N3 -RRAY27
NASA CONTRACTOR NASA CR-2177

REPORT

NASA (R-2177

EFFECTS OF VIBRATION AND SHOCK
ON THE PERFORMANCE OF
GAS-BEARING SPACE-POWER
BRAYTON CYCLE TURBOMACHINERY

II - Sinusoidal and Random Vibration

by J. M. Tessarzik, T. Chiang, and R. H. Badgley

Prepared by
MECHANICAL TECHNOLOGY INCORPORATED

Latham, N.Y. 12110

for -

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION < WASHINGTON, D. C. « MARCH 1973




1. Report No. 2. Government Accession No. 3. Recipient’s, Catalog No.
NASA CR-2177

4. Title and Subtitte EFFECTS OF VIBRATION AND SHOCK ON THE 5. Report Date
PERFORMANCE OF GAS-BEARING SPACE-POWER BRAYTON March 1973
CYCLE TURBOMACHINERY 6. Performing Organization Code
II - SINUSOIDAL AND RANDOM VIBRATION

7. Author(s) 8. Performing Organization Report No.
J. M. Tessarzik, T. Chiang, and R. H. Badgley MTI-T1TR66 -

10. Work Unit No.

9. Performing Organization Name and Address

Mechanical Technology Incorporated

11. Contract or Grant No.
968 Albany-Shaker Road

NASw-1713

Latham, New York 12110
12. Sponsoring Agency Name and Address
National Aeronautics and Space Administration

13. Type of Report and Period Covered

Contractor Report

14. Sponsoring Agency Code
Washington, D.C. 20546 '

15. Supplementary Notes

Project Manager, Henry B. Tryon, Power Systems Division, NASA Lewis Research Center,
Cleveland, Ohio

16. Abstract

The vibration response of a gas-bearing rotor-support system has been analyzed and experi-
mentally documented for sinusoidal and random vibration environments. The NASA Brayton
Rotating Unit (BRU), 36,000 rpm, 10 KWe turbogenerator, was subjected in the laboratory to
sinusoidal and random vibrations to evaluate the capability of the BRU to (1) survive the vibra-
tion levels expected to be encountered during periods of nonoperation and (2) operate satisfac-
torily (that is, without detrimental bearing surface contacts) at the vibration levels expected
during normal BRU operation. Test results indicated the onset of journal and thrust bearing
surface contacts at relatively low random vibration input levels. Chrome oxide bearing surface
coatings were found to operate satisfactorily, permitting multiple contacts without evidence of
degradation. Analysis of axial random vibration response of the BRU was accomplished by
using a linear three-mass model. Response power spectral density was calculated for specified
input random excitation, with particular emphasis upbn the dynamic motions of the thrust bear-
ing runner and_ stator. A three-mass model with nonlinear representation of the engine isolator
mounts was used to calculate axial rotor-béaring shock response.

17. Key Words (Suggested by Author(s}) 18. Distribution Statement

~ Shock and vibration Unclassified - unlimited
Gas bearings
Brayton cycle
Space power

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21, No. of Pages 22. Price®
Unclassified , Unclassified 266 $3.00

EIN * For sale by the National Technical Information Service, Springfield,. Virginia 22151



Page Intentionally Left Blank



CONTENTS

SUMMARY
INTRODUCTION
DEVELOPMENT OF ANALYTICAL METHODS

Nonlinear Element Shock and Sinusoidal Vibration Calculation
Methods

Random Vibration Calculation Methods

Results of Axial Random Vibration Response Calculation for
Brayton Rotating Unit

DESCRIPTION OF TEST HARDWARE

Test Apparatus

Instrumentation
DESCRIPTION OF TESTS
DESCRIPTION OF RECORDED DATA

Preliminary Axial Vibration Tests

Axial vibration input level tests : -

Axial sinusoidal vibration response tests - hydrostatic
operation -

Axial Sinusoidal Vibration Tests with Hydrodynamic Bearing
Operation

Axial Sinusoidal Vibration Tests Without Rotor Operation—————==——-

Axial Random Vibration Tests with Hydrodynamic Bearing
Operation

Axial Random Vibration Tests Without Rotor Operation

Preliminary Transverse Vibration Tests

Transverse vibration input level tests -

Transverse sinusoidal vibration response tests - hydrostatic
operation

Transverse Sinusoidal Vibration Tests with Hydrodynamic Bearing
Operation

Transverse Random Vibration Tests with Hydrodynamic Bearing
Operation - -

Transverse Random Vibration Tests Without Rotor Operation-—---—-----

iii

Page

11
17
17
19
23
26
26

26

28

30
32

32
34
34
34

36
37

37
37



TABLE OF CONTENTS QConcludedz

Page
CONCLUSTONS - - = =< === == == e e e e e e et ee e e e e mmmmmmcea- 39

Analysis of Response of Nonlinear System to Externally-Imposed

Shock and Sinusoidal Vibration--=-----cocemmcccm o ccccccccmceaeeo 39

Analysis of Response of Linear System to Externally-Imposed

Random Vibration-====-==-=cc= oo oo 40

Experimental Test§-=--=-=---=m-cccmmcccme e ecceccccecccecmm—m——aa= 40

LIST OF REFERENCES------<----- e L L L P L L 43
APPENDICES-~~-~cc-mmcrmmmmmce e e e e e et ccceemtcccsec—ena--

