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Integrated Turbine Component Cooling Designs Facilitated by
Additive Manufacturing and Optimization

Executive Summary

This research program involved the development of improved gas turbine cooling by
optimizing the combined internal and film cooling configurations used for turbine blades and
vanes. Improved cooling of turbine airfoils allows the gas turbines to be operated at higher
temperatures which improves efficiency for gas turbine-based power generation. This also
facilitates operation with hydrogen-based fuels which inherently generate higher operating
temperatures. Designs of the new cooling configurations were based on the added geometric
flexibility that is available when using metal additive manufacturing techniques. When making
these designs, adjustments were made to account for imperfections occurring in the metal
additive manufacturing process. New designs for film cooling holes were developed using
computational adjoint gradient optimization techniques which generated a unique film cooling
hole with 70% greater film cooling effectiveness compared to conventional shaped film cooling
holes. A major factor in improving the film cooling effectiveness were small external protrusions
on either side of the new hole which generated vortices that pushed coolant towards the surface
and increased the lateral spreading of the coolant. Our studies also included optimization of film
cooling holes that can be built with conventional manufacturing techniques and optimizing the
internal coolant channels that supply coolant to the film cooling holes. Various internal coolant
channel shapes were investigated and designs that maximized the cooling of the airfoil while
minimizing pressure losses in the channel flows were identified. Testing and verification of the
performance of the final configurations was done with a transonic wind tunnel facility which
allowed testing at engine realistic high velocities. Final testing of the combined internal and film
cooling configurations was done by incorporating the configurations in Penn State’s National
Experimental Turbine (NExT) vane. These tests confirmed the enhanced overall cooling
effectiveness provided by the new cooling configuration designs.



Summary of Results for the Nine Tasks completed in this project:
Task 1 (UT) — Optimize internal cooling channels coupled with film cooling using RANS.

The initial phase of this project was to develop improved film cooling holes optimized for
performance with a crossflow internal channel that is typical for turbine blades. The optimized
internal channel with film cooling holes would take advantage of the flexibility in geometries
possible with additive manufacturing. These designs were initially developed computationally
and then verified experimentally. All computational work was done using the ANSYS Fluent
RANS code. There were three phases to this work: a. evaluation of the improved film cooling
performance possible with a rounded inlet, b. a parametric evaluation of the effects of lateral and
forward expansion angles for a fan shaped hole, and c. optimization of the complete hole
geometry using adjoint optimization techniques. These studies, presented in detail in Jones et al.,
(2021 (a) and (b)) and Jones et al. (2023), are summarized below.

The initial study examined the effect of rounding the inlet of a standard 7-7-7 shaped film
cooling hole! on the film cooling performance and is presented in detail in Jones et al. (2023).
As shown in Fig. 1.1, film cooling holes manufactured with conventional techniques have sharp
inlets to film cooling holes. The sharp corners inherently cause separation of the coolant flow
entering the hole leading to inefficient diffusing of the coolant towards the exit of the hole,
resulting in lower adiabatic effectiveness. Using additive manufacturing, various hole inlet
geometries can be constructed that might be expected to improve film cooling performance. Two
concepts were evaluated, a rounded inlet, shown in Fig. 1.1, and a swept inlet design. Both these
designs were evaluated using computational predictions and experimental measurements. In this
study, a row of film cooling holes fed by a crossflow channel was used. Previous studies showed
that the film cooling performance was sensitive to the velocity in the coolant channel relative to
the mainstream velocity, VR, and the coolant jet velocity relative to the mainstream velocity, VR.
Consequently, computational predictions and experimental measurements were done for VR. =
0.2t0 0.6 and VR = 0.5 to 1.7. Representative results from the computational predictions and
experimental tests done at VR, = 0.4 are shown in Fig. 1.2. These results showed that both inlet
designs were successful in increasing adiabatic effectiveness by as much as 50%. There were
significant differences between the computational predictions and the experimental
measurements. This was expected since RANS computational predictions have difficulties in
predicting the diffusion of coolant flows for film cooling. However, the computations were
consistent with the experiments in predicting better performance for the modified film cooling
hole inlets.

The second phase of this study was to conduct a parametric study of laidback, fan shaped
holes to determine the optimum lateral and forward expansion angles. This study is presented in
detail in Jones et al. (2021 (a)). Initially, computational predictions were made for 53 different
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hole geometries operating over a range of 5 coolant jet to mainstream velocity ratios, resulting in
265 geometry and operating conditions simulated. The film cooling holes had rounded inlets and
a range of lateral and forward expansion angles from 1° to 18°. The nomenclature used to define
the expansion angles used for each hole was Li-Lr-F, where L1 was the left-side lateral angle, Lr
was the right-side lateral angle, and F was the forward angle.

To evaluate the adiabatic effectiveness performance, the spatially averaged adiabatic
effectiveness, 754, was normalized using the ratio of the coverage width, ¢, to the pitch between
holes, P, i.e. 17s4/(t/P). Using this normalization accounts for the possibility of the use of a closer
lateral hole spacing resulting in increased adiabatic effectiveness. In order to make comparisons
in terms of equal coolant mass flow rates per unit width of the surface, the coolant velocity ratio
was also normalized with the (#/P) ratio as: VR/(t/P). As shown in Fig. 1.3, the results from this
parametric study showed that the 15-15-1 hole had the maximum adiabatic effectiveness
performance which occurred at the maximum coolant velocity ratio of VR = 1.7 that was
computed. Four hole geometries were selected for validation with experimental measurements:
3-3-1, 7-7-7, 12-12-6, and 15-15-1. The experimental results confirmed relative performance
computationally predicted for each of these hole geometries, although the computational
predictions were noticeably higher than measured values for VR >1. Note that the
experimentally measured adiabatic effectiveness for the 15-15-1 hole was 40% higher than for
the extensively studied 7-7-7 hole.

