap, with only slight variations directly behind
cooling holes. The typical repeatability from day to day was
O/Pmax =0.003, while the maximum repeatability differences
were 0.015.

Description of Blades Tested. Four sets of blades were tested in
this study: one baseline and three operated in engines under differ-
ent conditions and cycles. All blades had the same geometry and
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Fig.4 (a) Surface temperature and (b) cooling effectiveness for
baseline and operator 1 blades plotted behind a row of cooling
holes as shown in Fig. 3. Dotted lines represent the same data
taken on a separate test day.

cooling design. Run times were compared to the run time of a set of
baseline blades through a nondimensional At shown in Eq. (2). The
run time of the baseline blades was subtracted from each operator,
and the entire value was divided by the maximum run time minus

the baseline run time.
At = ! — Ihaseline (2)

Imax — Ibaseline

The environmental and operational impacts for blades of differ-
ent operators can be seen in Fig. 5. These sample images were
chosen from the pressure side. Baseline blades, shown in
Fig. 5(a), have a uniform TBC surface, showing no signs of dete-
rioration as would be expected. Figure 5(b) shows the surface
sample for operator 1 for a benign environment, with a At=1,
having a slight discoloration and deterioration on the surface. The

(a) (b)

Fig. 5 Images of blade deterioration for (a) baseline blades
(At =0), (b) operator 1 (benign, At=1), (c) operator 2 (harsh,
At =0.75), and (d) operator 3 (harsh, At = 0.4)

011002-4 / Vol. 146, JANUARY 2024

TBC for operator 1, however, is still mostly intact. This level of
deterioration is expected for the benign environment that operator
1 blades experienced. Operators 2 and 3 were in a harsh environ-
ment, with At of 0.75 and 0.4, respectively, and show significant
deterioration levels, including TBC spallation revealing bare
metal surfaces. As evidenced in these photos, operators 2 and 3
were operated in much harsher environments with high CMAS
attack, leading to higher levels of deterioration with shorter run
times. All operators showed the highest deterioration levels on
the pressure side and leading edge.

Blade Flow Variations

Each of the test blades was characterized in terms of their post-
operational flow parameter (FP) versus pressure ratio (PR) character-
istics. FP encompasses the mass flow weighted by a particular pres-
sure and temperature. Because the turbine test rig sets mass flow for
an entire row of blades, the FP is needed to determine the mass flow
split for each specific blade. Separate FP measurements were made
for the individual internal cooling passages for each blade. To deter-
mine the FP, benchtop flow testing was conducted for each compo-
nent at a set PR and temperature while measuring the mass flow.

The median FP for a particular pressure ratio for each operator is
shown in Fig. 6. The range bars show the minimum and maximum
flow within an operator. Each value is normalized by the maximum
FP of the baseline blades, which had the highest of the four blade
sets tested.

Figure 6 shows that operator 3 blades with the lowest run time
had the highest flow parameter at 82% of the baseline blade
maximum, even though these blades were operated in a harsh envi-
ronment. The median flow blade of operator 1 had a very similar
flow parameter to that of operator 3 even though it had the
highest run time, illustrating the engine-to-engine variability. Oper-
ational and environmental impacts combine to determine the degra-
dation of parts, which is illustrated by the similarities between flow
parameters for operator 1 in a benign environment with a much
higher run time than operator 3 in a harsh environment. Operator
2 blades were the most deteriorated and had the lowest FP, with
the minimum flowing blade as low as 70% of the maximum base-
line blade flow. The results for operator 2, also operated in a
harsh environment, were because of cooling hole blockages and
internal channel deposits.

Operator 2 blades were run in a similar harsh environment as
operator 3 but for a longer run time and have nearly twice as
much variation in flow parameter. Even though operator 1 blades
have the longest run time, they have more similar ranges in flow
parameter to operator 3 blades. Harsh environments appear to
have caused less consistent deterioration in blades, leading to
large variations in flow even within blades from the same engine.

