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Complements Turbomachinery Efforts at AFRL
• Compressor 

• Connects to ESP (Engineering Sketch Pad) working with MDAO group
• High speed fan, compressor, and centrifugal design capability
• Still uses APNASA, a NASA code

• Turbine
• ADS CFD code which NASA has looked into
• Turbine Design Capability
• Accounts for laminar to turbulent transition

• Combustion modeling collaboration limited
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NASA has great relationships with Turbomachinery Experts at AFRL



My background is Aero - What I’ve Learned is:
• Other Disciplines are of Equal Importance to Aero Performance 

• If it breaks, it’s not useful
• Most CFD is run adiabatic even for turbines – Measure the casing temperature
• Integrate with MDAO
• Need to have real features such as fillets, shrouds, and disks
• Need Campbell Diagram early
• Need an automatic way to get CAD

• Multi-Discipline is critical (structures, aero, heat transfer, acoustics, 
aeromechanics, operability, controls, …)

• Human Factors, cost, maintenance???

• Need a Gradient Based Optimization Capability in 3D -> Adjoint
• Optimizing for off-design is essential
• Define the Right Objective Function
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Break Down the Silos!



Outline
• Overall NASA Capability for Turbomachinery Simulation 

• Multistage Simulation
• Unsteady Simulation 

• Inlet Distortion
• Aeromechanics
• LES of LPT blade
• LES Combustor with Turbine
• Acoustics (won’t show)

• Heat Transfer
• OpenMDAO

• Future Direction
• Further Multi-Discipline focus
• Speed up Preprocessing for conventional and innovative turbomachinery
• Design improvements with Optimization and Machine Learning

• Collaboration Opportunities
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GE90 Full Engine Simulation
• Used APNASA for turbomachinery (50 blade rows)
• Used National Combustor Code (NCC) for combustor
• First Full Engine Simulation in 3D 
• Completed in 2000
• Steady State
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Distortion: BLI2DTF 
fan stage with 
TURBO code
Distortion from inlet and 
fuselage modeled through fan –
compared to test
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Aeromechanics couples CFD with FEA
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qhsf_perf

		100% speed (15444 rpm)

		pbs_id		ncyct		backp		backp(Pa)		mf(kg)		mf		mf(18")		avgpt		eff

		164421		4500		14.7		101325		45.03		99.29		66.47		1.701		0.893

		165141		5000		15.5		106839.3		44.85		98.89		66.2		1.766		0.901

		164740		5000		16		110320		44.32		97.72		65.42		1.808		0.903

		164878		5500		16.5		113767.5		42.93		94.67		63.37		1.844		0.899

		165142		6000		17		117178.6		39.82		87.8		58.78		1.904		0.872

		DAWES (digitized from Fig. 8.3-21 and 23)

		3.55		0.9		2.35								64.49		1.654		0.890

		3.5		1.95		4.6								64.43		1.717		0.900

		3.3		2.5		5.05								64.18		1.750		0.902

		3		3		5.35								63.80		1.780		0.904

		2.65		3.35		5.2								63.35		1.801		0.903

		2.45		3.5		5.1								63.10		1.810		0.902

		2.2		3.65		4.65								62.78		1.819		0.900

		1.4		3.9		3.5								61.77		1.834		0.895

		0.15		4.1		1.45								60.19		1.846		0.886

		90% speed (13899.6 rpm)

		pbs_id		ncyct		backp		backp(Pa)		mf(kg)		mf		mf(18")		avgpt		eff

		181212		9200		13.8		95151		42.71		94.17		63.04		1.51		0.897

		181210		9200		14.5		99977.5		42.45		93.61		62.66		1.56		0.912

		181296		8800		15.2		104804		41.9		92.4		61.85		1.611		0.922

		182281		12800		15.6		107562		41.21		90.88		60.84		1.642		0.922

		182290		12800		15.7		108251.5		40.87		90.13		60.33		1.649		0.92

		181478		11200		15.9		109630.5		39.99		88.18		59.03		1.664		0.912

						16.2				38.19069		84.21046		56.37229		1.686		0.8932503				<-- from Rakesh

						16.4				36.01616		79.41563		53.16253		1.702132		0.8673569				<-- from Rakesh

		DAWES (digitized from Fig. 8.3-21 and 23)

		4.7		0.4		1.1								60.99		1.424		0.885

		4.4		1		3.2								60.61		1.461		0.894

		3.75		1.6		4.35								59.78		1.497		0.899

		2.15		2.2		3.55								57.74		1.533		0.896

		0.15		2.85		2.1								55.19		1.573		0.889

		80% speed (12355.2 rpm)

		pbs_id		ncyct		backp		backp(Pa)		mf(kg)		mf		mf(18")		avgpt		eff

		196763		12400		12.4		85498		39.7121544		87.5653		58.6180992		1.31300175		0.877400637

		460916		14200		13.2		91014		39.3185272		86.6973495		58.0370712		1.35700047		0.900700748

		424960		13200		14		96530		38.6140976		85.1440811		56.9972801		1.40199971		0.915688753

		485885		16200		14.8		102046		37.2112503		82.0508041		54.9265709		1.44999862		0.918576181

		473362		15200		15.2		104804		35.8452187		79.0387039		52.9102058		1.47356045		0.909711361

		197760		15600		15.6		107562		33.624424		74.1418533		49.6321526		1.49899936		0.888013601

		549571		18600		15.7		108251.5		32.7311554		72.1721954		48.3136139		1.50598848		0.877522051

		DAWES (digitized from Fig. 8.3-21 and 23)												mf(18")		avgpt		mf(18")		eff

														49.29		1.485		49.37		0.893

														52.55		1.446		52.54		0.896

														54.49		1.412		54.59		0.892

														55.71		1.376		55.72		0.884

														56.48		1.341		56.54		0.872





qhsf_perf

														64.6562		59.5662		54.5212

														63.6694		56.5592		50.0227

														60.0176		61.0496		50.5302

														59.9441		60.7453		51.6571

														59.8854		60.2891		51.581

														59.1791		56.8732		51.7125

														65.0946		58.7536		51.6676

														59.2997		59.5221		51.7789

														59.179		60.1758		51.6683

														59.3803		60.665		53.5089

														65.3957		61.0096		51.6921

														65.4173		61.1799		51.701

														64.3338		58.6929		51.6854

														60.8699		58.7748		51.5885

														58.1412		60.2251		51.0364

														64.8439		57.027		54.283

														59.4001		59.0427		54.3173

														59.4313		58.6464		51.825

														64.7326		58.9523		51.6346

														58.2571		61.0619		51.7606

														64.0237		61.1994		54.5415

														65.3142		61.2028		51.7536

														65.1581		55.8228		51.6875

														59.4252		56.0571		52.2907

														59.2863		59.1567		51.6544

														62.0825		60.1854		54.2116

														64.815		60.2359		51.62

														59.454				51.8309

														58.2134				51.8643

														59.4049				51.8256

														58.212

														58.7717

														58.7852

														58.7146

														59.3128

														60.5717

														60.6362

														65.4108

														65.3661

														64.2449

														59.7152

														65.5171

														58.7841

														60.616

														62.9872

														58.3613

														60.5865

														60.7055

														65.3834

														58.7915

														65.1942

														59.4073

														63.9863

														59.7406

														65.1998

														58.8575

														58.6799

														58.6706

														58.8324

														65.2759

														58.8363

														63.2077

														58.4312

														65.4473

														65.428

														58.8533

														58.8256

														65.5132

														65.4508

														63.6932

														65.5411

														65.5487

														64.3868

														65.561



TURBO 100%

TURBO 90%

TURBO 80%

DAWES 100%

DAWES 90%

DAWES 80%

rig data 100%

rig data 90%

rig data 80%

mass flow rate (lbm/s) -- 18" equivalent

pressure ratio (exit_total/inlet_total)

QHSF, TURBO steady, 15444, 13900 and 12355 rpm

1.84062

1.61408

1.43258

1.86567

1.6502

1.46995

1.88996

1.5824

1.46731

1.8885

1.59094

1.46214

1.88949

1.60713

1.46327

1.89646

1.64852

1.4621

1.82244

1.63012

1.46232

1.89454
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1.46292

1.89484

1.60942

1.46434

1.89439

1.59752

1.44652

1.76881

1.58908

1.46412

1.74718

1.58402
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1.86004

1.63407
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1.46315
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1.62876
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1.8945

1.5916

1.46369

1.86805

1.58541

1.43565

1.80237

1.58509

1.46542

1.82786

1.65968

1.46528

1.89671

1.65867

1.45993

1.89559

1.62986

1.46581

1.88818

1.61142

1.44071

1.84641

1.61169

1.46482

1.89652

1.46382

1.89322

1.46491

1.89725

1.46639

1.8936

1.89793

1.89816

1.89606

1.89845

1.8953

1.89607

1.74245

1.80493

1.8646

1.89791

1.77021

1.89856

1.895

1.88389

1.89828

1.89523

1.89657

1.78662

1.89882

1.83187

1.89697

1.8692

1.8977

1.82906

1.89828

1.89907

1.89867

1.89939

1.82661

1.90011

0

1.89953

1.78204

1.78167

1.90037

1.90009

1.74919

1.74915

0

1.73955

1.75058

0

1.75143



qhsf_work.hs
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														59.9441		60.7453		51.6571