The third phase of this task was to use adjoint optimization techniques to modify film
cooling hole geometries to improve film cooling performance. This study is presented in detail
in Jones et al. (2021 (b)). The adjoint optimization was initiated with the RANS computational
simulations of the 15-15-1 hole. The adjoint gradient process modified the hole and surrounding
surface geometry with an objective function to maximize area averaged adiabatic effectiveness
downstream of the film cooling hole for a coolant jet velocity ratio of VR = 1.67 and a coolant
channel velocity ratio of VR.= 0.4. Two coolant channel orientations were used, a crossflow
feed and a co-flow feed. The hole geometries generated by these adjoint optimization processes,
the X-AOpt hole for crossflow fed and the Co-AOpt hole for co-flow fed, are shown in Fig.1.5.
Also shown in Figure 1.5 for reference are schematics for the 7-7-7 SI and the 15-15-1 RI holes
where “SI” refers to a sharp inlet and “RI” refers to a rounded inlet. The internal geometry for
these holes remained similar to the 15-15-1 RI hole, but protrusions were developed primarily to
the external surface upstream and to the sides of the hole exit. The computationally predicted
area averaged adiabatic effectiveness for these holes, over the range x/D = 5 to 20, are shown in
Fig. 1.6. For comparison, also shown in Fig. 1.6 are experimentally measured area averaged
adiabatic effectiveness for the X-AOpt and 15-15-1 RI holes. Most noticeable in Fig. 1.6 is that
the computational predictions of 7754 are much larger than the experimental measurements for the
X-AOpt hole, but the experimental measurements for 77sa the X-AOpt hole are still larger than
that for the 15-15-1 hole, with the maximum 75 value about 30% larger for the X-AOpt hole
compared to the 15-15-1 hole. Based on these results, the X-AOpt hole was selected as the
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optimum film cooling hole geometry and was thoroughly tested as described in other tasks
completed in our experimental program.
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Figure 1.1. Schematic showing the Figure 1.2. Experimental and computational
rounding of film cooling hole inlet. adiabatic effectiveness values for varying VR and
VRC= 0.4.
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Figure 1.3. Computational predictions of the normalized spatial average
adiabatic effectiveness with varying late?al and forward expansion angles.
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Task 2 (PSU) — Printing of the AM optimized coupons at 1X scale with a combined cooling
channel supply and film-cooling hole.

The research question for this task addressed the ability to additively manufacture
specific features on engine scale film cooling holes with current AM capabilities and whether
these features improve the overall cooling effectiveness. Four cooling hole shapes were printed
involving two basic diffuser shapes with variations of fillet radii for the holes. These hole shapes
were derived and previously reported by prior optimization studies. The research results from
this task were reported by Veley, et al. (2023) and will be summarized in this section of the
report.

A summary of the holes chosen and resulting printability of the challenging film-cooling
holes is shown in Figures 2.1 and 2.2. The data in Fig. 2.2 indicate fairly good agreement
between the as-built and the design intent surfaces; however, there are deviations derived from
the AM resolution, which impacts the hole size, tolerancing on the expansion angles, and the
fillets on inlets and exits.

Figure 2.3 shows contours of the local augmentation of overall effectiveness for all four
hole shapes at three blowing ratios (M=1.5, 2, and 3). Immediately evident from Fig. 2.3 is that
the cooling uniformity for the 15-15-1 holes is more two-dimensional (more uniform coverage)
than the 9-9-3 holes. Also apparent is that the augmentation in effectiveness increases with
blowing ratios regardless of cooling hole shape. For both the 9-9-3 RI and the 9-9-3 RIE there
are noticeable variations in effectiveness between the different holes for the same geometry, as
shown in Figs. 2.3(a) and 2.3(b), which can be attributed to manufacturing variations from AM.
In all, this study showed that AM roughness features cause variations in inlet rounding, which
impacts the overall effectiveness.

In terms of printing, because the film cooling holes were printed in an orientation with
the metering axis perpendicular to the substrate, the cross-sectional areas and hydraulic
diameters of the cooling holes were slightly larger than the design intent. The holes with inlet
fillets also contained inlet roughness features that occur because of the overhang distances during
the build to create the leeward side of the hole. The results indicated that although the as-built
sharp inlet caused the highest in-hole convection, the sharp inlet resulted in more film mixing
downstream than holes with fillets at the inlet or exit of the hole. Therefore, it is important for
designers to understand how the as-built hole design impacts the cooling mechanisms which in
turn impact the overall performance of AM film cooling holes.