A. NONLINEAR-ELEMENT SINUSOIDAL VIBRATION AND SHOCK AXIAL RESPONSE
ANALYSIS-==n=== - mm e e oo e oo e emmmecmceeee e 45
NONLINEAR-ELEMENT AXIAL RESPONSE COMPUTER PROGRAM-------+-c-c----- 49

C. ANALYSIS OF DYNAMIC RESPONSE OF BRAYTON ROTATING UNIT TO AXIAL
RANDOM EXCITATIONS-==--====c=c-ccmccmcmcmoccccccommmmmem—aae oo 93

D. COMPUTER PROGRAM FOR PREDICTING THE DYNAMIC RESPONSE OF THE
BRAYTON ROTATING UNIT TO AXIAL RANDOM EXCITATIONS--------------=- 98

MATHEMATICAL SYMBOLS meeacee e e m e e cemmcmm e ——m e m— e 101
FIGURES et e tmcmmmm e m e mmm———————————— 112

iv



Figure

10

11

12

13

14
15
16
17

18

LIST OF FIGURES

Schematic of Turbocompressor Simulator Mounted on Test Stand
(Vertical Orientation)

Three-Degree-~of-Freedom Nonlinear Axial Response Model of
Turbocompressor Simulator on Shock and Vibration Isolators

Lumped-Mass Model Used for Nonlinear-Element Computer Program

General Flowchart of Axial Shock and Vibration Response
Computer Program

Measured and Calculated Axial Shock Response For Turbocompressor
Simulator '

Static Load-Deflection Curve of the Nonlinear Isolator

Schematic of Brayton Rotating Unit with Mass, Spring, and
Damper Designations

Schematic Concept of Power Spectral Density (PSD)

Model for Demonstration of Potentially leferent Responses Due
to Sinusoidal and Random Vibration

Random Vibration Power Spectral Density Test Specification 417-2
(Rev. C) for Electrical Generating System Components (Operating)
During Space Flight Operation

Random Vibration Power Spectral Density Test Specification 417-2
(Rev. C) for Electrical Generating Systems (Nonoperating) Durlng
Launch

Random Vibration Power Spectral Density Test Specification 417-2
(Rev. C) for Electrical Generating System Components (Nonoperat-—
ing) During Launch

Lumped-Mass Model Used for Calculation of Axial Vibration Re-
sponse of BRU Rotor Bearing System to Specified Random Base
Excitation

Calculated Power Spectral Density of the Relative Displacement
Between my and Base

Calculated Power Spectral Density of the Relative Displacement
Between m, and my

Calculated Power Spectral Density of the Relative Displacement
Between my and m,

Variation of RMS Value of yj with Mounting Bracket Stiffness kl
for Nominal Values of System Properties Given in Table I

Calculated Brayton Rotating Unit Thrust Bearing Film Thickness
Variation Power Spectral Density and Equivalent RMS Value for
One Axial Random Vibration BRU Test Condition

\'



Figure

19 RMS Value of the Thrust Bearing Gas Film Thickness Variation
Versus Gimbal Support Stiffness

20 RMS Value of the Thrust Bearing Gas Film Thickness Variation
Versus Mass of Gimbal Support

21 Schematic of BRU Simulator

22 BRU Thrust Bearing Stator

23 BRU Simulator in Vertical Support Fixture for Vibration Testing

24 BRU Simulator in Support Fixture for Transverse Vibration Testing

25 Proximity Probe Locations on BRU Simulator Rotor and Bearings

26 Capacitance Probes Used on BRU Simulator for Vibration Testing

27 Location of Control Accelerometer on Transverse Vibration Test
Support Fixture

28 Accelerometer Locations on BRU Simulator and Vertical Support
Fixture

29 Accelerometer Locations on Transverse Vibration Test Support

Fixture and BRU Simulator Casing

30 Brayton Rotating Unit (BRU) Simulator Vibration Test Setup in MTI
Latham Facility

31 Random Vibration Power Spectral Density Test Specification 417-2
(Rev. C) for Electrical Generating System Components (Operating)
and Actual BRU Test Levels

32 Random Vibration Power Spectral Density Test Specification 417-2
(Rev, C) for Electrical Generating System Components (Nonoperating)
and Actual BRU Test Levels

33 Sinusoidal Acceleration at the Top of the Vertical Support Fix-
ture (Input Control Accelerometer) (Direction of Applied Vibration
In~Line with BRU Rotor Axis.)