														59.8854		60.2891		51.581

														59.1791		56.8732		51.7125
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														59.2997		59.5221		51.7789

														59.179		60.1758		51.6683

														59.3803		60.665		53.5089
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														65.4173		61.1799		51.701

														64.3338		58.6929		51.6854
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														64.8439		57.027		54.283
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														59.4313		58.6464		51.825

														64.7326		58.9523		51.6346
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														64.0237		61.1994		54.5415

														65.3142		61.2028		51.7536
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														59.454				51.8309

														58.2134				51.8643
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TURBO 100%

TURBO 90%

TURBO 80%

DAWES 100%

DAWES 90%

DAWES 80%

rig data 100%

rig data 90%

rig data 80%

mass flow rate (lbm/s) -- 18" equivalent

efficiency

QHSF, TURBO steady, 15444, 13900 and 12355 rpm
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		ncycpc=200										zeta				zeta = -(gamma*p*D^3)/(8*pi^3*a^2*freq_in_Hz^2)*work_from_turbo

		1		-1.36E-08		-1.95E-08		-3.31E-08				0.59%		multiplier=		-179488.96																						r		phase		TURBO_input		SGI job 100%

		2		-1.57E-08		-4.39E-09		-2.00E-08				0.36%																										0		0.00		0.00		230320

		3		-1.50E-08		-2.69E-08		-4.19E-08				0.75%																										1		16.36		-16.36

		4		-6.69E-09		-5.72E-08		-6.39E-08				1.15%																										2		32.73		-32.73		157195

		5		9.06E-10		-7.77E-08		-7.68E-08				1.38%																										3		49.09		-49.09

		6		4.70E-09		-8.00E-08		-7.53E-08				1.35%																										4		65.45		-65.45

		7		3.87E-09		-7.51E-08		-7.12E-08				1.28%																										5		81.82		-81.82

		8		8.61E-10		-7.24E-08		-7.16E-08				1.28%																										6		98.18		-98.18		203772

		9		-1.42E-09		-7.16E-08		-7.30E-08				1.31%																										7		114.55		-114.55

		10		-2.50E-09		-6.93E-08		-7.18E-08				1.29%																										8		130.91		-130.91

		11		-1.85E-09		-6.81E-08		-7.00E-08				1.26%																										9		147.27		-147.27

		12		1.70E-10		-7.01E-08		-7.00E-08				1.26%																										10		163.64		-163.64

		13		1.51E-09		-7.21E-08		-7.06E-08				1.27%																										11		180.00		180.00		200639

		14		1.12E-09		-7.18E-08		-7.07E-08				1.27%																										12		196.36		163.64

		15		-1.45E-10		-7.08E-08		-7.10E-08				1.27%																										13		212.73		147.27

		16		-1.16E-09		-7.02E-08		-7.13E-08				1.28%																										14		229.09		130.91

																																						15		245.45		114.55

																																						16		261.82		98.18

		ncycpc=100																																				17		278.18		81.82		230267

		1		-1.54E-08		-1.74E-08		-3.27E-08				0.59%																										18		294.55		65.45

		2		-1.52E-08		-4.39E-09		-1.96E-08				0.35%																										19		310.91		49.09

		3		-1.69E-08		-2.39E-08		-4.08E-08				0.73%																										20		327.27		32.73		248945

		4		-1.15E-08		-4.86E-08		-6.00E-08				1.08%																										21		343.64		16.36

		5		-5.18E-09		-6.79E-08		-7.30E-08				1.31%

		6		-1.34E-09		-7.11E-08		-7.24E-08				1.30%

		7		-1.33E-10		-6.71E-08		-6.72E-08				1.21%

		8		-1.35E-09		-6.46E-08		-6.59E-08				1.18%

		9		-3.82E-09		-6.34E-08		-6.72E-08				1.21%

		10		-5.98E-09		-6.17E-08		-6.77E-08				1.21%

		11		-6.72E-09		-6.10E-08		-6.77E-08				1.22%

		12		-6.40E-09		-6.15E-08		-6.79E-08				1.22%

		13		-5.44E-09		-6.21E-08		-6.76E-08				1.21%

		14		-4.37E-09		-6.20E-08		-6.64E-08				1.19%

		15		-3.43E-09		-6.27E-08		-6.61E-08				1.19%

		16		-2.96E-09		-6.42E-08		-6.72E-08				1.21%

		ampl=1e-3								scaled by ampl*ampl																										100		1.21%

		1		-3.90E-07		-5.78E-07		-9.69E-07		-3.87E-08		0.70%																								200		1.28%

		2		-4.64E-07		-1.70E-07		-6.34E-07		-2.53E-08		0.45%																								300		1.28%

		3		-3.85E-07		-6.64E-07		-1.05E-06		-4.20E-08		0.75%

		4		-2.87E-07		-1.07E-06		-1.35E-06		-5.41E-08		0.97%

		5		-2.05E-07		-1.36E-06		-1.56E-06		-6.26E-08		1.12%

		6		-1.50E-07		-1.52E-06		-1.67E-06		-6.68E-08		1.20%

		7		-1.15E-07		-1.57E-06		-1.69E-06		-6.76E-08		1.21%

		8		-8.83E-08		-1.59E-06		-1.67E-06		-6.70E-08		1.20%

		9		-7.98E-08		-1.57E-06		-1.65E-06		-6.59E-08		1.18%

		10		-8.62E-08		-1.56E-06		-1.65E-06		-6.58E-08		1.18%

		11		-9.52E-08		-1.56E-06		-1.66E-06		-6.64E-08		1.19%

		12		-1.05E-07		-1.56E-06		-1.67E-06		-6.67E-08		1.20%

		13		-1.17E-07		-1.54E-06		-1.66E-06		-6.64E-08		1.19%

		14		-1.23E-07		-1.53E-06		-1.65E-06		-6.62E-08		1.19%

		15		-1.18E-07		-1.54E-06		-1.66E-06		-6.65E-08		1.19%

		16		-1.11E-07		-1.56E-06		-1.67E-06		-6.67E-08		1.20%

		ampl=4e-5								scaled by ampl*ampl

		1		-1.14E-09		1.60E-09		4.66E-10		1.17E-08		-0.21%

		2		-1.28E-10		3.72E-10		2.44E-10		6.09E-09		-0.11%

		3		-1.06E-09		7.16E-11		-9.93E-10		-2.48E-08		0.45%

		4		-5.93E-10		-2.16E-09		-2.75E-09		-6.88E-08		1.24%

		5		-4.72E-11		-3.77E-09		-3.82E-09		-9.54E-08		1.71%

		6		1.12E-11		-3.20E-09		-3.19E-09		-7.97E-08		1.43%

		7		6.75E-11		-2.63E-09		-2.56E-09		-6.41E-08		1.15%

		8		1.35E-11		-2.63E-09		-2.61E-09		-6.54E-08		1.17%

		9		-1.94E-10		-2.59E-09		-2.78E-09		-6.96E-08		1.25%

		10		-3.78E-10		-2.35E-09		-2.73E-09		-6.82E-08		1.22%

		11		-3.71E-10		-2.34E-09		-2.72E-09		-6.79E-08		1.22%

		12		-2.73E-10		-2.51E-09		-2.78E-09		-6.96E-08		1.25%

		13		-1.91E-10		-2.57E-09		-2.76E-09		-6.90E-08		1.24%

		14		-1.21E-10		-2.47E-09		-2.59E-09		-6.48E-08		1.16%

		15		-5.18E-11		-2.50E-09		-2.55E-09		-6.37E-08		1.14%

		16		-5.91E-11		-2.68E-09		-2.73E-09		-6.84E-08		1.23%

																																				4.00E-05		1.23%

																																				2.00E-04		1.28%

		ncycpc=300																																		1.00E-03		1.20%

		1		-1.41E-08		-2.16E-08		-3.57E-08				0.64%

		2		-1.48E-08		-8.87E-09		-2.36E-08				0.42%

		3		-1.34E-08		-3.00E-08		-4.34E-08				0.78%