1.2 I Operatorl At=1
I Operator2 At=0.75
1.0 Il Operator3 At=0.4

0.8

FPmed

FPoax 0.6

0.4

0.2

0.0

Fig. 6 Median flow parameter for each operator
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Blade Durability Impacts From the Environment

As previously described, thermal images of both the pressure and
suction sides of the operational blades placed in the rainbow turbine
stage were measured. These images were appropriately calibrated
and then mapped onto the surface of the blades. It is important to
note that temperatures were measured at the surface, which in
some cases was intact TBC but where TBC deteriorated represented
the metal temperature. Thermal images were appropriately cali-
brated to account for this variation. Surface temperatures were
then put in the form of overall effectiveness, which is a nondimen-
sional temperature that uses the upstream main gas path temperature
as well as the coolant temperature measured in the cavity supplying
the blade root.

The data presented in this section is an augmentation of the
overall cooling effectiveness relative to the set of baseline blades
at 80% span for the pressure side. The particular blades that were
chosen were those with the median cooling flow.

For all cases, the data shown in Fig. 7 show significant deteriora-
tion of the overall effectiveness levels, meaning higher blade tem-
peratures would be expected when operating in the engine. The
horizontal line in Fig. 7 represents “0,” meaning there is no augmen-
tation relative to the baseline set of blades at that span location. The
0% length occurs at the leading edge of the blade. As the data in
Fig. 7 approach zero, it means that there is less degradation since
it is closer to the baseline set of blades. Note that exact values are
not provided, but, rather, this data is used to compare the relative
impacts of the environment. The spikes shown in Fig. 7 occur
where there are either cooling holes or image mapping fiducial
marks.

In reviewing the data presented in Fig. 7, the reduction of the
overall effectiveness is the most similar and the worst for operators
2 and 3, with higher degradation in part because of the operation in
harsh environments unlike operator 1. These large decreases in
effectiveness occurred on the pressure side at 80% span for all oper-
ators where TBC had deteriorated on the engine-run blades.

It is interesting to note that the deterioration relative to the base-
line blades indicated the biggest differences between —70%
> Length (%) > —100%, where all three environmentally impacted
airfoils showed higher values of effectiveness augmentation. The
increased augmentation levels indicate that the tip trailing edge
was less impacted by environmental factors when compared to
the rest of the pressure side surface.

Area-Averaged Cooling Effectiveness. Specific area-averaged
cooling effectiveness measurements were made in the region
where the blades experienced the highest temperatures. The trailing
edge tip region on the pressure side was shown to have the hottest
temperatures, which is illustrated in Fig. 3 in Region A. Blades pre-
sented in the following figures were the median flow blade within

Bl Operatorl At=1
Operator2 At=0.75
Il Operator3 At=0.4

80% span

® = Ppaseline
Pbaseline

Trailing edge

Leading edge

-100 -80 60 40 -20 0
Length (%)

Fig.7 Cooling effectiveness around the blade at 80% span. Hor-

izontal line is the “0” value meaning no augmentation relative to
the baseline blades
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Fig. 8 Area-averaged cooling effectiveness in tip trailing edge
region for (a) low and (b) high cooling flow conditions

each operator, with error bars showing values for the minimum
and maximum flow blade.

Figure 8 shows the area-averaged cooling effectiveness for a low
and high cooling flow condition for the three operators relative to
the baseline set of blades. Note that all values are normalized by
the maximum overall effectiveness of baseline blades. The data in
Fig. 8 indicate that all operators showed a reduction in effectiveness
from the baseline blades, with the largest reductions in effectiveness
seen for the harsh operators 2 and 3.

Even though the blades were operated in a benign environment,
in this particular region of the blade for operator 1 with the highest
run times, the effectiveness augmentation is still as much as 7%
lower than the baseline blade maximum.

For lower coolant flows, operator 3 was lower by 2% relative to
operator 2 as shown in Fig. 8. At a high cooling flow, the effective-
ness augmentation varied by less than 1% between operators 2 and
3. This was true even though operator 3 blades had a much lower
run time than operator 2 and were expected to have experienced
less deterioration.

Figure 8 shows that the variability between the blades for opera-
tor 3 was higher than the other operators 1 and 2 at both cooling
flow conditions. This data indicates that higher variability
between blades can occur at shorter operational times in harsh
environments.