34 Sinusoidal Acceleration at the Top of the Vertical Support Fix-
ture at a Location Next to the Control Accelerometer (Direction
of Applied Vibration In-Line with BRU Rotor Axis)

35 Sinusoidal Acceleration on BRU Simulator Mounting Bracket,
Counterclockwise from Turret (Direction of Applied Vibration
In-Line with BRU Rotor Axis)

36 Sinusoidal Acceleration at the Top of the Vertical Support Fix-
ture, Counterclockwise from Turret (Direction of Applied
Vibration In-Line with BRU Rotor Axis)

37 Sinusoidal Acceleration on BRU Simulator Mounting Bracket,
Clockwise from Turret (Direction of Applied Vibration In-Line
with BRU Rotor Axis)

38 Sinusoidal Acceleration at the Top of the Vertical Support Fix-
ture, Clockwise from Turret (Direction of Applied Vibration
In-Line with BRU Rotor Axis)



Figure
39

40

41

42

43

44

45
46
47
48
49
50
51
52

53

54

55

Sinusoidal Acceleration on BRU Simulator Mounting Bracket Opposite
from Turret (Direction of Applied Vibration In-Line with BRU
Rotor Axis)

Sinusoidal Acceleration at the Top of the Vertical Support Fixture
Opposite from Turret (Direction of Applied Vibration In-Line with
BRU Rotor Axis)

Sinusoidal Acceleration on Top of BRU Simulator (Direction of
Applied Vibration In-Line with BRU Rotor Axis)

Pad-to-Shaft Pivot Film Thickness Variation for Flex-Mounted Com-
pressor Journal Bearing Pad Under Externally-Imposed Sinusoidal
Vibration of 0.25 g Peak

Pad-to-Shaft Pivot Film Thickness Variation for Solid-Mounted
Compressor Journal Bearing Pad Under Externally-Imposed Sinusoidal
Vibration of 0,25 g Peak

Pad-to-Shaft Pivot Film Thickness Variation for Solid-Mounted
Turbine Journal Bearing Pad Under Externally-Imposed Sinusoidal
Vibration of 0.25 g Peak

Compressor Joyrnal Flexure Amplitudes Under Externally-Imposed
Sinusoidal Vibration of 0.25 g Peak

Turbine Journal Flexure Amplitudes Under Externally-Imposed Sinu-
soidal Vibration of 0.25 g Peak

Compressor Journal Rotor Amplitudes (Casing-to-Shaft) Under
Externally-Imposed Sinusoidal Vibration o6f 0.25 g Peak

Compressor Journal Rotor Amplitudes (Casing-to-Shaft) Under
Externally-Imposed Sinusoidal Vibration cf 0.25 g Peak

Turbine Journal Rotor Amplitudes (Casiﬁg-to—Shaft) Under
Externally-Imposed Sinusoidal Vibration of 0,25 g Peak

Turbine Journal Rotor Amplitudes (Casing~to-Shaft) Under
Externally-Imposed Sinusoidal Vibration of 0.25 g Peak

Thrust Bearing Film Thickness Variation Under Externally-Imposed
Sinusoidal Vibrations of 0.25 g Peak

Thrust Bearing Gimbal Amplitudes Under Externally-Imposed
Sinusoidal Vibration of 0.25 g Peak

Pad-to-Shaft Pivot Film Thickness Variation for Flex-Mounted
Compressor Journal Bearing Pad Under Externally-Imposed Sinusoidal
Vibration of 0.12 g Peak

Pad-to-Shaft Pivot Film Thickness Variation for Flex-Mounted
Turbine Journal Bearing Pad Under Externally-Imposed Sinusoidal
Vibration of 0,12 g Peak :

Pad-to-Shaft Pivot Film Thickness Variation for Solid-Mounted
Compressor Journal Bearing Pad Under Externally-Imposed Sinusoidal
Vibration of 0.12 g Peak



Figure
56 Pad-to-Shaft Pivot Film Thickness Variation for Solid-Mounted

Turbine Journal. Bearing Under Externally-Imposed Vibration of
0:12 g Peak . :

57 Compressor Journal Flexure Amplitudes Under Externally-Imposed
Sinusoidal Vibration of 0,12 g Peak

58 Casing-to-Pad Leading Edge Amplitudes for Flex-Mounted Turbine
Journal Bearing Pad Under Externally-Imposed Vibration of 0.12
g Peak