		4		-5.55E-09		-5.83E-08		-6.38E-08				1.15%

		5		1.44E-09		-7.59E-08		-7.44E-08				1.34%

		6		5.02E-09		-7.93E-08		-7.43E-08				1.33%

		7		4.44E-09		-7.63E-08		-7.18E-08				1.29%

		8		1.49E-09		-7.34E-08		-7.19E-08				1.29%

		9		-7.53E-10		-7.17E-08		-7.24E-08				1.30%

		10		-1.25E-09		-6.99E-08		-7.11E-08				1.28%

		11		2.65E-11		-6.96E-08		-6.96E-08				1.25%

		12		1.88E-09		-7.13E-08		-6.94E-08				1.25%

		13		2.51E-09		-7.28E-08		-7.02E-08				1.26%

		14		1.32E-09		-7.22E-08		-7.09E-08				1.27%

		15		-2.71E-10		-7.10E-08		-7.13E-08				1.28%

		16		-6.57E-10		-7.04E-08		-7.11E-08				1.28%

		SGI, ncycpc=100

		1		-1.52E-08		-1.89E-08		-3.41E-08				0.61%

		2		-1.65E-08		-2.88E-09		-1.94E-08				0.35%

		3		-1.66E-08		-2.40E-08		-4.06E-08				0.73%

		4		-1.11E-08		-4.76E-08		-5.87E-08				1.05%

		5		-5.10E-09		-6.65E-08		-7.16E-08				1.28%

		6		-1.36E-09		-7.09E-08		-7.23E-08				1.30%

		7		-2.22E-11		-6.74E-08		-6.74E-08				1.21%

		8		-1.22E-09		-6.45E-08		-6.57E-08				1.18%

		9		-3.67E-09		-6.33E-08		-6.70E-08				1.20%

		10		-5.93E-09		-6.18E-08		-6.77E-08				1.22%

		11		-6.81E-09		-6.10E-08		-6.78E-08				1.22%

		12		-6.44E-09		-6.13E-08		-6.78E-08				1.22%

		13		-5.34E-09		-6.23E-08		-6.77E-08				1.21%

		14		-4.28E-09		-6.26E-08		-6.69E-08				1.20%

		15		-3.40E-09		-6.29E-08		-6.63E-08				1.19%																								3		1.20%

		16		-3.05E-09		-6.38E-08		-6.68E-08				1.20%																								6		1.33%

																																				3		1.28%

		SGI, ncycpc=100, itend=6

		1		-1.35E-08		-1.53E-08		-2.88E-08				0.52%

		2		-1.58E-08		5.67E-10		-1.52E-08				0.27%

		3		-1.65E-08		-1.99E-08		-3.64E-08				0.65%

		4		-9.01E-09		-5.14E-08		-6.04E-08				1.08%

		5		4.22E-13		-7.71E-08		-7.71E-08				1.38%

		6		5.08E-09		-8.31E-08		-7.81E-08				1.40%

		7		6.30E-09		-8.01E-08		-7.38E-08				1.32%

		8		4.26E-09		-7.81E-08		-7.38E-08				1.33%

		9		1.28E-09		-7.71E-08		-7.59E-08				1.36%

		10		-1.02E-09		-7.42E-08		-7.52E-08				1.35%

		11		-1.15E-09		-7.22E-08		-7.33E-08				1.32%

		12		5.54E-10		-7.35E-08		-7.29E-08				1.31%

		13		2.50E-09		-7.58E-08		-7.33E-08				1.32%

		14		3.25E-09		-7.63E-08		-7.31E-08				1.31%

		15		2.70E-09		-7.59E-08		-7.32E-08				1.31%

		16		1.42E-09		-7.56E-08		-7.42E-08				1.33%

		SGI, ncycpc=100, phase=98.18

		1		-3.05E-08		-9.93E-08		-1.30E-07				2.33%

		2		-4.33E-08		-1.09E-07		-1.53E-07				2.74%

		3		-4.85E-08		-1.43E-07		-1.91E-07				3.44%

		4		-4.41E-08		-1.58E-07		-2.02E-07				3.63%

		5		-4.01E-08		-1.74E-07		-2.14E-07				3.85%

		6		-3.79E-08		-1.91E-07		-2.29E-07				4.11%

		7		-3.67E-08		-1.98E-07		-2.35E-07				4.21%

		8		-3.55E-08		-1.94E-07		-2.30E-07				4.13%

		9		-3.53E-08		-1.93E-07		-2.28E-07				4.10%

		10		-3.62E-08		-1.95E-07		-2.31E-07				4.14%

		11		-3.66E-08		-1.95E-07		-2.32E-07				4.16%

		12		-3.68E-08		-1.94E-07		-2.31E-07				4.15%

		13		-3.69E-08		-1.93E-07		-2.30E-07				4.13%																								0		0.31%

		14		-3.71E-08		-1.93E-07		-2.30E-07				4.13%																								16.36		0.77%

		15		-3.69E-08		-1.93E-07		-2.30E-07				4.12%																								32.73		1.20%

		16		-3.66E-08		-1.93E-07		-2.30E-07				4.12%																								98.18		4.12%

																																				180		6.61%

																																				278.18		2.61%

		SGI, ncycpc=100, phase=180																																		327.27		1.16%

		1		-7.92E-08		-1.64E-07		-2.43E-07				4.36%																								343.64		0.88%

		2		-9.21E-08		-1.81E-07		-2.73E-07				4.90%																								360		0.31%

		3		-1.20E-07		-2.24E-07		-3.44E-07				6.18%

		4		-1.28E-07		-2.23E-07		-3.52E-07				6.31%																								32.73		1.28%

		5		-1.32E-07		-2.20E-07		-3.52E-07				6.31%

		6		-1.35E-07		-2.23E-07		-3.58E-07				6.43%

		7		-1.38E-07		-2.26E-07		-3.64E-07				6.54%

		8		-1.38E-07		-2.30E-07		-3.69E-07				6.62%

		9		-1.39E-07		-2.32E-07		-3.72E-07				6.67%

		10		-1.40E-07		-2.32E-07		-3.72E-07				6.68%

		11		-1.40E-07		-2.31E-07		-3.71E-07				6.67%

		12		-1.40E-07		-2.30E-07		-3.70E-07				6.65%

		13		-1.40E-07		-2.30E-07		-3.70E-07				6.64%

		14		-1.40E-07		-2.30E-07		-3.69E-07				6.63%

		15		-1.39E-07		-2.29E-07		-3.69E-07				6.62%

		16		-1.39E-07		-2.29E-07		-3.68E-07				6.61%

		SGI, ncycpc=100, phase=278.18

		1		-7.32E-08		-8.93E-08		-1.63E-07				2.92%

		2		-7.12E-08		-5.86E-08		-1.30E-07				2.33%

		3		-6.90E-08		-5.26E-08		-1.22E-07				2.18%

		4		-7.93E-08		-5.80E-08		-1.37E-07				2.46%

		5		-9.10E-08		-5.35E-08		-1.44E-07				2.59%

		6		-9.89E-08		-4.87E-08		-1.48E-07				2.65%

		7		-1.01E-07		-4.74E-08		-1.49E-07				2.67%

		8		-1.00E-07		-4.46E-08		-1.45E-07				2.60%

		9		-9.89E-08		-3.89E-08		-1.38E-07				2.47%

		10		-9.94E-08		-3.86E-08		-1.38E-07				2.48%

		11		-1.00E-07		-4.57E-08		-1.46E-07				2.62%

		12		-9.89E-08		-5.10E-08		-1.50E-07				2.69%

		13		-9.79E-08		-4.95E-08		-1.47E-07				2.65%

		14		-9.88E-08		-4.62E-08		-1.45E-07				2.60%

		15		-9.94E-08		-4.59E-08		-1.45E-07				2.61%

		16		-9.88E-08		-4.63E-08		-1.45E-07				2.61%

		SGI, ncycpc=100, phase=0

		1		-1.77E-08		3.23E-09		-1.44E-08				0.26%

		2		-1.28E-08		-4.49E-09		-1.73E-08				0.31%

		3		-1.42E-08		-2.68E-09		-1.69E-08				0.30%

		4		-1.42E-08		-2.81E-09		-1.70E-08				0.31%

		5		-1.42E-08		-2.88E-09		-1.70E-08				0.31%

		6		-1.42E-08		-2.86E-09		-1.70E-08				0.31%

		7		-1.42E-08		-2.85E-09		-1.70E-08				0.31%

		8		-1.42E-08		-2.86E-09		-1.70E-08				0.31%

		SGI, ncycpc=100, phase=327.27

		1		-4.26E-08		-1.63E-08		-5.90E-08				1.06%

		2		-3.61E-08		-1.49E-08		-5.10E-08				0.92%

		3		-2.86E-08		-4.13E-08		-6.99E-08				1.25%

		4		-3.12E-08		-4.83E-08		-7.95E-08				1.43%

		5		-2.87E-08		-5.26E-08		-8.13E-08				1.46%

		6		-1.96E-08		-5.57E-08		-7.53E-08				1.35%

		7		-1.50E-08		-5.35E-08		-6.85E-08				1.23%

		8		-1.71E-08		-4.77E-08		-6.48E-08				1.16%

		9		-1.92E-08		-4.55E-08		-6.47E-08				1.16%

		10		-1.87E-08		-4.60E-08		-6.46E-08				1.16%

		11		-1.82E-08		-4.46E-08		-6.29E-08				1.13%

		12		-1.99E-08		-4.20E-08		-6.19E-08				1.11%

		13		-2.22E-08		-4.14E-08		-6.36E-08				1.14%

		14		-2.22E-08		-4.31E-08		-6.53E-08				1.17%

		15		-1.95E-08		-4.55E-08		-6.50E-08				1.17%

		16		-1.68E-08		-4.75E-08		-6.44E-08				1.16%

