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Combustion System as a Feedback AmplifierCombustion System as a Feedback Amplifier
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A Chronology of Combustion InstabilitiesA Chronology of Combustion Instabilities
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Combustion Instabilities in some U.S. Motors (1951Combustion Instabilities in some U.S. Motors (1951--1997)1997)
BlomshieldBlomshield (2000)(2000)
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Transient Behavior in a Laboratory DeviceTransient Behavior in a Laboratory Device

Self-Excited Driven
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Basic Behavior in Solid Propellant RocketsBasic Behavior in Solid Propellant Rockets
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Pressure Record for a TPressure Record for a T--BurnerBurner
(Horton and Price 1962)(Horton and Price 1962)
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Transient Growths and Transient Growths and ““Limit CyclesLimit Cycles””
of Combustion Instabilitiesof Combustion Instabilities
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A Model Of A Rocket Chamber AndA Model Of A Rocket Chamber And
The The MeeasuredMeeasured SpectrumSpectrum

((LaudienLaudien et al., 1995)et al., 1995)
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Predicted Stability Boundary For A Large Solid Predicted Stability Boundary For A Large Solid 
Propellant Rocket Motor (Propellant Rocket Motor (BecksteadBeckstead 1974).1974).
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A Summary of the Instability Problem in 1970A Summary of the Instability Problem in 1970

MEASUREMENTS

T-BURNERS
ROTATING VALVE BURNERS
MICROWAVE DATA
L*BURNERS
CENTER-VENT MOTORS
SUB-SCALE MOTOR TEST
WIDOW BOMBS

Laser-Based Methods (1981-?)
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One View of Research Areas and Their ConnectionOne View of Research Areas and Their Connection
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Flight Test Record Of PressureFlight Test Record Of Pressure
In A Minuteman II, Stage 3.In A Minuteman II, Stage 3.
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(a) Change of behavior after Lot 1-10 (Fowler and Rosenthal 1971)

(b) Frequencies and amplitudes 
measured during flight tests 
(Bergman and Jessen 1971)

Frequencies and Amplitudes of Combustion Frequencies and Amplitudes of Combustion 
Instabilities in the Minuteman II, Stage 3 MotorInstabilities in the Minuteman II, Stage 3 Motor

•Earliest example of sensitivity to 
small changes of composition

•The large practical problem 
motivated research for c. 10 years

Oscillatory Motor
Pre-Oscillatory Motor
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A Nonlinear Instability in a Tactical MotorA Nonlinear Instability in a Tactical Motor

•Changes of unsteady behavior D-E are companied by 
abrupt rise of mean chamber pressure

•Unsteady behavior may be due to the mean flow field as 
well as the response of burning to the flow field
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An Example of a An Example of a SubcriticalSubcritical BifurcationBifurcation
((BlomshieldBlomshield 2001)2001)
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Courtesy of F. Blomshield, NWAC

http://www.culick.caltech.edu/MOTOR5_SLOW_FULL.AVI
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Time Evolution Of Pressure Perturbations ProducedTime Evolution Of Pressure Perturbations Produced
By A By A PyroPyro PulserPulser. (a) Measured; (b) Calculated. (a) Measured; (b) Calculated

(Baum, (Baum, LovineLovine, and Levine 1983), and Levine 1983)
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Sketch of Steady Combustion of a Solid PropellantSketch of Steady Combustion of a Solid Propellant
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View Of The Surface Of A Burning Solid Propellant View Of The Surface Of A Burning Solid Propellant 
Containing Aluminum (Price Et Al. 1982)Containing Aluminum (Price Et Al. 1982)
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Sketch of the QSHOD Model with Uniform Sketch of the QSHOD Model with Uniform 
CombustionCombustion

Homogeneous, I-D
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Reference System and Matching Conditions for the Reference System and Matching Conditions for the 
QSHOD ModelQSHOD Model
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QSHOD FORMULAQSHOD FORMULA
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Example of the Real and Imaginary Parts of the Example of the Real and Imaginary Parts of the 
Response Function for the QSHOD ModelResponse Function for the QSHOD Model

Dimensionless – Frequency

•A simple broad peak in the range of acoustic modes of motors

•Simple model easily modified to account for realistic contributions

•Real problem is obtaining realistic data for realistic propellants
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FIG. 2.23FIG. 2.23
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Measurement of Rb
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The First TThe First T--BurnerBurner
(Price and (Price and SofferisSofferis 1958)1958)
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A Sketch of the Basic TA Sketch of the Basic T--burnerburner
and Two Variantsand Two Variants
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Examples of Early TExamples of Early T--Burner DataBurner Data
(Price 1984)(Price 1984)
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General Chart for the QSHOD ModelGeneral Chart for the QSHOD Model
anlanl L* L* -- Burner Data (Burner Data (BecksteadBeckstead and Culick 1971)and Culick 1971)
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General Chart for the QSHOD ModelGeneral Chart for the QSHOD Model
and Tand T--Burner Data (Burner Data (BecksteadBeckstead and Culick 1971)and Culick 1971)
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The Main MechanismsThe Main Mechanisms