59 Compressor Journal Rotor Amplitudes (Casing~to-Shaft) Under
Externally-Imposed Sinusoidal Vibration of 0.12 g Peak

60 Turbine Journal Rotor Amplitudes (Casing-to~Shaft) Under Exter-
nally-Imposed Sinusoidal Vibration of 0.12 g Peak

61 Turbine Journal Rotor Amplitudes (Casing-to-Shaft) Under
Externally-Imposed Sinusoidal Vibration of 0.12 g Peak

62 Thrust Bearing Film Thickness Variation Under Externallly-
Imposed Sinusoidal Vibrations of 0.12 g Peak

63  Thrust Bearing Gimbal Amplitudes Under Externally-Imposed
Sinusoidal Vibration of 0.12 g Peak

64 Pad-to-Shaft Pivot Film Thickness Variation for Flex-Mounted

Compressor Journal Bearing Pad (with Rub Occurring at 190 Hz)
Under Externally-Imposed Sinusoidal Vibration of 0.12 g Peak

65 Pad-to-Shaft Pivot Film Thdckaess Variation for Solid-Mounted
Compressor Journal Bearing Pad (with Rub Occurring at 190 Hz)
Under Externally-Imposed Sinusoidal Vibration of 0.12 g Peak

66 Pad-to-Shaft Pivot Film Thickness Variation for Solid-Mounted
Compressor Journal Bearing Pad (with Rub Occurring at 190 Hz)
Under Externally-Imposed Sinusoidal Vibration of 0.12 g Peak

67 Compressor Journal Amplitudes (Casing-to-Shaft with Rub Occurring
at 190 Hz) Under Externally-Imposed Sinusoidal Vibrations of
0.12 g Peak

68 Compressor Journal Flexure Amplitudes (with Rub Occurring at
190 Hz) Under Externally-Imposed Sinusoidal Vibration of 0.12 g
Peak

69 Turbine Journal Flexure Amplitudes (with Rub Occurring at 190
. Hz) Under Externally-Imposed Vibration of 0,12 g Peak

70 Casing~-to-Pad Leading Edge Amplitudes for Flex-Mounted Turbine
Journal Bearing Pad (with Rub Occurring at 190 Hz) Under
Externally~Imposed Vibration of 0.12 g Pesk

71 Thrust Bearing‘Film Thickness Variation (with Rub Occurring at
190 Hz) Under Externally-Imposed Sinusoidal Vibration of 0.12
g Peak

72 Pad-to-Shaft Pivot Film Thickness Variation for Compressor

Journal Bearing Pads (with Rub Occurring at 190 Hz) Under
Externally-Imposed Sinusoldal Vibration of 0.12 g Peak

viii



Figure
73

74

75
76

71

78

79

80

81
82

83

84
85
86
87
88
89

90

Rotor and Flexure Amplitudes (with Rub Occurring at 190 Hz) Under
Externally-Imposed Sinusoidal Vibration of 0.12 g Peak

Measured Temperatures in BRU Simulator Components (witﬁ Rub
Occurring in Compressor-End Journal Bearing) Under Externally-
Imposed Sinusoidal Vibration of 0.12 g Peak

Rotor Amplitudes (Casing-to-Shaft) Under Shaped Random Vibra-
tions According to NASA Spec 417-2-C-3.5

Bearing Amplitudes Under Shaped Random Vibrations According to
NASA Spec 417-2-C-3,5

Pad-to~Shaft Pivot Film Thickness Variation for Flex-Mounted
Compressor Journal Bearing Pad Under Externally-Imposed Shaped
Random Vibrations According to NASA Spec 417-2-C=3.5

Pad-to-Shaft Pivot Film Thickness Variation for Flex-Mounted
Turbine Journal Bearing Pad Under Externally-Imposed Shaped
Random Vibrations According to NASA Spec 417-2-C-3.5

Pad-to-Shaft Pivot Film Thickness Variation for Solid-Mounted
Compressor Journal Bearing Pad Under Externally-Impcsed Shaped
Random Vibrations According to NASA Spec 417-2-C-3.5

Pad-to-Shaft Pivot Film Thickness Variation for Solid-Mounted
Turbine Journal Bearing Pad Under Externally-Imposed Shaped
Random Vibrations According to NASA Spec 417-2-C-=3.5

Compressor Journal Flexure Amplitudes Under Shaped Random
Vibrations According to NASA Spec 417-2-C~3,5

Turbine Journal Flexure Amplitudes Under Shaped Random Vibrations
According to NASA Spec 417-2-C-3.5

Casing-to-Pad Leading Edge Amplitudes for Flex-Mounted Turbine
Journal Bearing Pad Under Externally-Imposed Shaped Random
Vibrations According to NASA Spec 417-2-C-3.5

Compressor Journal Rotor.Amplitudes (Casing-to-Shaft) Under Shaped
Random Vibrations According to NASA Spec 417-2-C-3.5

Turbine Journal Rotor Amplitudes (Casing-to-Shaft) Under Shaped
Random Vibrations According to NASA Spec 417-2-C-3.5

Thrust Bearing Film Thickness. Variation Under Externally-Imposed
Shaped Random Vibrations According to NASA Spec 417-2-C-3.5

Thrust Bearing Gimbal Amplitudes Under Shaped Random Vibrations
According to NASA Spec 417-2-C-3.5