		SGI, ncycpc=100, phase=16.36

		1		-1.85E-08		-5.99E-09		-2.45E-08				0.44%

		2		-1.90E-08		5.21E-09		-1.38E-08				0.25%

		3		-1.96E-08		-7.58E-09		-2.72E-08				0.49%

		4		-1.65E-08		-2.36E-08		-4.01E-08				0.72%

		5		-1.62E-08		-3.25E-08		-4.87E-08				0.87%

		6		-2.08E-08		-2.78E-08		-4.86E-08				0.87%

		7		-2.51E-08		-2.03E-08		-4.54E-08				0.81%

		8		-2.49E-08		-1.97E-08		-4.46E-08				0.80%

		9		-2.19E-08		-2.26E-08		-4.45E-08				0.80%

		10		-1.98E-08		-2.33E-08		-4.31E-08				0.77%

		11		-2.04E-08		-2.18E-08		-4.23E-08				0.76%

		12		-2.33E-08		-2.06E-08		-4.39E-08				0.79%

		13		-2.47E-08		-2.06E-08		-4.53E-08				0.81%

		14		-2.33E-08		-2.13E-08		-4.46E-08				0.80%

		15		-2.11E-08		-2.24E-08		-4.35E-08				0.78%

		16		-2.06E-08		-2.24E-08		-4.30E-08				0.77%

		SGI, ncycpc=100, phase=343.64

		1		-3.28E-08		-3.92E-09		-3.67E-08				0.66%

		2		-2.58E-08		-1.32E-08		-3.90E-08				0.70%

		3		-2.03E-08		-3.24E-08		-5.27E-08				0.95%

		4		-2.39E-08		-3.11E-08		-5.50E-08				0.99%

		5		-2.23E-08		-2.99E-08		-5.22E-08				0.94%

		6		-1.56E-08		-3.37E-08		-4.92E-08				0.88%

		7		-9.27E-09		-3.51E-08		-4.44E-08				0.80%

		8		-7.70E-09		-3.28E-08		-4.05E-08				0.73%

		9		-9.14E-09		-3.18E-08		-4.09E-08				0.73%

		10		-9.11E-09		-3.44E-08		-4.35E-08				0.78%

		11		-6.97E-09		-3.92E-08		-4.61E-08				0.83%

		12		-4.35E-09		-4.41E-08		-4.85E-08				0.87%

		13		-2.47E-09		-4.77E-08		-5.02E-08				0.90%

		14		-2.27E-09		-4.85E-08		-5.08E-08				0.91%

		15		-4.11E-09		-4.58E-08		-4.99E-08				0.90%

		16		-6.64E-09		-4.24E-08		-4.90E-08				0.88%

		90% speed, pback=13.8 psi

		1		-1.54E-08		-8.15E-09		-2.35E-08				0.42%																								13.8		0.47%

		2		-9.97E-09		-1.53E-08		-2.53E-08				0.45%																								14.5		0.58%

		3		-9.63E-09		-1.66E-08		-2.62E-08				0.47%																								15.2		0.68%

		4		-9.54E-09		-1.67E-08		-2.63E-08				0.47%																								15.6		0.73%

		5		-9.55E-09		-1.67E-08		-2.63E-08				0.47%																								15.7		0.76%

		6		-9.55E-09		-1.67E-08		-2.63E-08				0.47%																								15.9		0.82%

		7		-9.55E-09		-1.67E-08		-2.63E-08				0.47%

		8		-9.55E-09		-1.67E-08		-2.63E-08				0.47%

		90% speed, pback=14.5 psi

		1		-1.46E-08		-1.13E-08		-2.60E-08				0.47%

		2		-4.04E-09		-2.68E-08		-3.08E-08				0.55%

		3		-3.84E-09		-2.82E-08		-3.21E-08				0.58%

		4		-3.85E-09		-2.82E-08		-3.21E-08				0.58%

		5		-3.87E-09		-2.82E-08		-3.21E-08				0.58%

		6		-3.87E-09		-2.82E-08		-3.21E-08				0.58%

		7		-3.87E-09		-2.82E-08		-3.20E-08				0.58%

		8		-3.88E-09		-2.82E-08		-3.21E-08				0.58%

		90% speed, pback=15.2 psi

		1		-1.09E-08		-1.80E-08		-2.89E-08				0.52%

		2		6.13E-09		-4.22E-08		-3.61E-08				0.65%

		3		6.50E-09		-4.41E-08		-3.77E-08				0.68%

		4		6.48E-09		-4.44E-08		-3.79E-08				0.68%

		5		6.42E-09		-4.43E-08		-3.79E-08				0.68%

		6		6.40E-09		-4.43E-08		-3.79E-08				0.68%

		7		6.40E-09		-4.43E-08		-3.79E-08				0.68%

		8		6.41E-09		-4.43E-08		-3.79E-08				0.68%

		90% speed, pback=15.6 psi

		1		-8.07E-09		-2.18E-08		-2.99E-08				0.54%

		2		1.30E-08		-5.11E-08		-3.81E-08				0.68%

		3		1.38E-08		-5.42E-08		-4.04E-08				0.72%

		4		1.40E-08		-5.49E-08		-4.09E-08				0.73%

		5		1.41E-08		-5.50E-08		-4.09E-08				0.73%

		6		1.40E-08		-5.49E-08		-4.09E-08				0.73%

		7		1.40E-08		-5.49E-08		-4.09E-08				0.73%

		8		1.41E-08		-5.49E-08		-4.09E-08				0.73%

		90% speed, pback=15.7 psi

		1		-7.11E-09		-2.31E-08		-3.03E-08				0.54%

		2		1.56E-08		-5.52E-08		-3.96E-08				0.71%

		3		1.67E-08		-5.89E-08		-4.23E-08				0.76%

		4		1.70E-08		-5.97E-08		-4.27E-08				0.77%

		5		1.70E-08		-5.96E-08		-4.26E-08				0.76%

		6		1.68E-08		-5.94E-08		-4.25E-08				0.76%

		7		1.69E-08		-5.94E-08		-4.25E-08				0.76%

		8		1.69E-08		-5.94E-08		-4.25E-08				0.76%

		90% speed, pback=15.9 psi								scaled by ampl*ampl

		1		4.96E-08		-9.79E-07		-9.30E-07		-3.72E-08		0.67%

		2		6.43E-07		-1.73E-06		-1.09E-06		-4.37E-08		0.78%

		3		6.66E-07		-1.83E-06		-1.16E-06		-4.65E-08		0.83%

		4		6.76E-07		-1.84E-06		-1.17E-06		-4.66E-08		0.84%

		5		6.70E-07		-1.83E-06		-1.16E-06		-4.64E-08		0.83%

		6		6.70E-07		-1.83E-06		-1.16E-06		-4.62E-08		0.83%

		7		6.68E-07		-1.82E-06		-1.15E-06		-4.60E-08		0.83%

		8		6.64E-07		-1.81E-06		-1.14E-06		-4.57E-08		0.82%

		90% speed, pback=15.9 psi, phase=32.7 deg.								scaled by ampl*ampl

		1		-8.21E-08		-7.01E-07		-7.83E-07		-3.13E-08		0.56%

		2		-2.01E-07		-4.85E-07		-6.86E-07		-2.74E-08		0.49%

		3		-1.51E-07		-9.92E-07		-1.14E-06		-4.57E-08		0.82%

		4		3.80E-08		-1.43E-06		-1.40E-06		-5.58E-08		1.00%

		5		2.07E-07		-1.72E-06		-1.51E-06		-6.06E-08		1.09%

		6		2.83E-07		-1.89E-06		-1.61E-06		-6.43E-08		1.15%

		7		2.87E-07		-1.98E-06		-1.70E-06		-6.78E-08		1.22%

		8		2.73E-07		-2.04E-06		-1.76E-06		-7.05E-08		1.27%

		9		0.0000002733		-0.0000020619		-0.0000017886		-7.15E-08		1.28%

		10		0.000000287		-0.0000020535		-0.0000017665		-7.07E-08		1.27%

		11		0.0000002989		-0.0000020375		-0.0000017386		-6.95E-08		1.25%

		12		0.0000003084		-0.0000020424		-0.000001734		-6.94E-08		1.24%

		13		0.0000003155		-0.0000020532		-0.0000017378		-6.95E-08		1.25%

		14		0.0000003077		-0.0000020389		-0.0000017311		-6.92E-08		1.24%

		15		0.0000002889		-0.0000020124		-0.0000017234		-6.89E-08		1.24%

		16		0.0000002795		-0.0000019982		-0.0000017187		-6.87E-08		1.23%

		90% speed, pback=15.7 psi, phase=32.7 deg.

		1		-8.91E-09		-2.70E-08		-3.60E-08				0.65%

		2		-1.44E-08		-1.26E-08		-2.70E-08				0.48%

		3		-2.04E-08		-3.56E-08		-5.60E-08				1.01%

		4		-7.08E-09		-6.02E-08		-6.73E-08				1.21%

		5		3.43E-09		-7.83E-08		-7.49E-08				1.34%

		6		2.26E-09		-8.29E-08		-8.06E-08				1.45%

		7		-2.91E-09		-8.09E-08		-8.38E-08				1.50%

		8		-6.04E-09		-7.84E-08		-8.44E-08				1.51%

		9		-5.53E-09		-7.72E-08		-8.28E-08				1.49%

		10		-2.68E-09		-7.66E-08		-7.93E-08				1.42%

		11		4.92E-10		-7.76E-08		-7.71E-08				1.38%

		12		1.80E-10		-7.86E-08		-7.84E-08				1.41%

		13		-3.51E-09		-7.74E-08		-8.09E-08				1.45%

		14		-6.73E-09		-7.49E-08		-8.16E-08				1.46%

		15		-6.27E-09		-7.40E-08		-8.03E-08				1.44%

		16		-2.85E-09		-7.59E-08		-7.87E-08				1.41%

		90% speed, pback=15.7 psi, phase=65.45 deg.