Design Intent As-built ———

Fig. 2.1 Cross sections of CT scanned as-built (blue) and best-fit design intent (red) of the (a) 9-
9-3 R, (b) 9-9-3 RIE, (c) 15-15-1 SI, and (d) 15-15-1 RI holes
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Fig. 2.2 Local deviations from the best-ﬁt de51gn intent of a smgle hole from each geometry: (a),
(e) 9-9-3 RI, (b), () 9-9-3 RIE, (c), (g) 15-15-1 SI, and (d), (h) 15-15-1 RI. The view of the
inlets (a)—(d) shows the dross roughness features.
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Fig. 2.3 Contours of the augmentation in cooling effectiveness at M=1.5, 2.0, and 3.0 for the (a)
9-9-3 RI, (b) 9-9-3 RIE, (¢) 15-15-1 SI, and (d) 15-15-1 RI. Black regions are the location of
surface thermocouples and were not included in averages.



Task 3 (PSU) — Testing of AM print optimized coupons at 1X scale to characterize bulk heat
transfer coefficients (h) and pressure losses (f) with co-flow, counter-flow, and cross-flow
supplies.

This task aimed to provide additional experimental pressure loss and heat transfer
measurements for a range of different channel shapes that have not been evaluated in the
literature. Additionally, this paper addresses the scaling of friction factor and Nusselt number
results with a characteristic length scale other than hydraulic diameter for polygonal-shaped
channels (Wildgoose and Thole, 2023). The follow-on work was to assess how these channel
shapes impacted the film-cooling performance (Veley, et al., 2023).

To assess the impact channel shape has on the pressure loss and convective heat transfer,
a variety of straight channel shapes were fabricated using direct metal laser sintering (DMLS).
Nine channel shapes were selected for evaluation and are specified in Table 1. The nine channel
shapes were designed to maintain the same cross-sectional perimeter and coupon length to
guarantee the same convective heat transfer surface area. The design perimeter for each channel
was chosen to match a circular diameter of 1.5 mm giving a perimeter of 4.8 mm. Each test
coupon was designed to have nine channels. The channel pitch spacing (S) was controlled such
that the fin efficiency between channels was greater than 95% to fulfill the constant surface
temperature boundary condition during heat transfer measurements. The length-to-hydraulic
diameter ratios of the channels were between 33 < L/Dp, < 54, which meets fully developed
conditions.

Results from this study include the augmentations of Nusselt number and friction factor
relative to smooth correlations shown in Figure 3.1. The ellipse, diamond, circle, hexagon, and
pentagon exhibited lower friction factor augmentation for an identical Nusselt augmentation
compared to the rectangle and triangle. Nusselt number and friction factor augmentations for all
the channel shapes are between the square and diamond shapes, signifying that roughness and
surface deformations are significant contributors to friction factor and Nusselt number
augmentation. The ellipse, hexagon, circle, diamond, and pentagon contain the same Nusselt
number augmentation as the rectangle and triangle for a lower pressure drop penalty at a given
Reynolds number. The pentagon contains the same Nusselt number augmentation as the triangle
even though the pentagon has a 21% lower friction factor at the same Reynolds numbers.
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Table 1 Geometric specifications for coupons sharing a constant perimeter (Pges =4.79 mm)

Dhas  Pan Aen  Sas Ra
Coupon Name Dy ez (prm) Ag ez ) + 107 D tes Paes Apdes Dides B Geometry aspect ratios (gm)
Circle 1590 181 1.04 1.06 1.10 143 00074 a=D, @
Hexagon 1497 168 108 1.04 113 157 0.0037 a="797.96 @a
Pentagon 1428 160 1.08 1.04 113 166 00048  a=0957.56 @
/ a
Ellipse 1340 151 105 1.05 1.09 166 00049  afb=2 @Ia
b
Diamond 1314 146 110 1.03 1.13 184 00037 afb=1
Sigiate 1283 150 107 1.09 1.17 180 00133  a=1 EI&:
Rectangle 1200 134 113 1.04 1.17 199 0.0060  afb=2 E},
a
Trapezcid 1145 132 111 107 1.10 216 ool B=038 A —
Triangle 1047 119 114 1.05 1.20 238 00114 ©=60deg Ge \
@ Circle @ Hexagon @ Pentagon
O Ellipse <> Diamond O Square

Fig. 3.1 Nusselt number and friction factor augmented by a hydraulically smooth channel for the
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different channel shapes over a range of fully turbulent Reynolds numbers
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Beyond the measurements of internal heat transfer coefficients, these channel geometries
were further explored to understand the impacts of the supply channel on the external film
cooling. As such, the 7-7-7 film cooling hole geometry was integrated into coupons with each
hole having a single supply channel with the channel shape mirroring those in Table 1. The
results from these tests are shown in in Fig. 3.2 (Veley and Thole, 2023)