Thrust Bearing Film Thickness Variation Under Externally-Imposed
Shaped Random Vibrations According to NASA Spec 417-2-C-3.5

Thrust Bearing Gimbal Amplitudes Under Shaped Random Vibrations
According to NASA 417-2-C-3.5

BRU Simulater Thrust Bearing Gas Film Thickness Variations Under
Shaped Random Vibrations According to NASA Spec 417-2-C-3.5



Figure
91

92
93
94

95

96

97
98
99

100

101

102
103
104

105

106

107

108

Measured Temperatures in BRU Simulator Components with Axial
Random Excitation (Shaft Speed 36,000 rpm)

Sinusoidal Acceleration of Transverse Vibration Test Support
Fixture for BRU Simulator at 0.12 g Peak Shake Table Input

Sinusoidal Acceleration of Transverse Vibration Test Support
Fixture for BRU Simulator at 0.12 g Peak Shake Table Input

Vertical Sinusoidal Acceleration of Transverse Vibration Sup-
port Fixture for BRU Simulator at 0.12 g Peak Shake Table Input

Sinusoidal Acceleration of Transverse Vibration Test Support
Fixture for BRU Simulator at 0.12 g Peak Shake Table Input
(BRU Mounted in Fixture)

Sinusoidal Acceleration of Transverse Vibration Test Support
Fixture for BRU Simulator at 0,12 g Peak Shake Table Input
(BRU Mounted in Fixture)

Sinusoidal Acceleration on BRU Simulator Mounting Bracket
Opposite from Turret at 0.12 g Peak Shake Table Input

Sinusoidal. Acceleration on BRU Simulator Mounting Bracket,
Counterclockwise from Turret, at 0.12 g Peak Shake Table Input

Sinusoidal Acceleration on Top of the BRU Simulator at 0.12 g
Peak Shake Table Input

Vertical Sinusoidal Acceleration of Transverse Vibration
Support Fixture for BRU Simulator at 0.12 g Peak Shake Table
Input (BRU Mounted in Fixture)

Vertical Sinusoidal Acceleration of Transverse Vibration Test
Support Fixture for BRU Simulator at 0.12 g Peak Shake Table
Input (BRU Mounted in Fixture)

Vertical Sinusoidal Acceleration on BRU Simulator Mounting
Bracket Opposite from Turret, at 0.12 g Peak Shake Table Input

Vertical Sinusoidal Acceleration on BRU Simulator Mounting
Bracket Clockwise from Turret at 0.12 g Peak Shake Table Input

Vertical Sinusoidal Acceleration at the Top of the BRU Simulator
at 0.12 g Peak Shake Table Input

Pad-to=-Shaft Pivot Film Thickness Variation for Flex-Mounted
Compressor Journal Bearing Pad Under Externally-Imposed
Sinusoidal Vibration of 0,12 g Peak

Pad-to-Shaft Pivot Film Thickness Variation for Flex-Mounted
Turbine Journal Bearing Pad Under Externally-Imposed Sinusoidal
Vibration of 0.12 g Peak

Pad-to-Shaft Pivot Film Thickness Variation for Solid-Mounted
Compressor Journal Bearing Under Externally-Imposed Sinusoidal
Vibration of. 0.12 g Peak

Pad-to-Shaft Pivot Film Thickness Variation for Solid-Mounted
Turbine Journal Bearing Under Externally-Imposed Sinusoidal
Vibration of 0.12 g Peak

X



Figure
109

110

111

112

113
114
115
116

117

118

119

120

121
122

123

124
125

126

Compressor Journal Flexure Amplitudes Under Externally-Imposed
Sinusoidal Vibration of 0.12 g Peak

Turbine Journal Flexure Amplitudes Under Externmally-Imposed
Sinusoidal Vibration of 0,12 g Peak

Casing-to-Pad Leading Edge Amplitudes for Flex-Mounted Turbine
Journal Bearing Pad Under Externally-Imposed Vibration of
0.12 g Peak

Casing-to-Pad Leading Edge Amplitudes for Solid Mounted Compres-—
sor Journal Bearing Pad Under Externally-Imposed Vibration of
0.12 g Peak

Compressor Journal Rotor Amplitudes (Casing=-to-Shaft) Under
Externally-Imposed Sinusoidal Vibration of 0.12 g Peak

Turbine Journal Rotor Amplitudes (Casing-to-Shaft) Under
Externally-Imposed Sinusoidal Vibration of 0.l1l2 g Peak

Thrust Bearing Film Thickness Variation Under Externally-Imposed
Sinusoidal Vibration of 0.12 g Peak

Thrust Bearing Gimbal Amplitudes Under Externally-Imposed
Sinusoidal Vibration of 0.12 g Peak

Pad-to-Shaft Pivot Film Thickness for Flex-Mounted Compressor
Journal Bearing Pad Under Externally-Imposed Sinusoidal
Vibrations of 0,12 g Peak