		1		-7.11E-09		-5.85E-08		-6.56E-08				1.18%

		2		-1.66E-08		-4.17E-08		-5.83E-08				1.05%

		3		-1.05E-08		-8.96E-08		-1.00E-07				1.80%

		4		1.17E-08		-1.05E-07		-9.34E-08				1.68%

		5		1.14E-08		-1.22E-07		-1.11E-07				1.99%

		6		7.90E-09		-1.40E-07		-1.32E-07				2.37%

		7		1.65E-08		-1.48E-07		-1.31E-07				2.36%

		8		1.89E-08		-1.45E-07		-1.26E-07				2.26%

		9		1.28E-08		-1.48E-07		-1.35E-07				2.43%

		10		1.25E-08		-1.51E-07		-1.39E-07				2.49%

		11		1.53E-08		-1.48E-07		-1.33E-07				2.39%

		12		1.56E-08		-1.46E-07		-1.31E-07				2.34%

		13		1.68E-08		-1.50E-07		-1.33E-07				2.38%

		14		1.78E-08		-1.52E-07		-1.34E-07				2.41%

		15		1.63E-08		-1.51E-07		-1.35E-07				2.42%

		16		1.38E-08		-1.48E-07		-1.35E-07				2.41%

		90% speed, pback=15.9 psi, phase=310.9 deg.								scaled by ampl*ampl

		1		-1.67E-06		-1.60E-06		-3.26E-06		-1.31E-07		2.34%

		2		-1.70E-06		-1.21E-06		-2.91E-06		-1.16E-07		2.09%

		3		-1.01E-06		-1.93E-06		-2.95E-06		-1.18E-07		2.12%

		4		-9.08E-07		-2.12E-06		-3.03E-06		-1.21E-07		2.18%

		5		-8.14E-07		-1.99E-06		-2.81E-06		-1.12E-07		2.02%

		6		-8.39E-07		-1.76E-06		-2.60E-06		-1.04E-07		1.87%

		7		-8.82E-07		-1.59E-06		-2.47E-06		-9.87E-08		1.77%																						phase		15.7 psi		15.9 psi		16.2 psi				phase		16.4 psi		phase		16.4 psi, 200 ncycpc		phase		16.4 psi, 200 ncycpc, 315.9 Hz

		8		-9.58E-07		-1.46E-06		-2.42E-06		-9.68E-08		1.74%																						-49.1		1.78%		1.78%

		9		-1.04E-06		-1.37E-06		-2.41E-06		-9.64E-08		1.73%																						-32.7		1.41%		1.37%

		10		-1.08E-06		-1.39E-06		-2.46E-06		-9.85E-08		1.77%																						0		0.76%		0.82%						0		0.49%

		11		-1.07E-06		-1.50E-06		-2.57E-06		-1.03E-07		1.84%																						32.7		1.41%		1.23%		0.66%				32.7		0.25%		32.7		0.14%		32.7		0.12%

		12		-1.01E-06		-1.63E-06		-2.65E-06		-1.06E-07		1.90%																						49.1		1.91%		1.68%						65.5		0.76%

		13		-9.52E-07		-1.68E-06		-2.63E-06		-1.05E-07		1.89%																						65.5		2.41%

		14		-9.39E-07		-1.61E-06		-2.54E-06		-1.02E-07		1.83%

		15		-9.77E-07		-1.50E-06		-2.48E-06		-9.93E-08		1.78%

		16		-1.02E-06		-1.46E-06		-2.48E-06		-9.92E-08		1.78%

		90% speed, pback=15.7 psi, phase=310.9 deg.

		1		-6.85E-08		-4.32E-08		-1.12E-07				2.00%

		2		-5.66E-08		-4.44E-08		-1.01E-07				1.81%

		3		-3.76E-08		-8.36E-08		-1.21E-07				2.18%

		4		-3.69E-08		-8.66E-08		-1.23E-07				2.22%

		5		-2.67E-08		-8.24E-08		-1.09E-07				1.96%

		6		-2.88E-08		-7.21E-08		-1.01E-07				1.81%

		7		-3.43E-08		-6.00E-08		-9.43E-08				1.69%

		8		-3.96E-08		-5.31E-08		-9.28E-08				1.67%

		9		-4.22E-08		-5.28E-08		-9.50E-08				1.70%

		10		-4.21E-08		-5.98E-08		-1.02E-07				1.83%

		11		-3.78E-08		-6.92E-08		-1.07E-07				1.92%

		12		-3.34E-08		-7.27E-08		-1.06E-07				1.90%

		13		-3.24E-08		-6.73E-08		-9.97E-08				1.79%

		14		-3.65E-08		-5.87E-08		-9.52E-08				1.71%

		15		-4.08E-08		-5.52E-08		-9.60E-08				1.72%

		16		-4.10E-08		-5.81E-08		-9.92E-08				1.78%

		90% speed, pback=15.7 psi, phase=327.3 deg. -- run by Rakesh

		1		-1.22E-06		-1.04E-06		-2.26E-06		-9.04E-08		1.62%

		2		-1.17E-06		-9.03E-07		-2.07E-06		-8.28E-08		1.49%

		3		-7.68E-07		-1.52E-06		-2.29E-06		-9.16E-08		1.64%

		4		-6.46E-07		-1.77E-06		-2.42E-06		-9.66E-08		1.73%

		5		-4.28E-07		-1.90E-06		-2.33E-06		-9.31E-08		1.67%

		6		-2.45E-07		-1.92E-06		-2.17E-06		-8.66E-08		1.55%

		7		-1.66E-07		-1.89E-06		-2.06E-06		-8.23E-08		1.48%

		8		-1.70E-07		-1.85E-06		-2.02E-06		-8.07E-08		1.45%

		9		-2.12E-07		-1.81E-06		-2.02E-06		-8.09E-08		1.45%

		10		-2.34E-07		-1.78E-06		-2.01E-06		-8.04E-08		1.44%

		11		-2.57E-07		-1.73E-06		-1.99E-06		-7.94E-08		1.43%

		12		-2.85E-07		-1.67E-06		-1.96E-06		-7.84E-08		1.41%

		90% speed, pback=15.9 psi, phase=327.3 deg. -- run by Rakesh

		1		-1.27E-06		-1.12E-06		-2.39E-06		-9.56E-08		1.72%

		2		-1.29E-06		-9.35E-07		-2.23E-06		-8.91E-08		1.60%

		3		-7.26E-07		-1.65E-06		-2.38E-06		-9.51E-08		1.71%

		4		-6.13E-07		-1.95E-06		-2.56E-06		-1.02E-07		1.84%																						100 ncycpc		13.8		1.39%						13.8		42.71

		5		-3.88E-07		-2.03E-06		-2.42E-06		-9.67E-08		1.74%																								14.5		1.47%						14.5		42.45

		6		-1.93E-07		-1.99E-06		-2.18E-06		-8.71E-08		1.56%																								15.2		1.50%						15.2		41.9

		7		-1.15E-07		-1.92E-06		-2.04E-06		-8.16E-08		1.46%																								15.7		1.41%						15.7		40.87

		8		-1.48E-07		-1.86E-06		-2.01E-06		-8.04E-08		1.44%																								15.9		1.23%						15.9		39.99

		9		-2.14E-07		-1.79E-06		-2.00E-06		-8.01E-08		1.44%																								16.2		0.66%		<-- from Rakesh				16.2		38.19069

		10		-2.59E-07		-1.71E-06		-1.97E-06		-7.86E-08		1.41%																								16.4		0.25%						16.4		36.01616

		11		-3.08E-07		-1.62E-06		-1.93E-06		-7.70E-08		1.38%

		12		-3.64E-07		-1.55E-06		-1.91E-06		-7.65E-08		1.37%																						200 ncycpc		16.4		0.14%

		90% speed, pback=15.7 psi, phase=49.1 deg. -- run by Rakesh																																200 ncycpc, 315.9 Hz		16.4		0.12%

		1		-5.93E-09		-4.16E-08		-4.75E-08				0.85%

		2		-8.68E-09		-2.75E-08		-3.62E-08				0.65%

		3		-1.16E-08		-4.79E-08		-5.94E-08				1.07%

		4		-6.22E-09		-6.54E-08		-7.16E-08				1.29%

		5		1.18E-09		-8.07E-08		-7.95E-08				1.43%

		6		7.71E-09		-9.36E-08		-8.58E-08				1.54%

		7		1.18E-08		-1.03E-07		-9.17E-08				1.65%

		8		1.36E-08		-1.11E-07		-9.71E-08				1.74%

		9		1.38E-08		-1.15E-07		-1.02E-07				1.82%

		10		1.31E-08		-1.18E-07		-1.04E-07				1.87%

		11		1.21E-08		-1.18E-07		-1.06E-07				1.90%

		12		1.12E-08		-1.17E-07		-1.06E-07				1.91%

		90% speed, pback=15.9 psi, phase=49.1 deg. -- run by Rakesh

		1		9.23E-09		-9.57E-07		-9.47E-07		-3.79E-08		0.68%

		2		-1.06E-07		-7.55E-07		-8.61E-07		-3.44E-08		0.62%

		3		-1.08E-07		-1.14E-06		-1.24E-06		-4.97E-08		0.89%

		4		3.20E-09		-1.49E-06		-1.49E-06		-5.96E-08		1.07%

		5		1.44E-07		-1.81E-06		-1.66E-06		-6.65E-08		1.19%

		6		2.74E-07		-2.06E-06		-1.79E-06		-7.16E-08		1.29%

		7		3.73E-07		-2.27E-06		-1.90E-06		-7.59E-08		1.36%

		8		4.37E-07		-2.43E-06		-1.99E-06		-7.98E-08		1.43%

		9		4.74E-07		-2.59E-06		-2.12E-06		-8.47E-08		1.52%

		10		4.82E-07		-2.73E-06		-2.24E-06		-8.98E-08		1.61%

		11		4.93E-07		-2.83E-06		-2.33E-06		-9.34E-08		1.68%

		12		5.24E-07		-2.88E-06		-2.36E-06		-9.43E-08		1.69%

		13		5.26E-07		-2.88E-06		-2.36E-06		-9.43E-08		1.69%

		14		5.12E-07		-2.88E-06		-2.36E-06		-9.45E-08		1.70%

		15		5.29E-07		-2.88E-06		-2.35E-06		-9.42E-08		1.69%

		16		5.52E-07		-2.90E-06		-2.35E-06		-9.39E-08		1.68%

		90% speed, pback=15.2 psi, phase=32.7 deg.