Fig. 3.2(a-j) shows contours of the overall effectiveness from the experiments for all ten
channel shapes. From these contours, the circle channel feed resulted in the lowest cooling
effectiveness whereas the trapezoid and the triangle — vertex up showed the highest cooling. As
noted in Table 1 the circle also has the largest cross-sectional area while the trapezoid and
triangles have the smallest cross-sectional areas of the tested geometries. The average velocity
through each channel is inversely related to the cross-sectional area because the internal channel
Reynolds number is maintained for all of these shapes. Consequently, the circle has the lowest
average velocity through the supply channels, whereas the trapezoid and triangles have the
highest average velocity of all the channels. These variations in velocity affect the internal heat
transfer coefficient; however, the secondary flows also affect the heat transfer coefficient. The
corners of the non-circular channels have a reduction in the heat transfer from the edges of the
channel, thereby reducing the average heat transfer coefficient. The average internal heat transfer
coefficients from CFD predictions were used to calculate the fin efficiency of the walls between
the channels. Of the five shapes, the triangle — vertex up and triangle — vertex down had the
highest fin efficiencies at 0.84 and 0.85, respectively; the square had the lowest fin efficiency at
0.80. These high fin efficiencies indicate that the walls between the channels were able to
conduct the heat from the external surface to the bottom surfaces of the supply channels, which
had a major effect on the film-cooling as well.
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Fig. 3.2. Overall effectiveness contours at M = 1 and Rei,d = 14k for the (a) Circle, (b) Square,
(c) Hexagon, (d) Rectangle, (e) Pentagon, (f) Trapezoid, (g) Ellipse, (h) Triangle — Vertex Up, (i)
Diamond, and (j) Triangle — Vertex Down.

Ribs within internal channels were also found to be an important impact on the cooling as
was shown by (Veley, et al., 2024) as shown in Figure 3.3. The region averaged was —9<S/D<9
and —5<X/D<10, which is the coverage area of the center three first-row holes, and only extends
to the start of the second row of holes for the cases that have a second row. To show the area-
average trend of the baselines, ¢po was included for M=0 (no film-cooling). The individual
channels have an overall cooling effectiveness that is 80% higher than that of the single channel.
In fact, the results in Fig. 3.3 show that in order to obtain an overall effectiveness equivalent to
the baseline effectiveness on the non-ribbed individual channels without film cooling, the non-
ribbed single channel has to pass enough coolant through the cooling holes to set M=1 (¢ =
0.36). Therefore, the same effectiveness can be obtained from a supply channel with superior
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cooling performance but without film cooling as can be obtained from a supply channel with
poor internal cooling performance that has the added benefit of film cooling.
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Fig. 3.3 Area-averaged overall cooling effectiveness across several blowing ratios of the first row
of holes (—5<X/D<10) for all geometries.
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Task 4 (UT) — Wind tunnel studies with 5X coupons with and without AM roughness
simulations.

The UT low speed wind tunnel facility was modified to incorporate an internal coolant
flow channel that ran parallel to the mainstream flow with coolant velocities typical of actual
engine conditions. As described in Horner et al. (2022), this new test section has the capability
of measuring adiabatic effectiveness and overall cooling effectiveness by using two different test
surfaces. The coolant channel was operated over a range of coolant channel to mainstream
velocity ratios of VR. = 0.2 to 0.4. Measurements were made of the adiabatic effectiveness for
the X-AOpt, Co-AOpt, 15-15-1 RI, and 7-7-7 SI holes over a range of film cooling jet velocity
ratios were presented in Gutierrez et al. (2022). Results from these measurements, shown in Fig.
4.1, are presented in terms of spatially averaged adiabatic effectiveness, 7s4, for varying coolant
jet velocity ratios, VR = 0.5 to 3.4, at a channel velocity ratio of VR. = 0.2. These results show
that the adiabatic effectiveness for the X-AOpt hole is 75% larger than for the baseline 7-7-7 SI
hole and 25% larger than for the parametrically optimized 15-15-1 RI hole.

Overall cooling effectiveness measurements were made for the 15-15-1 RI and X-AOpt
holes using the 5X scale models at UT and the 1X scale models (built with metal AM) at PSU.
Results from these tests are presented in Fig. 4.2 in terms of the overall cooling effectiveness
augmentation, ql:) /o, where ¢=) is the spatially averaged overall cooling effectiveness with film
cooling and ¢ is the overall cooling effectiveness without film cooling. Consequently, the
b /¢, parameter gives an indication of the increase in overall cooling effectiveness due to the
addition of film cooling relative to overall cooling effectiveness with internal cooling alone. All
film cooling holes provided significant increases in overall cooling effectiveness, with maximum
improvement occurring with the X-AOpt holes. The 1X holes had greater relative roughness
compared to the 5X holes, but this caused increased overall cooling effectiveness, likely due to
the increased heat transfer rates in the bore of the cooling hole.

Measurements of the thermal fields above the wall for the X-AOpt and 7-7-7 SI holes are
shown in Figure 4.3 for the optimum VR and a high VR for positions of x/D = 2 and 20. Details
of these measurements are provided in Yoon et al. (2022). These thermal fields provide insight
into how the X-AOpt holes are able to provide much greater adiabatic effectiveness compared to
the baseline 7-7-7 SI holes. Immediately obvious in these contour plots is the much broader
extent of the coolant distribution for the X-AOpt holes at x/D = 2. This is due not only to a
broader exit of these holes, but also to the strong counter rotating vortices generated by the
protrusions push the center of the coolant jets towards the surface. Further downstream at x/D =
20, the dramatic improvement in adiabatic effectiveness for the X-AOpt hole is seen to be due to
the coolant remaining much closer to the surface and hence with less dispersion of the coolant.

