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Perspective

e Jet-A vs Hydrogen vs Methane relative maximum laminar flame speeds

o H,: 285 cm/s; CH,: 38 cm/s; Jet-A: 92 cm/s
o Flashback risk for Jet-A > than for natural gas

v’ Aero applications less tolerance for risk (avoid lean premixed strategies)
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Jet-A: 92 cm/s;

& Jet A-(470 K)-[4]
O 5-8-(470 K)-[4]
* Jet A1-(470 K)-Present

Aachen model-(470 K)-[4]
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Chong and Hochgreb (2011). Measurements of laminar
flame speeds of liquid fuels: Jet A-1, diesel, palm methyl
esters, and blends using particle image velocimetry, Proc of
Combustion Institute, Vol 33, 979-986.
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Prior/Current Work o
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Prior Work

 Aeroengine Context*
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Figure 12 CFD assessment strategy. From ref. [2]

Pilots nozzles are reduced or off.
|
Turh_ine Vane

At high power, adjacent nozzles become dominant.
Combustor runs lean. Core effects are diminished

Woodward

* C.M. Lee, C. Chang, S. Kramer, and J. Herbon (2013). NASA project develops next generation low-emissions combustor technologies, Paper AIAA-2013-0540
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 Aeroengine Context*
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Prior Work

 Aeroengine Context: NOx “Entitlement”
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Collins Aerospace
Proprietary

Adiabatic Flame Temperature (Jet A) vs NOx Emissions
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1953-1961.
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* Industrial Engine Entitlement
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Prior Work

* Industrial Engine Entitlement

NOx (ppmvd @15% O,)
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Prior Work

* Industrial Engine Entitlement
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Objectives

* The proposed work will

o 1) adapt advanced LDl liquid fuel injectors designed by Collins Aerospace for aero engines to
accommodate injection of hydrogen/hydrogen natural gas blends and screen

o 2) demonstrate their operation using experiments from laboratory scale model combustor
configurations at elevated pressures and temperatures UC Irvine, and

o 3) develop a design for test hardware that can be demonstrated at engine conditions in a test rig
demonstration at Solar Turbines.

_Prpprietary
N\
)
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Technical Approach . Collins

Aerospace

e Team LEGEND
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Schedule and Budget

Project Timeline

Task 8/10/21 12710421 31022 610422 a/10s22

12710622

310423

6/10/23

910423

12710423

3/10/24

610724

1--Project
Management

2—Test Plan
Development (All)

3—Hardware Ly V/
Development (CA) —‘

Design
only

4--Simulation
Support (CA/UCT) A

5—UCI 1 atm Tests v
(UCh

4——+Iv|

6—UCI 10 atm
Tests (UCI)

7—UCI Array Test

8—Design for Solar
Test Rig (CA/Solar)

(UCI/ALL

9—Reporting * * * * *

Milestones --Quarterly Reports
--Test Plan Report --Final Report
--UCT Test Report—1 atm

--UCT Test Report—10 atm

--Solar Design Report—Included in Final Report
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Experimental methodology — CFD and Manufacturing

* Design of Experiments to establish the geometry variations

e Computational Fluid Dynamics to size air and fuel circuits
o Effective area targets: 0.145in? air, 0.0055in? fuel = expected 5-15% decrease for rough surface finish

Dome Panel

* Additive manufacturing: Inconel 625

Mounting arms llins Aerospace

Collins Aerospace

Outer-air
Fuel swirler
Inner-air
Cooling
holes
151 l_lnitéd Stam;
oz Patent Application Publication (s Peb. No: US 2019/0309948 A1
Prochw et al, a1 Pulbs, Duie: e, 10, 2009
(54 FURL PSIRGTOMS FOS TURROM o TINES 4n UKL
(R FLIE W3R (M0, FRE s
T —— (711 Apptc: b, fo.. W T i, L4 CRIOT | PRI A (L
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Injectors

e As tested Collins injectors/

mounting plates
o 13 for pure B-B design

o 3 for correlation validation

© UCI Combustion Laboratory 2023

Collins Aerospace

Outer-air

Fuel swirler

Inner-air

Cooling
holes

Splits
o

Fuel Swirl

Box-Behnken

(Depicted for 3-Factors)
13 Experiments Min.

1




Experimental methodology — Experiment

 13+3 injectors, with 3 different mounting plates

6 kW Convectronics electric heater

e 6in-long stainless steel airbox

e 2x type K thermocouples

e Tek Bar 3120B pressure transducer

* 3x Brooks 5000i Series Mass Flow Controllers
e Quartz tube combustor

* Horiba PG 350 gas analyzer (0.4 L/min)
 Nikon D90

 FB-N9-U Dynacolor

e Phantomv7.1

T —
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Experimental methodology — Emissions

* Horiba PG 350 gas analyzer (0.4 L/min)

o Exhaust well mixed in the radial at the exit (within 0.5 ppmvd)
o Actual exhaust concentration represented by the centerline

e Emissions for gas turbines: corrected to 15% O,

* Bias when reporting H, vs CH, on a ppmvd basis
o =9 EPA Method 19: ppmvd - ng/J