		1		-1.35E-08		-2.94E-08		-4.30E-08				0.77%

		2		-1.74E-08		-1.82E-08		-3.56E-08				0.64%

		3		-2.36E-08		-3.70E-08		-6.06E-08				1.09%

		4		-1.69E-08		-5.91E-08		-7.59E-08				1.36%

		5		-9.59E-09		-7.39E-08		-8.34E-08				1.50%

		6		-9.08E-09		-7.62E-08		-8.52E-08				1.53%

		7		-1.34E-08		-7.17E-08		-8.51E-08				1.53%

		8		-1.74E-08		-6.84E-08		-8.58E-08				1.54%

		9		-1.86E-08		-6.77E-08		-8.63E-08				1.55%

		10		-1.67E-08		-6.72E-08		-8.38E-08				1.50%

		11		-1.27E-08		-6.81E-08		-8.09E-08				1.45%

		12		-1.07E-08		-7.01E-08		-8.08E-08				1.45%

		13		-1.27E-08		-7.01E-08		-8.29E-08				1.49%

		14		-1.65E-08		-6.77E-08		-8.43E-08				1.51%

		15		-1.86E-08		-6.57E-08		-8.43E-08				1.51%

		16		-1.74E-08		-6.61E-08		-8.35E-08				1.50%

		90% speed, pback=14.5 psi, phase=32.7 deg.

		1		-1.89E-08		-2.56E-08		-4.45E-08				0.80%

		2		-2.32E-08		-2.12E-08		-4.44E-08				0.80%

		3		-3.12E-08		-3.15E-08		-6.27E-08				1.13%

		4		-2.84E-08		-4.87E-08		-7.71E-08				1.38%

		5		-2.22E-08		-6.04E-08		-8.27E-08				1.48%

		6		-1.95E-08		-6.27E-08		-8.22E-08				1.48%

		7		-2.26E-08		-5.88E-08		-8.15E-08				1.46%

		8		-2.78E-08		-5.41E-08		-8.19E-08				1.47%

		9		-3.09E-08		-5.13E-08		-8.22E-08				1.48%

		10		-3.00E-08		-5.13E-08		-8.13E-08				1.46%

		11		-2.60E-08		-5.37E-08		-7.97E-08				1.43%

		12		-2.27E-08		-5.57E-08		-7.84E-08				1.41%

		13		-2.25E-08		-5.62E-08		-7.87E-08				1.41%

		14		-2.53E-08		-5.52E-08		-8.05E-08				1.45%

		15		-2.85E-08		-5.35E-08		-8.20E-08				1.47%

		16		-2.96E-08		-5.24E-08		-8.20E-08				1.47%

		90% speed, pback=13.8 psi, phase=32.7 deg. -- run by Rakesh

		1		-2.21E-08		-1.79E-08		-4.00E-08				0.72%

		2		-2.78E-08		-1.99E-08		-4.77E-08				0.86%

		3		-3.67E-08		-2.65E-08		-6.32E-08				1.13%

		4		-3.45E-08		-4.15E-08		-7.61E-08				1.37%

		5		-2.84E-08		-5.04E-08		-7.88E-08				1.41%

		6		-2.49E-08		-5.21E-08		-7.69E-08				1.38%

		7		-2.69E-08		-4.96E-08		-7.65E-08				1.37%

		8		-3.21E-08		-4.62E-08		-7.82E-08				1.40%

		9		-3.65E-08		-4.28E-08		-7.93E-08				1.42%

		10		-3.66E-08		-4.18E-08		-7.84E-08				1.41%

		11		-3.28E-08		-4.49E-08		-7.77E-08				1.40%

		12		-2.90E-08		-4.83E-08		-7.73E-08				1.39%

		90% speed, pback=16.4 psi, phase=32.7 deg. -- run by Rakesh -- values provided are %damping not work/cycle

		1		6.87E-02		2.59E-01		3.28E-01				0.33%

		2		6.89E-02		3.77E-01		4.46E-01				0.45%

		3		-1.79E-01		6.30E-01		4.51E-01				0.45%

		4		-4.24E-01		8.51E-01		4.28E-01				0.43%

		5		-6.54E-01		1.01E+00		3.58E-01				0.36%

		6		-8.26E-01		1.13E+00		3.02E-01				0.30%

		7		-9.55E-01		1.21E+00		2.57E-01				0.26%

		8		-1.04E+00		1.26E+00		2.19E-01				0.22%

		9		-1.08E+00		1.27E+00		1.95E-01				0.19%

		10		-1.09E+00		1.29E+00		2.02E-01				0.20%

		11		-1.08E+00		1.31E+00		2.32E-01				0.23%

		12		-1.04E+00		1.30E+00		2.60E-01				0.26%

		13		-1.01E+00		1.27E+00		2.62E-01				0.26%

		14		-1.01E+00		1.27E+00		2.53E-01				0.25%

		15		-1.04E+00		1.29E+00		2.49E-01				0.25%

		16		-1.07E+00		1.32E+00		2.48E-01				0.25%

		90% speed, pback=16.4 psi, phase=0 deg.

		1		1.77E-07		-8.93E-07		-7.16E-07		-2.86E-08		0.51%

		2		8.62E-07		-1.59E-06		-7.30E-07		-2.92E-08		0.52%

		3		9.18E-07		-1.59E-06		-6.69E-07		-2.68E-08		0.48%

		4		8.74E-07		-1.50E-06		-6.30E-07		-2.52E-08		0.45%

		5		8.94E-07		-1.52E-06		-6.24E-07		-2.49E-08		0.45%

		6		9.16E-07		-1.55E-06		-6.35E-07		-2.54E-08		0.46%

		7		9.45E-07		-1.59E-06		-6.48E-07		-2.59E-08		0.47%

		8		9.71E-07		-1.64E-06		-6.73E-07		-2.69E-08		0.48%

		9		9.77E-07		-1.67E-06		-6.95E-07		-2.78E-08		0.50%

		10		9.70E-07		-1.68E-06		-7.06E-07		-2.83E-08		0.51%

		11		9.49E-07		-1.65E-06		-7.02E-07		-2.81E-08		0.50%

		12		9.21E-07		-1.61E-06		-6.85E-07		-2.74E-08		0.49%

		90% speed, pback=16.4 psi, phase=65.45 deg.

		1		-1.55E-07		-6.30E-07		-7.85E-07		-3.14E-08		0.56%

		2		-5.08E-07		-7.72E-07		-1.28E-06		-5.12E-08		0.92%

		3		-5.01E-07		-1.06E-06		-1.56E-06		-6.24E-08		1.12%

		4		-8.85E-08		-1.33E-06		-1.42E-06		-5.67E-08		1.02%

		5		2.46E-07		-1.56E-06		-1.31E-06		-5.24E-08		0.94%

		6		3.53E-07		-1.60E-06		-1.25E-06		-4.98E-08		0.89%

		7		2.77E-07		-1.43E-06		-1.15E-06		-4.61E-08		0.83%

		8		1.94E-07		-1.22E-06		-1.03E-06		-4.11E-08		0.74%

		9		1.42E-07		-1.13E-06		-9.90E-07		-3.96E-08		0.71%

		10		1.15E-07		-1.13E-06		-1.01E-06		-4.06E-08		0.73%

		11		9.36E-08		-1.13E-06		-1.04E-06		-4.15E-08		0.75%

		12		1.07E-07		-1.17E-06		-1.06E-06		-4.24E-08		0.76%

		13		1.48E-07		-1.25E-06		-1.10E-06		-4.39E-08		0.79%

		14		1.83E-07		-1.30E-06		-1.11E-06		-4.45E-08		0.80%

		15		2.03E-07		-1.28E-06		-1.08E-06		-4.30E-08		0.77%

		16		2.06E-07		-1.26E-06		-1.06E-06		-4.24E-08		0.76%

		90% speed, pback=16.4 psi, phase=32.7 deg., ncycpc=200 -- run by Rakesh -- values provided are %damping not work/cycle