The effects of internal rib turbulators and external TBC (thermal barrier coatings) are
presented in Horner et al. (2022). For the rib turbulator study, V-shaped ribs, with a rib height to
channel height ratio of 0.25, were placed in the internal coolant channel upstream and
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downstream of a row of 15-15-1 RI film cooling holes. These rib turbulators were designed to
provide a 3x increase in Nusselt number for the internal coolant flow. The laterally averaged
overall cooling effectiveness, ¢, for the smooth and rib turbulator walls are presented in Fig. 4.4
for film cooling cases with VR = 0.7 to 3.0, and for reference with no film cooling. As expected,
¢ increases significantly when the rib turbulators are used, with a 50% increase for the no film
cooling case. Maximum values of ¢ occurred at VR = 1.7 with values ranging from ¢ = 0.5 to
0.43 over the range from x/D = 5 to 40.

To evaluate the effects of TBC, the test plate covered with a simulated TBC which had
the same TBC/wall thickness ratio and thermal conductivity ratio as is typical for engine
conditions. Measurements of the “metal” surface temperature were made with an array of
thermocouples on the Corian surface beneath the simulated TBC, which allowed determination
of the overall cooling effectiveness with TBC. Results from these experiments are shown in Fig.
4.5 for smooth and turbulated internal coolant channels with no film cooling and with film
cooling with varying VR. With no film cooling, for the smooth wall ¢ = 0.47 while for the wall
with rib turbulators ¢ = 0.61, i.e. nominally 2x the values measured without TBC. With film
cooling, the average overall cooling effectiveness over the range x/D = 10 to 30 was ¢ = 0.62 for
the smooth wall compared to ¢p = 0.67 for the wall with rib turbulators. Although film cooling
still improves the overall cooling effectiveness when TBC is used, the percentage increase is
much smaller.
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Figure 4.1. Spatially averaged adiabatic Figure 4.2. Overall cooling augmentation
effectiveness for the X-AOpt and Co- for the X-AOpt and Co-AOpt, and 15-15-1
AOpt, 15-15-1 RI, and 7-7-7 Sl holes. Rl holes for X1 and X5 models.
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Task 5 (PSU) — Integrate optimal cooling design into the Penn State common turbine vane.

The chosen test article for this project was Penn State’s National Experimental Turbine
(NExT) vane. This integration and the results are given by Gailey, et al., 2024. The original
NEXT vane design features four pressure side rows of laidback fan shaped 7-7-7 cooling holes
fed from an internally ribbed serpentine passage as illustrated in Figure 5.1. Vane cooling was
fed from a plenum at the annulus’s outer diameter and flowed radially through the vane to the
inner diameter of the annulus. Therefore, the internal cooling flow was a 90° cross-flow to the
main gas path (MGP). Coolant was provided to the middle and trailing edge region, while the
leading edge had a separately controlled flowrate held at a constant temperature and pressure
throughout testing. The specific passage with the film-cooling holes of interest for this study
allowed for independently controlled flows, which were varied.

Schematics of the as-designed 7-7-7, 15-15-1, and X-AOpt hole configurations are shown
in Figure 5.2(a-c). For the specially designed NEXT vane, the first row (Row 1 in Figure 5.1) of
cooling holes on the pressure side were chosen to be replaced with the parametrically optimized
15-15-1 [4] and the X-AOpt adjoint optimized [5] holes. It should be noted that the second row
(Row 2 Figure 5.1) was designed to be 7-7-7 holes and remained as such for this study. The
major difference between the 15-15-1 holes and the X-AOpt holes is the addition of non-
symmetric vortex generating bumps on the external surface. These bumps were shown to reverse
the counter-rotating vortex created by the cooling hole and push the coolant down onto the

surface.

Leading Edge ® Radially Outboard

( Radially Inboard

Suction Side
Pressure Side
Build Trailing Edge
Direction

Figure 5.1. NEXT vane cartoon indicating Row 1 and Row 2 on the pressure side for evaluating
the new cooling holes. Also indicated is the build orientation for additive manufacturing.
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(a) 7-7-7 (b) 15-15-1 (c) X-AOpt

e

Figure 5.2. Views of the hole wall surface looking down the bore of each cooling hole, from the
side, and from downstream looking back towards the hole, top to bottom respectively, for the (a)
7-7-7 (b) 15-15-1 (c) X-AOpt cooling holes and (d) the modification process used.
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Task 6 (UT) — Design and testing of a serpentine channel for internal cooling integrated with the
optimum film cooling hole.

The proposed original task, which was to test the optimum film cooling hole in a
cascade facility, was modified to focus on integrating internal cooling with a serpentine channel
with the optimum film cooling geometry. Although serpentine channels are commonly used for
the internal cooling of turbine blades, there were no studies in the open literature about the
performance of film cooling holes when supplied from a serpentine channel. The flat plate wind
tunnel facility was modified to incorporate a serpentine channel, shown schematically in Fig. 6.1,
below the test surface. Computational analysis was used to design the serpentine channel with
particular attention to angled rib turbulators and the associated pressure losses and heat transfer
enhancements. This was followed by experimental verification of the performance of the
serpentine channel. Details of this study are available in Yoon et al. (2023 a), with the main
highlights presented below.