Film Cooling Trajectories. Applying the methods reported by
Knisely et al. [5], specific film cooling trajectories were evaluated
using IR images. For the method previously reported by Knisely,
the coordinate of the cooling hole start (s") was mathematically
defined by using the highest slope in effectiveness along the
coolant trajectory. This method was needed since the cooling hole
breakouts cannot be detected given the conduction effects. A depic-
tion of the method previously used by Knisely et al. applied to base-
line blades is shown in Fig. 9 [5]. The downstream trajectory of the
coolant was then defined using the measured temperatures having
the maximum effectiveness.

While this method had previously been used successfully with
newly manufactured blades, it was much more challenging for dete-
riorated blades due to hole blockage and other effects. Trajectories
were less clear for deteriorated blades, with the coolant dissipating
close to the hole exit or even blowing off the surface. Cooling holes
may have been blocked or had very different trajectories due to dirt
deposition and TBC deterioration.

Because coolant trajectories could not be determined due to
either no coolant trace or blow off from the surface for the deterio-
rated blades, the coolant trajectory from the baseline blade was used
to define the coordinate system for the cooling holes of engine-run
blades. Stated another way, the trajectory of the coolant from the
baseline blades was applied to the deteriorated blades. The case
for the baseline blade chosen to define the trajectory was that of
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Fig. 9 Film cooling trajectory method applied to baseline
blades, including (a) cooling hole with the path of maximum
effectiveness applied, (b) illustration of the maximum slope to
define s'=0 at the start of the trace, and (c) cooling trace
applied to a cooling hole

the mean flow blade to provide a comparison of overall effective-
ness between operators.

Figures 10(a)-10(c) show an illustration of how the coolant tra-
jectory method just described was applied to the deteriorated,
engine-operated blades. Figure 10(a) illustrates the contours from
a single harsh operator cooling hole, whereas Fig. 10(b) illustrates
the trajectory defined on the baseline blade for the maximum
cooling effectiveness, as described by Knisely et al. [5]. Finally,
Fig. 10(c) illustrates the coolant trajectory locations based upon
the baseline blades in Fig. 10(b) applied to the engine-operated
blade. While the trajectory does not fully represent what is happen-
ing in the engine-operated blade, it does allow for a consistent

Fig. 10 (a) Cooling hole on an engine-operated blade,
(b) cooling hole region with applied trajectory for a baseline
blade, and (c) cooling hole on an engine-operated blade with tra-
jectory from a baseline blade applied

011002-6 / Vol. 146, JANUARY 2024

method in defining a cooling trace and does provide a comparison
of cooling variations due to environmental impacts.

Baseline blades, with the shortest run time, were shown to have
clearly present trajectories, as seen in Fig. 10(b). There is a region of
increased cooling effectiveness starting at the cooling hole, which
carries behind the hole as the coolant air reduces blade surface tem-
perature. However, the operator 3 blades run in a harsh environ-
ment, as shown in Fig. 10(c), have a decreased temperature at the
cooling hole only. While there is a cold region where coolant air
exits the hole, the flow does not stay attached to the surface and
therefore there is no region of increased effectiveness behind the
hole. Deterioration or blockage of film cooling holes alters the
flow and cooling, which was measured most predominantly for
operators 2 and 3, both having high CMAS levels due to harsh envi-
ronments. This lack of cooling leads to higher surface temperatures,
which shorten the blade operational life.

The effectiveness value along the film trajectory for the
minimum, median, and maximum flow blade of each operator is
plotted in Fig. 11 for Region B in Fig. 3. The case chosen to eval-
uate was for a high coolant flow. The shaded region in Fig. 11 notes
the range of the blade flows over all four operators, and the dashed
lines show the median flow blade of each operator. Data for all
blades within each operator can be seen in Fig. 12. All values are
normalized by the maximum overall effectiveness of a single base-
line blade.

Figure 11 shows that the baseline blades have a high effective-
ness for six-hole diameters downstream of the cooling hole
shown in Fig. 11. However, the effectiveness values decrease
closer to the hole for engine-operated blades. While the median
flow blade of operator 1 had a slightly higher effectiveness than
operators 2 and 3, there was still a significant reduction from the
baseline blades. The harsh environment blades of operators 2 and
3 had similarly low effectiveness, even though operator 2 blades
had a longer engine run time.