Pad-to-Shaft Pivot Film Thickness Variation for Flex-Mounted
Turbine Journal Bearing Pad Under Externally-Imposed SlnuSOldal
Vibration of 0.12 g Peak

Pad-to-Shaft Pivot Film Thickness Variations for Solid-Mounted
Compressor Journal Bearing Pad Under Externally-Imposed
Sinusoidal Vibration of 0,12 g Peak

Pad-to-Shaft Pivot Film Thickness Variation for Solid-Mounted
Turbine Journal Bearing Under Externally-Imposed Sinusoidal
Vibration of 0,12 g Peak

Compressor Journal Flexure Amplitudes Under Externally-lmposed
Sinusoidal Vibration of 0,12 g Peak

Turbine Journal Flexure Amplitudes Under Externally-Imposed
Sinusoidal Vibration of 0,12 g Peak

Casing-to-Pad Leading Edge Amplitudes for Flex-Mounted Turbine
Journal Bearing Pad Under Externally-Imposed Vibration of
0.12 g Peak

Compressor Journal Rotor Amplitudes (Casing-to-Shaft) Under
Externally-Imposed Sinusoidal Vibration of 0.12 g Peak

Turbine Journal Rotor Amplitudes (Casing-to=-Shaft Under
Externally-Imposed Sinuscidal Vibration of 0.12 g Peak

Thrust Bearing Film Thickness Variation Under Externally-Imposed
8inusoidal Vibrations of 0.12 g Peak

Xi



Figure
127

128
129

130

131

132

133

134
135

136

137
138
139
140
141
142
143

144

Thrust Bearing Gimbal Amplitudes Under Extermally-Imposed
Sinusoidal Vibration of 0.12 g Peak

Thrust Bearing Film Thickness Variation Under Externally-Imposed
Sinusoidal Vibrations of 0.12 g Peak

Thrust Bearing Gimbal Amplitudes Under Externally-Imposed
Sinusoidal Vibration of 0.12 g Peak

Pad-to-Shaft Pivot Film Thickness Variation for Flex-Mounted
Compressor Journal Bearing Pad Under Externally-Imposed Shaped
Random Vibrations According to NASA Spec 417-2-C-3.5

Pad-to~Shaft Pivot Film Thickness Variation for Flex~Mounted
Turbine Journal Bearing Pad Under Externally-Imposes Shaped
Random Vibration According to NASA Spec 417-2-C-3.5

Pad-to-Shaft Pivot Film Thickness Variation for Solid-Mounted
Compressor Journal Bearing Pad Under Externally-Imposed Shaped
Random Vibrations According to NASA Spec 417-2-C-3.5

Pad-to-Shaft Pivot Film Thickness Variation for  Solid-Mounted
Turbine Journal Bearing Pad Under Externally-Imposed Shaped
Random Vibrations According to NASA Spec 417-2-C-3.5

Compressor Journal Flexure Amplitudes Under Shaped Random
Vibrations According to NASA Spec 417-2-C-3.5

Turbine Journal Flexure Amplitudes Under Shaped Random Vibrations
According to NASA Spec 417-2-C-3.5

Casing~to~Pad Leading Edge Amplitudes for Flex-Mounted Turbine
Journal Bearing Pad Under Externally~-Imposed Shaped Random
Vibrations According to NASA Spec 417-2-C-3.5

Compressor Journal Rotor Amplitudes (Casing-to=Shaft) Under
Shaped Random Vibrations According to NASA Spec 417~2-C-3.5

Turbine Journal Rotor Amplitudes (Casing-to-Shaft) Under Shaped
Random Vibrations According to NASA Spec 417-2-C-3.5

Thrust Bearing Film Thickness Variation Under Externally-Imposed
Shaped Random Vibrations According to NASA Spec 417-2-C-3.5

Thrust Bearing Film Thickness Variation Under Externally-Imposed
Shaped Random Vibrations According to NASA Spec 417-2-C-3.5

Thrust Bearing Gimbal Amplitudes Under Shaped Random Vibratioms
According to NASA Spec 417-2-C-3.5

Thrust Bearing Gimbal Amplitudes Under Shaped Random Vibrations
According to NASA Spec 417-2-~C-3.5

Measured Temperatures in BRU Simulator Components with
Transverse Random Excitation (Shaft Speed 36,000 rpm)

Rotor and Bearing Component Vibrations Under Shaped Random
Vibrations According to NASA Spec 417-2-C-3.5

xXii



SUMMARY

The axial vibration response of a gas bearing system representative of the NASA
A-engine turbocompressor simulator mounted on isolators with nonliﬁear character-
istics has been analyzed. The equations of motion for a three-mass model were
integrated numerically using a fourth-order Runge-Kutta method and the computa-
tions were programmed for solution on a digital computer. The types of vibra-
tion input that can be dealt with by the computer program include the following:
sinusoidal vibratiQns, half-sine or haversine shock pulses, or any arbitrary
shock or vibration expressed in tabular form in terms of displacement of accelera-
tion versus time. The vibration analysis of the A-engine turbocompressor simula-
tor given in this report represents an extension of previously reported work in
Part I where a three-mass model was used which had mounting isolators represented

by constant stiffness and constant damping coefficients.