B 26854(3.64H +1.53C+ 0.575+ 0.14N — 0.460)
k Q,r

20.9
Sm — Sm,raka 20 9 _ %02

n
Fiotar = EXka
k=1
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Experimental methodology — Uncertainty

* Pressure transducers: +0.0075% full scale (145 psi, 5 psi)
 Brooks MFC: +1% full scale

* Heater controller: +2% of reading

e Temperature controller: +0.25% of reading

e @Gas analyzer: +0.25% full scale (500 ppm CO, 50 ppm NO, 50 ppm NOXx)

e Kline and McClintock accumulated uncertainty, partial derivatives of independent

variables:
> Air effective area:
> Fuel effective area:
> Equivalence ratio at LBO:
> Emissions:

I —
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0.02%
3.91%
6.68%
11.1%
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Experimental methodology — Flame diagnostics

e OH* chemiluminescence (as a flame marker)
o Monochrome Dynacolor FB-N9-U — Sony CMOS sensor
o Exposure time: 0.9999 s
o Gain: 6dB

e MATLAB code to extract imaging responses
o Average and Maximum brightness

Low air swirl

o Flame area and Heat release area X: LE
(intensities >90% of max.) + COG

o Center of gravity (COG) and
Leading edge (LE) of heat release area

High air swirl
X: LE
+: COG

A

— 21/35
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Test Plan

 LBO and EA: 15-point matrix for each injector: 12 from Box-Behnken + 3 repeats

A — Air Split

B — Fuel Swirl -1 0 1
C — Air Swirl (inner) -1 0 1
D — Preheat Temperature [K] 465 573 675
E — Pressure Drop [%] 2 4 6
F — Fuel composition [% H,] (by vol) 0 50 100

Outer-air

e 13 + 3 injectors

Fuel swirler

 Emissions: B-B 27 pt. (AFT > 1500K)
+ 16 Low Temp Matrix (AFT <1500 K)
- >600 test pts.

Inner-air

Cooling
holes

)20
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Outline

e Results/Conclusions
* Next Steps
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Results

o Effective Areas
e QOperability
 Emissions
 Imaging

e Optimization
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Results and discussion — Effective areas

e
e Air circuit

o Average: 0.1492 in2 Injector

o Std.dev.: 2.15% number

e Fuel circuit
o Average: 0.0058 in2
o Std.dev.: 12.82 %

Air effective area (in2)

0.15

-0.5 0 0.5

1 L s el o U.U%S gts
0 0.1429 0.0050
-1 0.1485 0.0061
0 0.1489 0.0071
0.005 Na |1 0.1524 0.0051
-1 0.1484 0.0052
0.0045 1 0.1456 0.0052

O —— -l‘l —0|.5 (l) 0.|5 ‘]I

© UCI Combustion Laboratory 2023 B: Fuel Swirl




Flame Structure — OH* Dynacolor camera—Configuration 3—Example Results
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Results and discussion — Emissions

A — Air Split
. . B — Fuel Swirl
e Analysis of Variance (ANOVA) A s
o] Significant if p<0.05 D — Preheat Temperature [K]
o Simplification: term removed if change in C.V. within 5% E—Pressure Drop [%]

. F — Fuel composition [% H.] {by vol)
e Coded equations: 2

o In(CO)=2.56—-0.18614 + 0.0456B — 0.3510C + 0.0925D — 0.0689E — 0.4942F —
0.8094G + 0.0535BC + 0.0957CG + 0.1299EF + 0.6036G*>

o VNO=2.10-0.38714 — 0.2834C + 0.4946F + 0.6395F + 0.4396G — 0.4104AC —
0.1711AF

o /NOx =3.10—-0.42044—-0.2750C + 0.4810E + 0.4162F + 0.2095G — 0.4460AC —
0.17314AE + 0.1771AG + 0.1001CG

e Coefficient of Variance (C.V.): 8.81% for CO, 28.66% for NO, 15.90% for NOx

—— 27/35
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A — Air Split

Results and discussion — NO model interpretation

B — Fuel Swirl

+ VNO =2.10 — 0.38714 — 0.2834C + 0.4946E + 0.6395F  c-airswi
+0.4396G — 0.4104AC — 0.1711AF D~ FreheatTemperature[K]

E— Pressure Drop[%4]

o G' AFT: 1\ AFT A 7nmnmr;’;?éfhnmirﬁ tANN: F — Fuel composition [% H,] (by vol)
mMissions vs. Injector Numoer
o F,%H,: Moo | , M NO
o E, preheat: ™o il Hydrogen Methane
o A, air split: ™~ 3 Preheat 800K J| Preheat 500K
o AC: ™ s Low air split | High air split | . NO
¢ Y x: LE x: LE .
T e + COG +: COG 2 s l
o C, air swirl: ™. | . | :
o AF: air : Low air swirl § High air swirl l RE reasing mixing, but * H2
red x: LE X: LE - -
. . + COG + COG
o B, fuel swirl: ins _ - in fuel flow rate

o D, pressure drop: insignificant: PD b‘ mains unchanged

— 28/35
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Results and discussion — H2 vs CH4