		1		4.91E-02		2.66E-01		3.15E-01				0.31%

		2		2.18E-02		3.17E-01		3.39E-01				0.34%

		3		-1.93E-01		4.79E-01		2.87E-01				0.29%

		4		-3.47E-01		6.01E-01		2.54E-01				0.25%

		5		-5.13E-01		6.87E-01		1.74E-01				0.17%

		6		-6.76E-01		8.09E-01		1.33E-01				0.13%

		7		-7.49E-01		8.55E-01		1.07E-01				0.11%

		8		-8.15E-01		8.99E-01		8.42E-02				0.08%

		9		-8.66E-01		9.89E-01		1.23E-01				0.12%

		10		-9.16E-01		1.05E+00		1.37E-01				0.14%

		11		-9.42E-01		1.07E+00		1.25E-01				0.13%

		12		-9.30E-01		1.05E+00		1.17E-01				0.12%

		13		-9.59E-01		1.08E+00		1.20E-01				0.12%

		14		-9.67E-01		1.09E+00		1.21E-01				0.12%

		15		-9.64E-01		1.08E+00		1.15E-01				0.11%

		16		-9.54E-01		1.09E+00		1.35E-01				0.14%

		90% speed, pback=16.4 psi, phase=32.7 deg., ncycpc=200, freq=315.9 Hz (10% lower) -- run by Rakesh -- values provided are %damping, not work/cycle

		1		3.85E-02		2.52E-01		2.90E-01				0.29%

		2		1.44E-02		2.89E-01		3.04E-01				0.30%

		3		-1.27E-01		3.69E-01		2.42E-01				0.24%

		4		-2.19E-01		4.42E-01		2.23E-01				0.22%																										itend=3		14.8		0.87%

		5		-3.14E-01		4.78E-01		1.64E-01				0.16%																												15.2		0.44%

		6		-4.23E-01		5.38E-01		1.15E-01				0.11%																												15.6		0.45%

		7		-4.44E-01		5.60E-01		1.16E-01				0.12%																												15.7		0.39%

		8		-4.11E-01		5.29E-01		1.19E-01				0.12%																										itend=6		15.6		0.49%

		80% speed, pback=15.6 psi, phase=32.7 deg., ampl=1e-3, freq=295 Hz, itend=6

		1		-2.12E-07		-3.34E-07		-5.46E-07		-3.09E-08		0.55%

		2		-1.05E-07		-3.87E-07		-4.92E-07		-2.78E-08		0.50%

		3		-8.45E-08		-3.38E-07		-4.22E-07		-2.39E-08		0.43%

		4		-9.35E-08		-3.20E-07		-4.13E-07		-2.34E-08		0.42%

		5		-1.57E-07		-2.61E-07		-4.18E-07		-2.36E-08		0.42%

		6		-3.09E-07		-1.24E-07		-4.33E-07		-2.45E-08		0.44%

		7		-4.70E-07		3.09E-08		-4.39E-07		-2.49E-08		0.45%

		8		-5.75E-07		1.06E-07		-4.70E-07		-2.66E-08		0.48%

		9		-6.82E-07		1.62E-07		-5.20E-07		-2.94E-08		0.53%

		10		-7.82E-07		2.66E-07		-5.16E-07		-2.92E-08		0.52%

		11		-8.20E-07		3.43E-07		-4.77E-07		-2.70E-08		0.48%

		12		-8.49E-07		3.66E-07		-4.83E-07		-2.73E-08		0.49%

		13		-8.86E-07		3.97E-07		-4.89E-07		-2.77E-08		0.50%

		14		-8.83E-07		4.20E-07		-4.64E-07		-2.62E-08		0.47%

		15		-8.58E-07		4.01E-07		-4.57E-07		-2.59E-08		0.46%

		16		-8.66E-07		3.87E-07		-4.80E-07		-2.71E-08		0.49%

		80% speed, pback=15.6 psi, phase=32.7 deg., ampl=1e-3, freq=295 Hz, itend=3

		1		-1.91E-07		-3.61E-07		-5.52E-07		-3.12E-08		0.56%

		2		-7.54E-08		-4.17E-07		-4.92E-07		-2.79E-08		0.50%

		3		9.73E-08		-5.22E-07		-4.25E-07		-2.41E-08		0.43%

		4		1.41E-07		-5.74E-07		-4.33E-07		-2.45E-08		0.44%

		5		2.38E-07		-6.17E-07		-3.78E-07		-2.14E-08		0.38%

		6		2.66E-07		-6.19E-07		-3.53E-07		-2.00E-08		0.36%

		7		2.02E-07		-5.65E-07		-3.63E-07		-2.06E-08		0.37%

		8		1.57E-07		-5.22E-07		-3.65E-07		-2.07E-08		0.37%

		9		1.54E-07		-5.52E-07		-3.98E-07		-2.25E-08		0.40%

		10		1.11E-07		-5.50E-07		-4.39E-07		-2.49E-08		0.45%

		11		3.25E-08		-4.75E-07		-4.43E-07		-2.51E-08		0.45%

		12		-2.07E-09		-4.29E-07		-4.32E-07		-2.44E-08		0.44%

		13		-2.92E-09		-4.38E-07		-4.41E-07		-2.50E-08		0.45%

		14		5.26E-10		-4.46E-07		-4.46E-07		-2.52E-08		0.45%

		15		-6.90E-10		-4.42E-07		-4.43E-07		-2.51E-08		0.45%

		16		-3.36E-09		-4.42E-07		-4.45E-07		-2.52E-08		0.45%

		80% speed, pback=15.2 psi, phase=32.7 deg., ampl=1e-3, freq=295 Hz, itend=3

		1		-1.85E-07		-5.40E-07		-7.25E-07		-4.10E-08		0.74%

		2		-7.78E-08		-6.08E-07		-6.86E-07		-3.88E-08		0.70%

		3		2.48E-07		-9.04E-07		-6.56E-07		-3.71E-08		0.67%

		4		3.96E-07		-1.07E-06		-6.78E-07		-3.83E-08		0.69%

		5		5.79E-07		-1.16E-06		-5.83E-07		-3.30E-08		0.59%

		6		7.54E-07		-1.25E-06		-5.00E-07		-2.83E-08		0.51%

		7		8.73E-07		-1.32E-06		-4.50E-07		-2.55E-08		0.46%

		8		9.29E-07		-1.34E-06		-4.16E-07		-2.35E-08		0.42%

		9		9.71E-07		-1.37E-06		-4.00E-07		-2.27E-08		0.41%

		10		1.03E-06		-1.45E-06		-4.19E-07		-2.37E-08		0.43%

		11		1.07E-06		-1.52E-06		-4.51E-07		-2.55E-08		0.46%

		12		1.09E-06		-1.56E-06		-4.72E-07		-2.67E-08		0.48%

		13		1.11E-06		-1.57E-06		-4.62E-07		-2.62E-08		0.47%

		14		1.14E-06		-1.57E-06		-4.35E-07		-2.46E-08		0.44%

		15		1.15E-06		-1.57E-06		-4.24E-07		-2.40E-08		0.43%

		16		1.14E-06		-1.57E-06		-4.32E-07		-2.44E-08		0.44%

		80% speed, pback=15.7 psi, phase=32.7 deg., ampl=1e-3, freq=295 Hz, itend=3

		1		-1.85E-07		-2.88E-07		-4.73E-07		-2.68E-08		0.48%

		2		-6.75E-08		-3.61E-07		-4.28E-07		-2.42E-08		0.44%

		3		4.80E-08		-4.12E-07		-3.64E-07		-2.06E-08		0.37%

		4		8.23E-08		-4.40E-07		-3.58E-07		-2.02E-08		0.36%

		5		1.45E-07		-4.66E-07		-3.21E-07		-1.82E-08		0.33%

		6		1.10E-07		-4.32E-07		-3.22E-07		-1.82E-08		0.33%

		7		1.33E-08		-3.43E-07		-3.30E-07		-1.87E-08		0.33%

		8		-3.66E-08		-2.99E-07		-3.36E-07		-1.90E-08		0.34%

		9		-7.63E-08		-3.08E-07		-3.84E-07		-2.18E-08		0.39%

		10		-1.47E-07		-2.67E-07		-4.14E-07		-2.34E-08		0.42%

		11		-1.99E-07		-2.07E-07		-4.06E-07		-2.30E-08		0.41%

		12		-2.05E-07		-1.97E-07		-4.03E-07		-2.28E-08		0.41%

		13		-1.95E-07		-2.06E-07		-4.01E-07		-2.27E-08		0.41%

		14		-1.86E-07		-1.93E-07		-3.80E-07		-2.15E-08		0.39%

		15		-2.02E-07		-1.72E-07		-3.75E-07		-2.12E-08		0.38%

		16		-2.38E-07		-1.48E-07		-3.86E-07		-2.18E-08		0.39%

		80% speed, pback=14.8 psi, phase=32.7 deg., ampl=1e-3, freq=295 Hz, itend=3

		1		-2.20E-07		-5.97E-07		-8.17E-07		-4.62E-08		0.83%

		2		-2.00E-07		-5.98E-07		-7.98E-07		-4.51E-08		0.81%

		3		1.00E-07		-1.01E-06		-9.11E-07		-5.16E-08		0.93%

		4		2.74E-07		-1.34E-06		-1.07E-06		-6.04E-08		1.08%

		5		4.94E-07		-1.55E-06		-1.05E-06		-5.95E-08		1.07%

		6		6.85E-07		-1.67E-06		-9.82E-07		-5.56E-08		1.00%

		7		8.12E-07		-1.74E-06		-9.30E-07		-5.27E-08		0.95%

		8		9.11E-07		-1.80E-06		-8.92E-07		-5.05E-08		0.91%

		9		9.94E-07		-1.84E-06		-8.49E-07		-4.80E-08		0.86%

		10		1.05E-06		-1.87E-06		-8.17E-07		-4.62E-08		0.83%

		11		1.07E-06		-1.89E-06		-8.22E-07		-4.65E-08		0.84%

		12		1.07E-06		-1.92E-06		-8.49E-07		-4.81E-08		0.86%

		13		1.07E-06		-1.95E-06		-8.76E-07		-4.96E-08		0.89%

		14		1.08E-06		-1.96E-06		-8.74E-07		-4.95E-08		0.89%

		15		1.09E-06		-1.95E-06		-8.60E-07		-4.87E-08		0.87%

		16		1.09E-06		-1.94E-06		-8.55E-07		-4.84E-08		0.87%

		aeprep modifiedto ensure that displacements are equivalent on le/te for k=1 and nk

		This condition was re-run to check the effect on damping calculations

		90% speed, pback=16.4 psi, phase=0 deg.