The axial random vibration response of the NASA Brayton Rotating Unit (BRU) was
analyzed with the BRU represented by a three-mass linear system. From the equa-
tions of motion, the relationship between the response power spectral density
(PSD) and the input random vibration PSD was derived and expressed in terms of
transfer fupctions. A computer program was written to calculate the PSD's and
the mean squared values of the responses from specified input random excitations.
The calculated response based on this linearized lumped-parameter model was found
to be generally smaller than the measured values. A parametric study using the
computer program was carried out to investigate the dependence of the random
vibration response on various elements of the system, for example, the stiffness
of the connectors between the BRU and the shake table, the stiffness of the
gimbal support, the combined mass of the gimbal and thrust bearing, and the
stiffness and damping coefficients of the thrust bearing gas film. It was found
that the root-mean-square value of the gas-film thickness variation in the thrust
bearing decreases significantly with increasing stiffness of the engine mounts,
but is relatively insensitive to changes in mass and stiffness of the thrust
bearing gimbal support. High values of gas-film dynamic stiffpess and damping
are desirable to achieve low thrust bearing gas-film thickness variations in a

random vibration environment.



Vibration testing of the BRU was conducted, with both sinusoidal and random vi-
brations applied both along and across (one axis) the shaft axis of rotation.
Tests were conducted with and without shaft rotation. Proximity probes and
accelerometers were used to observe the response of the BRUcomponents to the
externally-imposed vibrations, and representative data has been extracted from
the large quantity recorded and is presented herein. Complete data reduction is

scheduled for a future effort:

In summary, further efforts to increase the ruggedness of the BRU bearing system
were found to be necessary because of the onset of journal and thrust bearing
surface contacts at relatively low random vibration levels (NASA Specification
417-2 Rev. C for Electrical Generating System Components - Operating). Sinusoidal
vibration inputs to the BRU in the frequency range 5 to 35 Hz (according to the
same aforementioned specification) did not produce any noticeable bearing system
resonances and rotor-bearing operation was generally satisfactory in that operating
region. However, significant bearing-system resonances were observed in the fre-
quency range 60 to 400 Hz. Chrome-oxide bearing surface coatings were found to

be instrumental in permitting multiple bearing surface contacts without evidence

of degradation.



INTRODUCTION

The steadily progressing development of Brayton Cycle Systems for space-power
generation has now reached the stage where adaption of the equipment to space

environmental and launching conditions must be accomplished.

Brayton Cycle power systems consist basically of a closed gas loop in which an
inert gas is heated in a heat source (reactor or isotope) and then, through one
or more turbines, drives an alternator and a compressor before being cooled
again in a recuperator and radiator. The rotating parts of this equipment are
supported by gas bearings which utilize the working gas from the system. The
utilization of gas as a medium for the separation of moving surfaces in the
bearings eliminates most of the problems associated with other methods of lubri-
cation at the high temperatures and speeds involved. Considerable attention
must, however, be given to preventing motions between rotating and nonrotating
parts that might result in sustained contacts between the parts, leading to

bearing performance degradation or possibly even catastrophic ‘failure.

Under Tasks I and II of this contract, an analytiéal and experimental study was
conducted on the effects of shock and sinusoidal vibrations upon the performance
of a gas bearing machine representative of the type then under consideration for
space-power applications, (Reference 1). Since then, equipment specifically
built for a space-power system of approximately 10 KWe maximum output has suc-
cessfully undergone steady-state testing at the NASA Lewis Research Center, and
components of this system became available for vibration environment testing.
For the tests, the turbine and compressor wheels were replaced by rotor masses

of similar weight (BRU simulator configuration).

In the analytical portion of this investigation a computer program previously
developed (Reference 1) for the calculation of axial rotor responses under
sinusoidal vibrations and shock was extended from linear to nonlinear representa-
tion of the isolator mounts. In addition, a computer program was developed for

analytical prediction of the axial rotor response under random vibrations.



DEVELOPMENT OF ANALYTICAL METHODS

Analytical methods for vibration analysis have been developed for prediction of
the following vibration characteristics of gas-bearing tufbomachinery dynamically

similar to the BRU:

1) Axial vibration response of the turbomachine to specified shock and
sinusoidal vibration excitation with the turbomachine supported on

nonlinear isolator mounts.

2) Axial response of the turbomachine to specified random excitationms.

