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Overview of presentation

* Review compressible
effects on film cooling

* Transonic Wind Tunnel
Facility

* Experimental Methodology
* Results
* Conclusions
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Background — Computational Studies show significant changes in the
internal flow in film cooling holes with increasing Mach numbers.

LES predictions Ma
M = 2.00
— — 1.8

Red = 5,500

Flow separation 0.6

Supersonic flow

From Oliver et al. (2019)
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Objectives of the study

* Characterize the dependence of film 7-7-7 S1
cooling performance on mainstream

Mach number, Ma,,, for shaped
holes.

 Compare the cooling performance for
an adjoint optimized hole geometry
(AOpt) developed in previous studies
at TTCRL! with a baseline 7-7-7 SI
hole?.

Jones et al. (2021)
2Schroeder and Thole (2021)
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Establishing metric for film effectiveness for compressible flows:
four definitions of adiabatic effectiveness were compared

Stagnation Definition
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The choice of definition has a clear impact on the interpretation
of the film cooling flow

T°=083,M =175 Ma, = 0.75

* The stagnation definition
shows non-zero values
outside the film cooling
jet

* The displayed jet profile
varies among the three
remaining definitions,
with n4 and n" being the
most similar.
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For high Mach numbers, the definition of coolant density ratio is

unclear

* Incompressible film cooling flows
observe relatively constant hole exit
density, where the density ratio is usually
defined

* For incompressible flows, density ratio is
analogous to temperature ratio by the
ideal gas law, as the hole exit pressure is
equivalent to the mainstream pressure.

* These conventions are clearly inaccurate
for high-speed flows. Stagnation
temperature ratio should be used as an
analog to density ratio.
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Local hole exit plane density ratio of coolant to
mainstream gas from RANS simulations



Measurement Range and Test

Conditions * Measurement Area:
* Center 4 film cooling holes with P/D = 5.5

 x/D=5to20
 2z/D=-11to 11

Ma,, 0.25 0.50
T3 307 K 315K
e 256 K 263 K
10 /T 0.83 0.83
Rey 6,000 11,000
M 0.61 —2.9 0.54-2.9
P 1.02-1.54 1.05 - 1.86
/s WM




Test coupon fabrication using stereolithography (SLA) printer.

7-7-7 Hole Outlet AOpt Hole Outlet
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Engine scale holes were constructed with good precision.
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Experimental measurement of adiabatic effectiveness, 1,., for
mainstream Mach numbers of 0.25 and 0.50 for 7-7-7 and AOpt holes

. r/d=5—20
h | + Al'}ptl_ Ma,, — 0.25, IExp
.. (.45 = B = AQpt, Ma, = 0.50, Exp
* Similar performance for M < 1 for all Ma —— 7-7-7 S, Ma,, = 0.25, Exp
04 ¢ - @ =7-7-7 51, Ma,, = 0.50, Exp |
L - ] ® 0.25, LES
* For M > 1, significant 77,- degradation occurs 0.35 o 0.50, LES|
between Ma,, = 0.25 and 0.50. 0
* Peak performance of the AOpt hole drops by |
20%. =5 0.25 |
* The 7-7-7 hole’s performance experiences a 0.2 -
steep decline for Ma,, = 0.50 which does not
occur for Ma,, = 0.25. 0.15 |
* Adiabatic Effectiveness values predicted with 0.1}
LES computational simulations with the 7-7-7 —_—
SI holes matched well with experimental
0 '
values. 0 0.5 1 1.5 2 2.5 } 3.5 1 4.5

LES study by Oliver et al. (2019) study

T /CL " was conducted at 7° = 0.67 %%%M
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Contours of adiabatic effectiveness, n,., for the 7-7-7 holes with
mainstream Mach numbers of 0.25 and 0.50.

* Similar n,. distributions at
M < 1 at both Ma,

e For M = 2,Ma, = 0.25:
Uniform coolant coverage.

e For M = 2,Ma, = 0.50:
Jet profile narrows and biases
toward bottom of hole. The results
in significantly reduced laterally
average film effectiveness.
This skewness of the coolant jets at
higher Mach number was also seen
in the LES computational
predictions
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Contours of adiabatic effectiveness, n,., for the AOpt holes with
mainstream Mach numbers of 0.25 and 0.50.

e Ma,, = 0.25 features a broader
distribution of coolant.