		1		1.79E-07		-8.94E-07		-7.15E-07		-2.86E-08		0.51%

		2		8.70E-07		-1.60E-06		-7.34E-07		-2.94E-08		0.53%

		3		9.32E-07		-1.61E-06		-6.77E-07		-2.71E-08		0.49%

		4		8.87E-07		-1.52E-06		-6.37E-07		-2.55E-08		0.46%

		5		9.03E-07		-1.53E-06		-6.27E-07		-2.51E-08		0.45%

		6		9.24E-07		-1.56E-06		-6.37E-07		-2.55E-08		0.46%

		7		9.54E-07		-1.61E-06		-6.52E-07		-2.61E-08		0.47%

		8		9.81E-07		-1.66E-06		-6.77E-07		-2.71E-08		0.49%

		9		9.87E-07		-1.68E-06		-6.97E-07		-2.79E-08		0.50%

		10		9.80E-07		-1.69E-06		-7.08E-07		-2.83E-08		0.51%

		11		9.58E-07		-1.66E-06		-7.04E-07		-2.81E-08		0.51%

		12		9.30E-07		-1.61E-06		-6.83E-07		-2.73E-08		0.49%





		



base

100 ncycpc (base/2)

1e-3 ampl (5*base)

4e-5 ampl (base/5)

300 ncycpc (base*1.5)

SGI, 100 ncycpc

SGI, 100 ncycpc, 6 itend

vibration cycle

aerodynamic damping (zeta)

damping, base: ncycpc=200, ampl=2e-4, itend=3, Cray C-90



		



200 ncycpc (base)

100 ncycpc (base/2)

300 ncycpc (base*1.5)

vibration cycle

aerodynamic damping (zeta)

Effect of time steps per cycle (ncycpc)
base: ncycpc=200, ampl=2e-4, itend=3, Cray C-90



		



number of time steps per cycle (ncycpc)

aerodynamic damping (zeta)

Effect of time steps per cycle (ncycpc)
base: ncycpc=200, ampl=2e-4, itend=3, Cray C-90



		



2e-4 ampl (base)

1e-3 ampl (5*base)

4e-5 ampl (base/5)

vibration cycle

aerodynamic damping (zeta)

Effect of vibration amplitude (ampl)
base: ncycpc=200, ampl=2e-4, itend=3, Cray C-90



		



blade vibration amplitude (ampl)

aerodynamic damping (zeta)

Effect of vibration amplitude (ampl)
base: ncycpc=200, ampl=2e-4, itend=3, Cray C-90



		



Cray, 200 ncycpc, 3 itend (base)

Cray, 100 ncycpc 3 itend

SGI, 100 ncycpc, 3 itend

SGI, 100 ncycpc, 6 itend

vibration cycle

aerodynamic damping (zeta)

Effect of Newton sub-iterations (itend)
base: ncycpc=200, ampl=2e-4, itend=3, Cray C-90



		



base

present

number of Newton sub-iterations (itend)

aerodynamic damping (zeta)

Effect of Newton sub-iterations (itend)
base: ncycpc=200, ampl=2e-4, itend=3, Cray C-90
present: ncycpc=100, ampl=2e-4, SGI



		



base

16.36 phase

32.73 phase

98.18 phase

180 phase

278.18 phase

327.27 phase

343.64 phase

0 phase

vibration cycle

aerodynamic damping (zeta)

Effect of interblade phase angle (phase)
base: ncycpc=200, ampl=2e-4, itend=3, Cray C-90, phase=32.73
current: ncycpc=100, ampl=2e-4, itend=3, SGI



		



base

present

interblade phase angle (phase)

aerodynamic damping (zeta)

Effect of interblade phase angle (phase)
base: ncycpc=200, ampl=2e-4, itend=3, Cray C-90, phase=32.73
current: ncycpc=100, ampl=2e-4, itend=3, SGI



		



pback=13.8 psi

pback=14.5 psi

pback=15.2 psi

pback=15.6 psi

pback=15.7 psi

pback=15.9 psi

vibration cycle

aerodynamic damping (zeta)

90% speed, phase=0 deg.



		



back pressure (pback)

aerodynamic damping (zeta)

90% speed, phase=0 deg.



		



-49.1 (310.9) phase

-32.7 (327.3) phsae

32.7 phase

49.1 phase

65.45 phase

vibration cycle

aerodynamic damping (zeta)

90% speed, 15.7 psi



		



Most Unstable
Phase Angle

Increasing
Back Pressure

Most Unstable
Phase Angle

15.7 psi

15.9 psi

16.4 psi

Interblade Phase Angle

Aerodynamic Damping



		



32.7 phase

-49.1 (310.9) phase

-32.7 (327.3) phase

49.1 phase

vibration cycle

aerodynamic damping (zeta)

90% speed, 15.9 psi



		



Near
Op Line

Near Stall

No Flutter

Flutter

100 ncycpc

Mass Flow Rate

Aerodynamic Damping



		



32.7 phase

0 phase

65.45 phase

32.7 phase, 200 ncycpc

32.7 phase, 200 ncycpc, 315.9 Hz

vibration cycle

aerodynamic damping (zeta)

90% speed, 16.4 psi



		



14.8 psi

15.2 psi

15.6 psi

15.7 psi

15.6 psi, itend=6

vibration cycle

aerodynamic damping (zeta)

80% speed, 32.7 phase



		



itend=3

itend=6

back pressure (psi)

aerodynamic damping (zeta)

80% speed, 32.7 deg. phase



		



original aeprep

modified aeprep

vibration cycle

aerodynamic damping (zeta)

90% speed, 16.4 psi, 0 phase



		



Near
Op Line

Near Stall

No Flutter

Flutter

100 ncycpc

Back Pressure

Aerodynamic Damping





LES of LPT with GlennHT

8Instantaneous Iso-Surface of Q-Criterion Instantaneous Density Gradient



LES of EEE 
Combustor & 
HPT (uncooled) 

Uses OpenNCC

Temperature 
Contours

9



Conjugate Heat Transfer with GlennHT

10

Blade modeled with and 
without TBC (thermal 
Barrier Coating

Total Temperature

Fluid and Solid modeled



OpenMDAO:

11

Turbine Section Constrained Optimization
Uses T-Blade3 &. Mises

OpenMDAO is an open-source 
optimization framework and a 
platform to building new analysis 
tools with analytic derivatives

Python code

Available to all



Future Direction: more Multi-Discipline Capability

• Coupled Physics: loosely or tightly coupled
• Break down Silos: experts in design & simulation, not aero or structures
• Exploit ESP (Engineering Sketch Pad) for passing information, geometry 

generation, and sensitivities
• Exploit new frameworks, automated grid generators, faster less 

dissipative solvers
• Use Adjoint solvers for sensitivities and gradient-based optimization

12



Future for Turbomachinery: 
Engineering Sketch Pad (ESP)

• Developed by Bob Haimes of MIT and John Dannenhoffer of Syracuse
• Development largely funded by AFRL, mostly for airframe design and 

optimization
• Integrated with T-Blade3 (recent TurboExpo paper)
• Integration is part of T-Blade3 source
• Framework instead of CAD

• Analytic derivatives now available for gradient-based optimization





Future: Novel Geometry Designs

15

Outlet Guide Vane 
(variable solidity)

Combine T-
Blade3 with CAD 
to enable 
Turbomachinery 
Innovation!



Collaborative Opportunities
• Very complementary to AFRL & NASIC efforts
• Multi-disciplinary is key

• Design system needs to work with both aerodynamics, structures, acoustics, heat 
transfer …

• People need to be multi-disciplinary. – Remove Silos
• ESP integrated with T-Blade3 allows for automated CAD with Sensitivities 

can integrate with airframe
• Push for more Turbomachinery Innovation 
• Have more discussions for even more common/complementary tools
• Coupled components:

• Combustor – cooled turbine (planned for next year)
• SBIR/STTR code development, commercial codes, Air Force code 

collaboration
16



Questions?
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