Computational predictions and experimental measurements were made for rib
turbulators with varying rib heights and angles. There were two unexpected results from these
studies: the optimum orientation angle was opposite than that typically used and enhancement of
heat transfer by rib turbulators in the serpentine channel was much less than obtained in straight
channels. Measurements and computational predictions of the pressure drop in the serpentine
channel for a smooth channel and various rib configurations are shown in Fig. 6.2. The rib
heights used in this study were e/H = 0.125 and 0.25 for the 1X and 2X ribs, respectively. The
rib orientations were + 60° relative to the flow direction. The +60° direction is what is typically
used in most turbine cooling designs because the ribs are orient to direct flow towards the inner
wall where flow separation occurs. This orientation would naturally be presumed to minimize
the separation region and reduce pressure loss. However, as Fig. 6.2 shows, our computational
and experimental results showed the -60° rib orientation had much less pressure loss than the
+60° orientation. The computational predictions showed that this occurred because the -+60° rib
orientation caused a strong rotational flow that induced high speed flow from the opposite wall
of the coolant channel towards the inner wall, thereby reducing the separation region.

The effectiveness of the rib turbulators in enhancing heat transfer was quantified by
measuring the overall cooling effectiveness with only internal cooling, $0. Experimental results
are shown in Fig. 6.3 for the serpentine channel and a coflow channel with varying coolant mass
flow rates. These results show that for the coflow channel, the rib turbulators caused as much as

a 50% increase in ¢=)0, but for the serpentine channel, there was essentially no enhancement in
heat transfer with the rib turbulators. We attribute the lack of increase in overall cooling
effectiveness for the serpentine channel with rib turbulators to the very high turbulence levels
caused by the U-bends in the serpentine channel, which would greatly increase heat transfer for
the smooth wall case.
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Film cooling experiments were conducted with the serpentine channel using the X-AOpt
holes and 7-7-7 SI holes. Details from this study are presented in Yoon et al. (2023 b). Adiabatic
effectiveness was measured for a range of VR = 0.4 to 2.5 with a channel velocity ratio of VR. =
0.4 with results presented in terms of spatially averaged adiabatic effectiveness, 1, in Fig. 6.4.
For comparison, also presented in Fig. 6.4 are 17 values for the X-AOpt and 7-7-7 SI holes fed
with co-flow and counter-flow channels. As shown in this figure, the performance of the X-AOpt
hole was significantly affected by the coolant channel configuration, with the maximum 7 values
for co-flow and counter-flow channels being about 20% larger than the serpentine channel.
However, for VR < 1, the performance was essentially the same for all three channels. Note that
the adiabatic effectiveness for the X-AOpt holes were still significantly larger than the 7-7-7 SI
holes for VR > 1 for all channels. Measurements of the spatially averaged overall cooling

effectiveness, 5, for the X-AOpt and 7-7-7 SI holes fed with the serpentine channel are presented
in Fig. 6.5. The maximum overall cooling effective for the X-AOpt holes was 5 ~ 0.55 which
was substantially larger than the gl:) ~ 0.4 value for the 7-7-7 SI holes.

— 2500
2250
2000

—8— Exp. Smooth

—#—Exp. -60deg rib 1x
—&—Exp. -60deg rib 2x
1750 4 Exp. +60deg rib 2x
1500 = CFD-60 deg rib 1x

(IIIIIII»

\

\&\
\_\

1250 | | == CFD+60deg rib 1x e
AP 1000 —s CFD -60 deg rib 2x
(Pa) 750 CFD +60deg rib 2x
ey 1

500
250

"
0 10000 20000 30000 40000
Re

AN NNANAN
ANNANAN

Figure 6.2. Total pressure drop along serpentine
channel with varying internal flow Re and varying

Figure 6.1. Schematic of serpentine rib configurations. Experimental and
channel Configuration with -60 ° ribs Computational results shown.

0.45

040 |

035

0.30 [

=025 [

020

0.15 [
0.10 |
——Serpentine (X-AOpt) -#-Serpentine (7-7-7 SI)
()Igg H —Coflow (X-AOpt) -m-Coflow (7-7:78I) |
igure-6.4.Spatialbyavesagedadiabatic

O'g%f)ectiveﬂesa‘.ﬁor the X-A@ptand 747 35
holes with different channel feeds.

21



0.60

0.55
0.50 |
045 |
o040 f A
(7) 035 |
030 | b fputiutus S Sy g S
0.25 |
o0 | -6-X-AOpt, VR¢ = 0.4
--X-AOpt, VRc = 0.6
015 1 ——7-7-7SI, VRc = 0.6
010 F - - ~No film cooling, VRc = 0.6
0.05 - - =No film cooling, VRc = 0.4
0.00 . n n n i
0.6 00 05 10 15 20 25 30 35 40
05 VR

0.50

::Fj:g ire 6.5. Overall cooling effectivenegs with

5 @nd-without film(ggoling@r X-AOE)t and 7-7-7
0

[ ®
”E)lgas fed ﬁy a serpenting channél with varying
2D @

(MRC’. [ ] O Serpentine smooth
0.15 f © Serpentine -60° ribs
0.10 @ Coflow smooth
0.05 ¢ Coflow Vribs
0.00 A s L
0.0 5.0 10.0 15.0 20.0 25.0 30.0

Me [¢5] @holey Task 7 (PSU) — Testing of 1X common turbine

Figure 6.3. Overall cooling effectiveness vane with optimized cooling at simulated
with no film cooling for serpentine and co- engine operating conditions.

flow coolant channels.
Understanding how deviations from the design

intent alter the cooling performance is critical when scaling specific cooling features to an actual
turbine component. At engine scales, cooling flows can behave differently than large scale
testing due to differences in how the coolant is supplied to a specific region and because of
realistic manufacturing variabilities (Gailey, et al. 2024). This task was to evaluate the film-
cooling technologies discussed throughout this report into true-scale AM coupon testing to the
integration into an aero-engine vane doublet manufactured using AM. The integration of these
cooling holes were discussed in Task 5.

