Internal and External Cooling
Technologies for Brayton Cycles
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Gas Turbine Cooling Technologies Improve N=|NaroNaL
Performance Regardless of Fuel Used TLJRcRRrR
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Cooling Benetfits Are Significant N=|Hanona
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Cooling technologies are a viable pathway to more efficient H2 Turbines

AT, for a Constant Driving Temperature, T¢ Sensitivity Study of H-Class NGCC
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Adapted from: Uysal, S. C., 2020, “Analysis of Gas Turbine Cooling Technologies for
SOTA: Higher Natural Gas Combined Cycle Efficiency,” AIAA Propulsion and Energy 2020
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Film Cooling Internal Cooling Indirect Cycles Direct Cycles
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AM Airfoil Cooling — courtesy of ORNL & RCBI  JAM Plate Pin-Fin Prototypes — courtesy of ORNL
(Increase TrIT by 100C for 5-10MW GT’s) (recuperator 40% lighter than PCHE)

P =10 bar (1 MPa)
T=1200C

P = 240 bar (24 Mpa)
T=500C
CO2 Flow: 3 Ib/s
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Presentation Scope
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Internal Cooling

Phase 1: Increase turbine inlet temperature by
100 °C for small GT-CHP systems

* Advanced materials + Additive
manufacturing + Advanced cooling
designs

Phase 2: Demonstrate cooling technology at
more realistic conditions utilizing a state-of-
the-art blade design
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External Cooling

* New Film Cooling Concepts
« Downstream vortex generators?3
» Conftrols counter-rotating vortices

film-cooling hole
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2-3% point improvement in cycle efficiency
Sensitivity Study of 5-10 MW Turbine o

(no film cooling) L%
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Adapted from: Uysal, et al., 2021 Using baseline engine model to define overall cooling
. effectiveness targets
For 1., What is the current state-of-the-art? _ Ty —Twext
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Design, 3D Printing, and Experimental Cooling  [N=|hanona
Design Screening Tests TLJSSRRISR"

Symmetric (NACA-0024) metal airfoils/laser powder bed fusion/vertical build

Experimental Setup 1) Blade (baseline) 2) Vane Osellne)

Hot

lgas 650K
110 m/s
1 atm

~ Hot gas flow
conditioning

3) NETL Double Wall ~ 4) Incremental
Impingement

- Test section

IR window

Gas Exit

Si—— P /
Isometric Windows for IR imaging External Surface
Removed in CAD
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1) Blade (baseline) 2) Vane (baseline) HLP=1.0 | [HLP =20

Leading Trailing Leading Trailing
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What's Nexte N=[MTIoNAL
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Add value, increase TRL, and get industry “buy-in”?

« Evaluate ‘best’ advanced (and baseline) cooling designs in high-speed cascade
test rig at Penn State University
» Chord Reynold’s Number >1,000,000
« Use NEXT airfoil profile

Connection
to piping

Replaceable ¢
T=383K [230F] turntable for ==
P=105 kPa [15 psia] 5-hole probe

traverse L R& S J  FY 000 | =oe.,
T=297K [75F] Back-pressure —_——
P=101 kPa [14 psia] valve —— —_— e — I
m=0-5.5 kg/s [0-12 Ibm/s] e — FZl e e ~
> PIV/IR window ¢@5#) - )
(o) Bypass T=383K [230F] (exit) [
valve P=296 kPa [43 psia](?:)
PIV/IR window
T=394K [250F] Flow
P=482.5 kPa [70 psia] Conditioning B =)
R @ Cascade ~=———" Customizable
v 7y @ guide walls
Control T=383 K [230F]

L

Replaceable test blade
assembly

Compressor valve P=441 kPa [64 psia] g N
Cooling
System

% U.S. DEPARTMENT OF

¥/ ENERGY




How 1o measure adiabatic film effectiveness in

a conjugate environment?
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Experimental Constants

Independent Variables

Parameter Design Value Parameter Design Value
Cooling hole diameter, D 3.2mm Blowing Ratio (p.V;/p,V,) BR=0.75 & BR=1.00
Cooling hole pitch, (p/D) 3 Coolant channel velocity, 10 -- 40 m/s
Cooling hole length (L/D) 6 Vi

. cnt
Nur.nber of cooling holes S Reynold’s number, D, 7,300 - 29,300
Mainstream gas temperature 650K (Rep. = p.V.p:Dy/ 1)
Mainstream velocity, vV, 110 m/s €D = PcVchiZn/ M

Mach Number - coolant <0.12

Mach Number - hot gas 0.22 channel
R Id’ ber, D, 6,180 .

(;y;‘;) /; ';"m ef VR at film hole Inlet 0.25-1.03 (BR=0.75)
Vg g = IV .19-0.77 (BR=1.
Mainstream Tu <2% (VR; = Veni/V)) 8 ]9 8;7 ( 0

Approach BL thickness, (6/D) 1.1 (at LE of hole) V.Rch (Veni/Vg) : T

0.99 (x = -10D) Film mass fraction (rins/7in.;) 19 — 4% (BR=0.75)
Temperature Ratio, (T,/T,) 1.88 25 - 6% (BR=1.00)
Coolant channel hydraulic 12.1 mm

diameter, D,
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Experimental Approach — Perpendicular Crossflow
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FEA BCs and Regression analysis - film effectiveness and HTC

Gritsch et al., ASME 98-GT-28
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Heat Transfer Coefficients (with film cooling)  [N=]vrow
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raub, D. L., Weber, J. M., Roy, A., Lee, C.-S., and Shih, T. I.-P., 2023, “Effects Of Downstream Vortex Generators On Film
low,"” ASME Paper GT2023-102498.




Film Effectiveness In a Conjugate Flat Plate
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BR=0.75 - similar film effectiveness; BR=1.0 > DVGs slight improvement LABORATORY
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Internal and external cooling fechnologies N=|NATONAL
are pathway to higher efficiency! TLJSSRRISR"

« Befter cooling = percentage pt improvements in efficiency

 Internal cooling
« Important for small (and large) GT turbine applications
« Based on preliminary testing, NETL double-wall design looks promising
« Plan to scale design to more realistic airfoil and more realistic Re and Ma

« External ‘film’ cooling

« Goal: 7y > 0.4 forx/d > 10

. !r\le}r/\/_me’rhod for measuring local HTC's and adiabatic fiim effectiveness in a conjugate
estrig

« At some conditions, downstream VG film cooling concept looks promising

« Coolant in crossflow configuration is important effect

« Cylindrical holes perform better;
« Other hole designs experience performance degradation
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VISIT US AT:

Contact: douglas.straub@netl.doe.gov