NOx Emissions vs. Injector Number CONFIGURATION 7 CONFIGURATION 2 CONFIGURATION 3

:20:00 : ) : : 1
TE t e |
S 1500 l ' i1

10.00 : ‘ . '

5.00 : ) H

' L8

0.00 =

Injector Number

 Pressure drop 4%

 Preheat temperature 675 K

* Adiabatic flame temp. 1675 K

e NOx Hydrogen 2.05/19.87/16.72
e NOx Naturalgas ---/9.31/10.19 Natural Gas
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Example CFD—Collins Aerospace

e Relative Performance: Config 2 and Config 7

Collins Aerospace
Proprietary

Config-02, Hydrogen

Collins Aerospace
Proprietary

Collins Aerospace
Proprietary

Temperaiure

© UCI Combustion Laboratory 2023

Collins Aerospace
Proprietary

=

Collins Aerospace
Proprietary

Config-07, Hydrogen

Collins Aerospace
Proprietary
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Results and discussion — Optimization

e Goal: minimization of CO, NO, and NOx, with lo
e Methane @ 675 K preheat

ngdressure drop

0.36 1.87
1.09 3.43
5.47

2.01 2.37 4.83
1 2.00 3.91 7.20
1 2.00 5.84 10.05

e  airsplit and 1 air swirl are preferred
o J fuel swirl preferred for fuel flexibility performance

© UCI Combustion Laboratory 2023
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Conclusions

e COis decreased with: P AFT, 4 air swirl, T H,, 1 air split
* NOis decreased with: 4 air split, 4 air swirl, |, preheat

e NOxis 60-80% NO
o Traditionally 90-95%...

e Optimization
o Injector and emissions levels not sensitive to flame temperature, preheat and fuel composition
o New injector configuration with: +1 air split, -1 fuel swirl, +1 air swirl

e Best-case scenario: 1 air split, P air swirl, {, preheat, |, AFT

* Average lowest emissions are 1.54 and 1.67 ng/J (0.8 and 1.27 ppmvd 15% O,) for
methane and hydrogen, respectively

o NOx Entitlement for jet fuel attained with pure hydrogen combustion.

—— 33/35
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Next Steps

e Based on optimization, new configs designed/manufactured
that should further reduce NOx

* Test single injectors at high pressure

* Premixed configuration for baseline
o See Malcolm Overbaugh Poster

e Array Testing

e Continued analysis

I —— 34/35
© UCI Combustion Laboratory 2023




Acknowledgments

e Collins Aerospace
o Ottavio De Beni
o Phil Buelow
o Jason Ryon
o Brandon Williams

e Solar Turbines
o Luke Cowell
o Mike Ramotowski
o Raj Patel
o Jon Duckers

e US Department of Energy
o Matt Adams

UCI Combustion Laboratory 2023

i Gollins
Aerospace

Solar Turbines

A Caterpillar Company

Vincent McDonell
mcdonell@UCICL.uci.edu
www.UCICL.uci.edu

Adaptation of Aeroengine Micromixing Injectors for Lean
Direct Injection of Hydrogen and Hydrogen/Natural Gas Blend
(2023). GT2023-101577 ASME TurboExpo 2023 (l. Escudero, B.
Tran, M. Overbaugh, V. McDonell, B. Williams, P. Buelow, J.
Ryon, O. De Beni)

Emissions and Flame Structure Assessment of Aeroengine
Micromixing Injectors for Lean Direct Injection of Hydrogen
and Hydrogen/Natural Gas Blends (2023). GT2023-102632,
ASME TurboExpo 2023 (B. Tran, |. Escudero, V. McDonell

35/35


mailto:mcdonell@UCICL.uci.edu
http://www.ucicl.uci.edu/

	Development and Application of Multipoint Array Injection Concepts for Operation of Gas Turbines on Hydrogen Containing Fuels�DE-FE0032073��2023 UTSR Workshop�30 Oct – 1 Nov 2023��Matt Adams, Technical Monitor
	Outline
	Perspective
	Prior/Current Work
	Prior Work
	Prior Work
	Prior Work
	Prior Work
	Prior Work
	Prior Work
	Outline
	Objectives
	Outline
	Technical Approach
	Schedule and Budget
	Experimental methodology – CFD and Manufacturing
	Injectors
	Experimental methodology – Experiment
	Experimental methodology – Emissions 
	Experimental methodology – Uncertainty
	Experimental methodology – Flame diagnostics
	Test Plan
	Outline
	Results
	Results and discussion – Effective areas
	Flame Structure – OH* Dynacolor camera—Configuration 3—Example Results
	Results and discussion – Emissions
	Results and discussion – NO model interpretation
	Results and discussion – H2 vs CH4
	Example CFD—Collins Aerospace
	Results and discussion – Optimization
	Outline
	Conclusions
	Next Steps
	Acknowledgments