The internal passage that supplied the cooling holes of interest was also modified from the
baseline NExT design, which included exclusively discrete V-shaped ribs. Instead, for this study
the ribbed section was split into an as-designed region of discrete V-shaped ribs and a modified
region of no ribs (smooth) and discrete angled ribs, as shown in Figure 7.1. The hole groups are
defined as follows: 1) 15-15-1 supplied by a ribbed channel (15-15-1-R), ii) X-AOpt supplied by
a smooth channel (X-AOpt-S), iii) 15-15-1 supplied by a smooth channel (15-15-1-S), and iv) 7-
7-7 supplied by a ribbed channel (7-7-7-R). The integration of these modifications and their
relative locations is represented by the illustration in Figure 7.1, with the first row of cooling
holes having four 15-15-1-R, six X-AOpt-S, and then four 15-15-1-S holes progressing from
outer span to inner span. Row 2 also consisted of fourteen 7-7-7-R holes radially offset to be
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centered between internally adjacent ribs. For this paper, the Row 2 7-7-7-R cooling holes were
divided into respective quantities of four, six, and four to match the relative radial locations of
the upstream Row 1 hole groups, and are labeled as group 1 (7-7-7-R1), group 2 (7-7-7-R2), and
group 3 (7-7-7-R3).

In terms of the best performance, it can be seen in Figure 7.2(a) that the overall effectiveness
measurements from the 1X coupon are the same between hole types, while the adiabatic
effectiveness for the X-AOpt holes outperforms the 15-15-1 holes for the 5X tests across the
streamwise range of X/D= -3 to 4. Gutierrez et al. (2023) did show significant cooling benefits of
their X-AOpt hole using their 5X model, which was in part because of the high adiabatic
effectiveness levels measured further downstream of their injection location. By including the
additional streamwise distance, their results indicated that the X-AOpt hole outperformed the
others. In contrast, the 1X and vane results, when focused on the near-hole region, are highly
affected by the convective hole cooling. Because the X-AOpt was optimized from the 15-15-1
hole, the upstream metered section and initial diffuser shape provided similar cooling
contributions within the 1X coupon experiment which lead to the same ¢ between the holes. This
result demonstrates the importance of using the correct material to capture convective effects
from the hole cooling and any protrusions into the MGP.

Cooling Flow

7-7-7-R3

Leading
Edge

Trailing
Edge

Figure 7.1 The modified NExT vane with integrated cooling holes.
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Task 8 (UT) - Optimized film cooling configuration designed to operate at engine realistic Mach
numbers.

Recent studies have shown that design and testing of shaped film cooling holes should be
done with realistic Mach numbers. To evaluate the Mach number effects on the performance of
the X-AOpt hole, engine scale test coupons were 3D printed and tested in a new transonic test
facility at UT. Computational predictions were also done to investigate how compressible effects
alter the performance of shaped film cooling holes. Details of these studies were published in
Fox et al. (2023(a) and 2023(b)).

The transonic wind tunnel facility used for this task, shown schematically in Fig. 8.1, has
one test section which incorporates a flat plate coupon in which different film cooling hole
geometries can be tested. Experiments were conducted with mainstream Mach numbers of Ma..
=0.25 and 0.5 with a range of blowing ratios of M = 0.5 to 3 using the X-AOpt holes and, for
reference, the 7-7-7 SI holes. For these tests the coolant to mainstream stagnation temperature
ratio was maintained at 77° = 0.83, i. e. the equivalent of a density ratio of DR = 1.2. Results
from these experiments are shown in Figure 8.2 in terms of spatially averaged adiabatic
effectiveness, 1), over the range of x/D = 5 to 20. For M < 1, 1 values for both hole geometries
were the same for Ma. = 0.25 and 0.50, but for M > 2, the performance with Ma., = 0.50 was
significantly degraded compared to the performance with Ma = 0.25. The 7-7-7 SI holes had a
40% decrease in 17 values while the X-AOpt holes had a 25% decrease. Also shown in Fig. 8.2
are the results from a computational study by Oliver et al. (2019) in which large eddy simulations
(LES) were used to predict the film cooling performance of 7-7-7 SI holes when mainstream
Mach numbers varied from Ma.. = 0.25 and 0.5. The blowing ratio used in these simulations was
M = 2.0, and Fig. 4.2 shows that predicted performance was essentially the same as measured
values. Contour plots of adiabatic effectiveness presented in Fig. 8.3 for M =1 and 2 and Ma =
0.25 and 0.50 show that for M = 2 and Ma. = 0.50, the coolant exiting the holes is highly skewed
to one side of the hole, resulting in significantly decreased coverage downstream of the hole.
This skewness at Ma. = 0.50 was also predicted computationally.