Pressure Coupling Velocity Coupling

Vortex Shedding Residual Combustion
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Vortex Shedding at a Rearward Facing StepVortex Shedding at a Rearward Facing Step
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Apparatus For Demonstrating The Excitation Of Apparatus For Demonstrating The Excitation Of 
Acoustic Modes By Vortex SheddingAcoustic Modes By Vortex Shedding

(Culick And (Culick And MagiawalaMagiawala 1979)1979)
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Fig 2.29?Fig 2.29?
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Vortex Shedding in a Simple Laboratory Device Vortex Shedding in a Simple Laboratory Device 
((NomotoNomoto 1982)1982)
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Basic Behavior Due to VortexBasic Behavior Due to Vortex
Shedding (Shedding (NomotoNomoto 1982)1982)
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Examples of Vortex SheddingExamples of Vortex Shedding
((SchadowSchadow 2001)2001)
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The Origin And Elimination Of Pressure The Origin And Elimination Of Pressure 
Oscillations Produced By Vortex Shedding Oscillations Produced By Vortex Shedding 

((FlandroFlandro Et Al. 1982)Et Al. 1982)

‘‘Waterfall Plots Of LowWaterfall Plots Of Low--
frequency Oscillations Observed frequency Oscillations Observed 

In A Minuteman III Stage 3 In A Minuteman III Stage 3 
Motor. (Dawson Et Al. 1981)Motor. (Dawson Et Al. 1981)
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Three Basic Causes of Vortex SheddingThree Basic Causes of Vortex Shedding
((FabignonFabignon et at 2003)et at 2003)
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The The ArianeAriane 5 Booster Motor P2305 Booster Motor P230
((FarbignonFarbignon et al 2003)et al 2003)
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ArianeAriane 5 Sub5 Sub--scale Test Resultscale Test Result
((FarbignonFarbignon et al 2003)et al 2003)
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Purely FluidPurely Fluid--Mechanical ProcessesMechanical Processes
at a Permeable Surfaceat a Permeable Surface

Flow Turning Pumping

Burning Propellant Impermeable Surface Permeable Surface

•‘Flow turning’ at a Permeable Surface

•‘Pumping’ at Permeable or Impermeable Surfaces

’
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Influence of Pumping on the Growth RateInfluence of Pumping on the Growth Rate
of Oscillations (of Oscillations (FlandroFlandro 2005)2005)

•Accounting for pumping is essential for correct assessment 
of burning surfaces

•Influence on oscillations depends on the mode shape and 
on the shape of the chamber
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A Procedure To Improve The Attenuation Of A Procedure To Improve The Attenuation Of 
Combustion Instabilities By Increasing The Particle Combustion Instabilities By Increasing The Particle 

Damping (Damping (DerrDerr, , MatthesMatthes And Crump 1979)And Crump 1979)
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Particle size distributions for a 
tactical motor propellant and a 
conventional aluminized 
propellant (Mathes and Crump 
1979)

Comparison of particle size 
distribution to the optimum size 
distribution for damping in a motor 
(Derr, Mathes and Crump 1979)
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Pressure Trace And Spectrum For A Simulation With Pressure Trace And Spectrum For A Simulation With 
Noise; Four Modes Included, First Mode Unstable Noise; Four Modes Included, First Mode Unstable 

((BurnleyBurnley And Culick 1996)And Culick 1996)
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Application of Berg’s method: 
power spectrum of the 
pressure trace and its 

reconstruction.

Simulated pressure trace with noise; all modes stable (Seywert and Culick 1999).
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LDV, PIV Measurements of a Flame

Position System for…
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Concluding RemarksConcluding Remarks
• Computational methods and power are nearly there. 

…e.g. calculations of classical acoustic modes for ‘arbitrary shapes’

• ‘Complete’ qualitative picture of the dominant unsteady processes with no combustion exists
…e.g. exhaust nozzle, particle damping, surface damping, flow-turning, 
pumping, fluid-mechanical processes generally

• Residual combustion is poorly understood (most recent work motivated by Ariane 5) …
…questions remain concerning interactions between residual burning and particle 
damping

• By far, the largest and most significant ‘unknowns’ are the interactions between unsteady 
flow and a burning surface

…presently accurate measurements cannot be made over realistic ranges of mean 
pressure and frequency
…it is not possible to detect with small-scale tests the consequences of ‘small’ changes 
observed in full-scale fringes

• Laser-based experimental methods offer the greatest opportunities
…LDV, PIV, LIF, PLIF

• And that’s where funding of a national facility should go