To see further details relative to Fig. 11 for each blade set, the
maximum effectiveness along the cooling trajectory for all blades
within each operator is shown in Figs. 12(a)-12(d). The FP
values were defined for the entire blade and are not specific to
Region B in Fig. 3. Note that the effectiveness for each blade set
was normalized by the maximum of the baseline blades. The
minimum, median, and maximum flow blades are shown in
dashed, dashed-dotted, and solid lines, respectively.

The baseline data in Fig. 12(a) shows less variation in the
maximum cooling effectiveness for the set of baseline blades com-
pared to those for operators 1-3. Each of the data sets for the oper-
ators had its own characteristic decay shape. The blade temperatures
for operator 1 indicated nearly a flat profile for all the cases, as
shown in Fig. 12(b). Since all the holes for the different flow
cases resulted in the same blade temperature profile, it implies
that the film cooling in this region is not dominating or that for
every case the trajectory for the baseline blades does not capture
the decay.
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Operators 2 and 3 both have a large range of overall effectiveness
at the cooling hole, as shown in Figs. 12(c)-12(d). The data also
shows that the coolant significantly decays after only one- or
two-hole diameters. Further from the cooling hole, the flow
appears to be detached and effectiveness is low for all blades oper-
ated in harsh environments. However, the maximum effectiveness
directly at or behind the hole is higher for some of the harsh
operator blades than for the benign operator blades, even though
it does decrease significantly further from the hole.

Although blades with higher flow parameters would be expected
to have higher cooling effectiveness, this was not the case for many
of the blades shown in Figs. 12(a)-12(d). The maximum flow blade
did have the highest cooling effectiveness for operators 1 and 2 but
not for the baseline blades or operator 3. For the baseline blades, the
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Table 1 NASA E? engine temperatures

Quantit NASA E? value
y

Cooling air temperature, 7.
Main gas path air, T,

628 °C (1162 °F)
1396 °C (2545 °F)

blade with the maximum flow parameter had nearly the lowest
cooling effectiveness behind the cooling hole. Additionally, the
lowest flowing blade for three of the four blade sets had higher
cooling effectiveness than the median flow blade at some point
downstream of the cooling hole.

Because the flow parameter measurements were for the entire
blade, they do not necessarily correlate with the amount of flow
through this individual cooling hole. As blades deteriorated
during operation, cooling holes were more likely to become
blocked and variations in flow between individual cooling holes
are expected. Even in newly manufactured blades, Knisely et al.
[5] showed that flow through smaller regions did not necessarily
correlate with flow through the entire blade. Total flow parameter
was therefore not necessarily indicative of flow through a cooling
hole, and even blades with the same amount of flow could experi-
ence different paths of cooling flow on the blade surface, thus
changing the region’s effectiveness.

Estimates of Blade Lifing. Scaling the data from the measured
blade surface temperatures using overall cooling effectiveness, ¢,
provides the ability to use the data to estimate blade surface temper-
atures in an operating engine. It is noted that the operating condi-
tions of START are at much lower pressures and temperatures
relative to the engine, but given the relevant nondimensional
numbers are matched to that of the engine (Re, Ma, and Bi),
scaling is possible. To illustrate the impacts of the environment
on the blade temperatures, a non-proprietary set of conditions was
chosen to be those from the NASA E* [27] engine. These values
are shown in Table 1. For this analysis, the minimum effectiveness
values (highest surface temperatures) determined from the infrared
image measured on the pressure side of each blade were used for the
scaling to the NASA E’ engine conditions.

Increases in scaled temperatures at E* engine conditions can be
seen plotted against the relative blade life in Fig. 13 along with
an example lifing curve [5]. The bars in Fig. 13 represent the
ranges in the minimum effectiveness that occurred within a partic-
ular blade set on the pressure side. The median point for operator 1
blades fell along the lifing curve, showing that current predictions
can estimate blade life for benign environments as shown in
Fig. 5. However, blades operated in harsh environments fell
below the lifing curve, particularly operator 3 blades. Operator 3
blades had a much larger surface temperature increase than
expected for the run time of these blades. These were much

\. Baseline Blades

\ = Operator 1
\ Operator 2
‘\ I Operator 3

'\ —_Example lifing curve

Relative '\‘
Life N,
} h\
N,
=
\ .
~.
A S~

Temperature Increase Above Baseline Blade

Fig. 13 Blade life curve with baseline and operator 1-3 blades
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worse than the operator 2 blades, which had a similar increase in
surface temperature but a much longer run time. This decrease
in life resulted from the high levels of deterioration that occurred
in the heavy CMAS environment, causing decreased cooling perfor-
mance and shortened life for these blades.