Computational predictions of high Mach number effects on film cooling were done using
RANS simulations. Details of this study are presented in Fox et al. (2023(b)). Validation of
these RANS predictions was done by making comparisons with the high fidelity LES predictions
by Oliver et al. (2019). Fig. 8.4 shows a comparison of the LES and RANS predictions of the
Mach number distributions within a 7-7-7 SI film cooling hole for M =2 and Ma«. = 0.25 and
0.5. Although there are noticeable differences between the RANS and LES predictions, the
essential elements are the same, including the acceleration to sonic velocity in the throat of the
hole near the inlet and a significant separation region in downstream section of the diffuser. One
of the important insights from the computational predictions was the recognition that, at high
Mach number, there is a significant variation of coolant density across the exit area of a shaped
film cooling hole. This is shown in Fig. 8.5 for a constant blowing ratio of M = 1.75 with
varying mainstream Mach numbers from Ma = 0.15 to 0.75. For Ma = 0.15, 0.25, and 0.5, the
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density ratio of the coolant relative to the mainstream is nominally 1.2 across the exit area.
However, for Ma = 0.75, the coolant density ratio varies from DR = 1.0 to 1.35. Consequently,
the coolant cannot be characterized in terms of a single density ratio, and interaction with the
mainstream is altered compared to the uniform density ratio that occurs at lower Mach numbers.

Computational predictions were also used to predict the effects of varying coolant to
mainstream stagnation temperature ratios of 7° = 0.83 and 0.50. Fig. 8.6 shows the distribution
of spatially averaged film cooling effectiveness, 7,., for the 7-7-7 SI holes scaled with blowing
ratio, M, and the coolant to mainstream pressure ratio, P, for Ma. = 0.75. Two important
observations evident from this study for film cooling with high mainstream Mach numbers were:
a. film effectiveness for vary coolant temperatures scales with P rather than M, and film
effectiveness is noticeably higher with lower coolant temperatures.

Figure 8.1. Schematic of the transonic wind tunnel facility.
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Task 9 (UT) - Experimental testing of multi-row film cooling configurations simulating the
NEXT turbine vane.

For this task, the interaction between multiple rows of film cooling holes was studied to
determine how film cooling performance was affected by closely spaced film cooling holes.
Details of this task were published in Ellinger et al. (2024(a) and 2024(b)). The film cooling

hole configurations tested included Table 9.1. Multirow film cooling configurations with test

configurations used on the NExT data generated.
turbine vane that was tested in the Row 1 Hole | Row 2 Hole | Row 3 Hole
. Geometry 1 test | P test
PSU START facility (see Task 7). Geometry | Geometry | Geometry
One objective of this study was to A2 - 7-7-781 7-7-781 \
provide insight into the expected A3 | 90degcomp | o 77751 N J
performance of the film cooling of cylindrical
B2 - X-AOpt 7-7-7 SI v

the NEXT turbine vane. Six
multirow film cooling configurations B3 92;1151‘%(1;‘;‘3“11’ X-AOpt 7.7-7 SI N N
were tested as listed Table 9.1.

Configuration B2 simulated two
rows of holes on the pressure side of C3

C2 - X-AOpt X-Aopt N

90 deg comp

o X-AOpt X-Aopt /
cylindrical P P A

the NExT vane, with the upstream

row having X-AOpt holes and the downstream row having 7-7-7 SI holes. Configuration B3
simulated a row of showerhead holes, with 90° compound angle, cylindrical holes. A schematic
of the B3 configuration is shown in Figure 9.1. Experiments were conducted using the
serpentine channel model for internal cooling. This was similar to the configuration used on the
NEXT vane model.

Samples of the measured adiabatic effectiveness distributions are presented in Fig. 9.2 for
the A2, B2, and C2 configurations at high velocity ratios of nominally ¥R =2.5. The B2
configuration had higher 7 levels than the A2 configuration in the near hole area, but
effectiveness levels were similar farther downstream. The C2 configuration had noticeably
higher adiabatic effectiveness levels throughout. The laterally averaged adiabatic effectiveness
values for these configurations are presented in Fig. 9.3 for nominal velocity ratios of VR =1.3
and 2.5. Also presented in Fig. 9.3 are film cooling performance levels predicted using the
Sellers’ superposition model. The superposition model predicts performance of multiple rows of
film cooling holes based on the measured performance of a single row of holes. Many studies in
the literature have shown that the Seller’s superposition model provides reasonably accurate
predictions for most multirow film cooling configurations. As shown in Fig. 9.3, the
superposition model corresponded reasonably well for the A2 configuration, but significantly
overpredicted performance for the B2 and C2 configurations. The A2 configuration had two
rows of conventional 7-7-7 SI film cooling holes, so reasonable predictions of performance with
the superposition model is expected. The overprediction of adiabatic effectiveness for the B2
and C2 configurations can be attributed to the effects on the external vortices generated by the X-
AOpt holes by the downstream film cooling holes. These vortices are aligned so that they cause
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a downflow on the coolant jet as it exits the hole. However, these vortices were not
appropriately position to have this effect on the downstream holes which were staggered with
respect to the upstream holes. Consequently, the predicted enhanced performance for the X-
AOpt holes did not occur. These results indicate that the performance of the multirow
configuration used on the NEXT vane, consisting of X-AOpt holes followed by 7-7-7 SI holes,
would not show an increased performance relative to that for multiple rows of 7-7-7 SI holes.

90° comp.
angle cyl.
Holes [Row 1)

¥-A0pt holes
(Row 2)

7-7-7 Sl holes
(Row 3)

e

Direction of
Mainstream
Flow

Figure 9.1. Schematic of the B3 coupon used for multirow film cooling testing.
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