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Outline

e Aeroengine combustor design
process is tough (“optimum
compromise”)

 What’s optimized

 How to test/validate

« The emissions challenge

 The resulting dynamics challenge

o Active Control as a response to
the dynamics challenge
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Balanced Combustor Design @
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Some Typical Operating Parameters

Parameters Take-Off Cruise
PRoverai 30-45 30
P 450-675 psia 150 psia
Ts 1000 - 1300 F 800 ‘F
T4 2400 - 3000 F 1800 °F
Doverni 0.30-0.5 0.25
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How do we assess performance?

WWW.nasa.gov



National Aeronautics and Space Administration

NASA Glenn Combustor Facilities
Flametube => Sector => Annular

Pres. Max. viTiZ;: q Max.
Facility Config. range, | airflow, .| exhaust
. heated air, -
psig Ib/sec °E temp., 'F
CE-5B-1 Sector 60to27/5| 2to12 | 500to 1350
CE-5B-2 Flametube |60t0400| 0.6to5 | 500 to 1350

ASCR Leg 1 | Sector/ 50t0 900 | 3to50 | 500 to 1200
annular

ASCR Leg 2 | Flametube [50t0900| 1to10 | 500 to 1200

CE-13C Flametube 0-60 0.8 1000
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CESB Stand 1 Flametube / sector (1200 °F, 450 psi, 30 lbm/s air flow)
Newer — Dynamics testing
Newest — Alternate Fuels

18.0 =

Dynamic pressure transducer, Pyp o p,

Dynamic pressure transducer, Py,

Jymamic pressure iransducer, me
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ASCR Stand -1 60 atm Sector Testing Rig. @
1300 °F, 900 psi, 50 Ibm/s airflow
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CE-13C LDI Injector Screening Rig Functional Layout (laying on its side) @
1000 °F, 60 psig, 0.8 Ibm/s airflow
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How does a combustor work?
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Legacy Combustor Features

Injector ﬁ%’ m}z_;b’ A=
stem &} \ \ Warm
/ _ air out
Primary o
| o zone Secondary  Dilution
| —> Airin % HOT one zone
Fuel %‘ \) / /

injector : =
Diffuser : 3::1'23 mﬁ/ 2 k\-ﬂ—*’;;{/ N
X Secondary

Film " Primary | W\ X \F_I dilution
. cooling  combustion primary \Casing ' '™ holes
1. Diffuser slows down flows recirculation giiytion cooling
OW speed to reduce holes  Liner

Rayleigh loss 5. Primary dilution

holes provides dilution
and vortex anchor

2. Fuel-nozzle turbulence
speeds up atomization by

break up liquid into droplets SN
4. Swirling flow forms

recirculation vortex to
provide flame-holding

6. Secondary dilution holes
add more air to bring T4 down
and shape T4 profile

3. Liner film-cooling
decouples thermal loading
from pressure casing
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Where Does Pollution Come From? @
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History of ICAO NOx Requlations for Engines

CAFP 1 And NASA Combustor Programs
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(]

NOx Formation Concept and Avoidance Strateg
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Key to Low-NOKX:
1. Avoid high temperature burning
2. Keep the exposure time short
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NOx Reduction Combustor Concepts @
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Lean-burn Fuel Staging Enables Low NOx at Cruise

NOx flight cycle comparison (GE TAPS vs. traditional RQL combustor)
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GE Aviation
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Lean Direct Injection — Low NOx Concept

Multiple Venturis with Swirler
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Current LTO NOx Emissions
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Effect of Fuel Injection Schemes on NOx Emission @
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Why do we need combustor control?
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Issues that Affect Combustor Instability / Acoustics

w
Diffuser = .:’2 N = turbine
plenum _fu?l | / \ stator
mjector ,
swirl ‘ liner
vanes primary o secondary
dilution tm dilution
holes cooling holes
1. Well-defined acoustic 3. Recirculation 5. Multiple
boundary conditions vortex provides temperature
flame-holding zones
2. Perturbations from fuel- 4. Liner film-cooling 6. @’ interaction
nozzle turbulence provides damping with P’
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Lean-Burning, Ultra-Low-Emissions Combustors

Are More Susceptible to Thermoacoustic Instabilities

A o e

Higher performance fuel injectors => more turbulence

No dilution air => reduced flame holding

Reduced film cooling => reduced damping

More uniform temperature distribution => acoustically homogeneous
Shorter combustor => higher frequency instabilities
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How do we deal with combustor instabilities? @

1. Smart design
2. Modulate air to get out-of-phase cancellation
3. Fuel-modulation to get out-of-phase cancellation

However...

Method 1 1s preferred, but we’re not sure 1t’s enough.

Method 2 requires lots of actuation power input and bulk.
Method 2 also may induce diffuser flow separation due to
flow perturbation.

Method 3 requires the least actuation power and bulk and
produces the most energy change.
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Combustion Instability Control Strateqy @

Objective: Suppress combustion thermo-acoustic instabilities when they occur

Closed-Loop Self-Excited System

¢!

P!
Fuel-air
Mixture e Natural feed-back process J
system

A

Artificial control process
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|
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Why is instability control so difficult?

Phas e inverSiOn —— inversion-res; ponse

(NN NN NN N
N AVAVAVAVAVAVAVY

Time delay & phase shift
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Low signal-to-noise ratio — What frequency? What phase?
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Synergistic Technologies to Enable @
Ultra-Low Emissions Combustion

Manufacturing
Processes

Fuel Injection

Dynamics
Active and
Combustion Ultra-Low / Flameholding

Control
Methods

Emissions
Combustion

Facilities for
Realistic
Fuel Actuators Test Conditions
Combustor

and

Feedback
Sensors Fuel System

Dynamics

WWW.nasa.gov



National Aeronautics and Space Administration

Observations @

 Small changes can affect major behavioral change

e Combustor should not be considered one
homogeneous medium
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