Conclusions

This study determined the effects of engine operation across
varied environments on flow and cooling effectiveness. Three oper-
ators, all with different run times and environments, were compared
with a set of baseline blades. The environments included operator 1
from a benign environment and operators 2 and 3 from harsh envi-
ronments. The changes in flow and cooling effectiveness due to
deterioration in both benign and harsh environments were then
compared through multiple approaches.

Flow parameters were measured at a given pressure ratio for all
blades in this study. The median flow parameter was highest for
baseline blades, with reductions in FP of almost 30% for blades
operated in harsh environments. In addition to variations between
operators, large flow parameter variations within the same operators
indicated that blades did not deteriorate uniformly even when oper-
ated at the same conditions.

Overall effectiveness levels were analyzed along the pressure
side near the blade tip. Harsh operators showed decreases in effec-
tiveness being impacted at the 80% span, which coincided with
regions where the TBC was absent. When looking at the tip trailing
edge region, area-averaged effectiveness was very similar for both
harsh operators at both high and low TOBI flowrates while being
much lower than either benign or baseline blades.

Film cooling trajectories behind a specific cooling hole across all
operators were compared between the blades. For the baseline
blade, clear trajectories of the film were identified with the location
applied to all blades in this study. This showed consistently high
cooling effectiveness downstream of cooling holes for baseline
blades, while effectiveness dissipated close to the hole for deteriorated
blades. Effectiveness showed large variations immediately down-
stream of cooling holes in engine run operators, but low effectiveness
values after one- or two-hole diameters for all deteriorated blades.

Effectiveness values in this study were used to predict blade
surface temperatures scaled to the NASA E? engine. This showed
large increases in surface temperature at true engine conditions,
leading to a significant reduction in expected life when compared
to published lifing models.

This study provides a new understanding of how blade flow and
overall blade temperatures vary based on part deterioration levels
and the impacts of different environmental effects. The results pre-
sented give a good indication of the part-to-part variations in dete-
rioration between operators and even within the same operator. This
knowledge will help to improve blade lifing models for a range of
run times and operational environments.

Acknowledgment

We are grateful to Pratt & Whitney for the support and collabo-
rations needed to complete this research. This material is based
upon work supported by the NASA Aeronautics Research
Mission Directorate (ARMD) Hybrid Thermally Efficient Core
(HyTEC) Program. Any opinions, findings, and conclusions or rec-
ommendations expressed in this material are those of the author and
do not necessarily reflect the views of the National Aeronautics and
Space Administration. The authors would also like to thank Jere-
miah Bunch for his critical contributions to rig maintenance,
testing, and data acquisition.

Funding Data

e This work was funded by NASA Glenn Research Center
through Contract No. S0GRC021CA008.

011002-8 / Vol. 146, JANUARY 2024

Conflict of Interest

There are no conflicts of interest.

Data Availability Statement

The datasets generated and supporting the findings of this article
are obtainable from the corresponding author upon reasonable
request.

Nomenclature

D = film cooling hole diameter
P = absolute pressure
T = temperature
X = global horizontal coordinate in image (pixels)
Y = global vertical coordinate in image (pixels)
m = mass flowrate
s' = path distance along cooling jet trajectory
x' = axial distance downstream of cooling hole
y' = radial distance downstream of cooling hole

FP = flow parameter (rit/Tin/Pout)

PR = pressure ratio (Py,/Po,y,)

Ar = (t - tbaseline)/(tmax - tbaseline)

Greek Symbols

A = difference

@ = overall effectiveness (To, — T)/(Too — T,)
Subscripts

¢ = cooling air

s = blade surface

A = area-averaged

in = channel inlet
max = maximum flow parameter
med = median flow parameter
min = minimum flow parameter
out = outlet

o0 = mainstream
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