* Likely results from the apparent
broader coolant distribution at hole
exit.

* The reduced coolant spread at hole exit
for Ma,, = 0.50 causes the significant
decline in performance.

1.0
0.9
0.8
0.7
0.6

0.5

0.4

0.3

» Severity of jet biasing increases with
Ma,, at constant M

* Observed unsteadiness of jet biasing
over large time scale.
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Conclusions

* There is a significant decrease in the maximum 77,- as Ma., increases for
shaped film cooling holes at M > 1.

* Findings show that compressible effects are an important consideration
in shaped hole film cooling studies.

* The AOpt geometry consistently outperforms the baseline 7-7-7 hole at
M > 1 when comparing data at the same Ma,,.

* Future work will evaluate a broader scope of flow conditions and higher
Ma,,.
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This presentation will cover the impact of the feed channel shape and provide
results from three holes integrated into the NEXT vane

Coolant Supply Channel
Shapes Effects on Film Cooling

Turbulence and Turbine Cooling, ch Laboratory
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Comparison of Different Hole
Shapes in the NExT Vane
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Ten different channel shapes with a constant perimeter were used to feed
individual 7-7-7 holes

D,,, =0.762 mm

(0.03”)
Circle /4 Hexagon }/ Pentagon / _ Ellipse Diamond y. /
O ' ) 4
> ) Triangle Triangle <~
Rectangle Trapezoid Vertex Up g Vertex Down
[l - A v

7}”7CRL The perimeter was maintained between different channel shapes (p = 4.79 mm) &“EE
fubulenc i Trbine Coline Resereh Liboratey 16 s 3 E
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60° Channels

Il 90° Channels
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The area-weighted average roughness for these shaped channels built at 60°

within the measurement uncertainty of those built at 90°
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Of the designs tested the Circle had the lowest ¢ and the Trapezoid and Triangle
— Vertex Up had the highest ¢

0 02 04 06 08 1 M=1
[ —m ¢ Re, , = 14k

Circle / Hexagon > Pentafy Ellipse

g

Diamond

Triangle
Vertex Up ./

Triangle P

Vertex Down / S
v




The Trapezoid and Triangle — Up have the highest overall effectiveness of all the

channel shapes across the tested range of blowing ratios R 14k
€id=
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Shapes that result in higher velocities near the bottom of the hole have relatively

higher overall effectiveness
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Triangle — Up has a surface exposed to cooler fluid in the supply with film-cooling flows
that favor the bottom wall of the hole both leading to better overall effectiveness

Computational
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15-15-1

The NEXT vane was used to compare four different cooling hole designs

Adjoint Opt X-AOpt

Cooling feed
for single passage

Y

[Jonesetal., 2021]

[Jonesetal., 2021] —
.. | \ 1 S N
777 YRibbed PONN
15-15-1 zi:;fgf
Non-Ribbed ' o &
TS
X-AOPt o "3\ Ribbed
N |\n-Ribbed Lo 777
15-15-1 ' ¢ %%
v :.. “-\! ..?’ :
[Adapted from Schroeder et al., 2014]
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The non-ribbed 15-15-1 cooling hole showed the highest increase in overall
cooling effectiveness with respect to upstream conditions

Adjoint Opt X-AOpt
Vs
H

= Ribbed 15-15-1 = Non-ribbed X-AOpt = Non-ribbed 15-15-1 = Ribbed 7-7-7
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Except for the 777 hole, all cooling holes showed an area-averaged improvement
to overall effectiveness with the 15-15-1 having the highest

Averaged Regions
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Area averaged effectiveness values show the group of 7-7-7 holes underperform
when compared to the upstream 15-15-1 holes at similar spans

= Ribbed 15-15-1 = Non-ribbed X-AOpt
= Non-ribbed 15-15-1 = Ribbed 7-7-7
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The shape of the feed channel affects the flow through the cooling holes and
consequently the film cooling performance
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The experimental results showed that the overall cooling effectiveness was
dependent upon the feed channel geometry

b L)
The secondary flow structures through the channel can cause the flow
through the holes to attach to different sides of the diffuser

Triangle

Vertexv Down @@f :@

Film-cooling holes were integrated into the NEXT vane to compare
performance showing good cooling from the 15-15-1 hole
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