Nonlinear Element Shock and Sinusoidal Vibration Calculation Methods

A schematic of the turbocompressor simulator mounted on the testvstand with its
axis of rotation vertical is shown in Figure 1, which is reproduced from Figure

1 of Reference 1. The axial vibration response of this turbocempressor simulator
was analyzed in Reference 1 by using the threeFmass model shown in Figure 2, except

that linear isolator stiffness and damping properties were assumed in Reference 1.

The three masses shown in Figure 2 represent the lumped masses of the following

turbocompressor elements, starting with the base and proqeeding upward:
1) The turbocompressor simulator casing;
2) The thrust bearing housing, flexure and thrust plate;

3) The rotor.

The nonlinear properties of the isolators are represented by a nonlinear stiff-
ness kl(x) and a nonlinear damping coefficient cl(X), The equivalent stiffness
and damping coefficient of the thrust bearing housing and flexure dre both con-
stant values and are. represented by k, and c, respectively. The nonlinear gas

2 2
film force 1is represented by G(h,h).

An improved analysis of a more general three-mass model, shown in Figure 3 and
including nonlinear isolator properties, is presented in Appendix A. This

analysis 1s an extengion of that presented in Reference 1. The computer program



implementing the analysis reported in Reference 1 has alsc been modified, ani s
presented in Appendix B. The flow chart which describes the modified cruprtis:
program is shown in Figure 4. Note that when the calculation type is

"isolators', there are three choices:
1) Linear Isolator (analysis and computer program of Reference 1)
2) 1Isolator represented by prescribed nonlinear functions

3) 1Isolator represented by table inputs.

The thrust bearing gas film load capacity and damping coefficient characteristics

can be represented by either of the following two types of nonlinear functions:

a) An exponential function of the form:

Ae—Bh
where h = mean thickness of thrust bearing gas film,
e = base of natural logarithms,

and A and B are constants selected by the user to give the best practi-
cal approximation to the nonlinear characteristics of the thrust

bearing gas film as calculated from rigorous lubrication theory, and

b) A power function of the form:

ch D

where C and D are arbitrary constants used to obtain a curve fit,

The actual nonlinear functions for the load capacity.and damping coefficient
for the NASA A-Engine turbocompressor simulator thrust bearing gas film are

shown in Appéndix A.

The extended computer program will handle each of the four different types of
base forcing functions shown in Figure 4. These functions may be expressed
either as base displacement or base acceleration and include sinusoidal vibra-

tion and three types of shock pulses.

Figure 5a shows the measured response of the thrust bearing gas film thickness
to the applied shock pulse shown in Figure 5b. These ‘are the measured data

shown in Figure 41 of Reference 1. 1In the same figure calculated thrust bearing



film thickness data is shown as a function of time for the case in which the
simulator was mounted on linear isolators. Calculated results compare poorly
with measured results (it should be noted that good agreement was reported in
Reference 1 when- the measured acceleration function ghgig the isolators was used

as input to the calculation.)

The calculations were repeated using the extended analysis and improved computer
program and with the isolators represented by their measured static stiffness
curve, as shown in Figure 6 and an estimated constant damping value of 13.0
lb.sec/in. The circulated points in Figure 5a are the calculated responses using
the improved program. Relatively poor correlation witn measured results was

obtained.

In order to investigate further possible reasons for this poor correlation it
was decided to determine the sensitivity of the calculated response values to
variations in the 1solator properties, and thus to indicate the areas in which
the stiffness and damping values may differ significantly from actual values.
First, damping was held constant and stiffness was varied successively to half,
twice, and four times nominal. Different results were noted, but none resembled
the measured values. Next, stiffness was held constant and damping was varied.
With damping equal to one~quarter of the nominal value,‘the calculated data
denoted by squares in Figure 5a were obtained. While the calculated peak film
thickness occurs somewhat earlier than the corresponding measured peak, the
relative peak sizes are comparable. While no reasons exist for good correlation
subsequent to the apparent thrust-runner impacts, the physical system appears

to have settled down quickly enough after the impacts such that response to

the imposed shock is reasonably close to the calculated results. While these
results are promising, 1t appears that the least-known element of the system is
still the isolator, and that a more complete understanding of the elastomeric

damping would be highly desirable.

In summary, a vibration analysis has been developed and incorporated in a
computer program for predicting the thrust bearing gas film thickness as a
function of time for a general class of gas-bearing turbomachinery, mounted on
nonlinear isolators and sdbjected to shock and sinusoidal vibration. The
computer program has been verified to the limits within which the isolator

dynamic stiffness and damping properties are known.
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Random Vibration Calculation Methods

Gas-bearing space—power Brayton-cycle turbomachinery will be subjected to various
vibration and shock conditions during its normal operating cycle: Reference 1
and the previous section deal with the response of this class of power-generating
equipment to half-sine shock and sinusoidal vibrations. This section of the
report presents an analysis of the response of this type of turbomachine,
particularly the Brayton Rotating Unit (BRU), to specified random vibration
excitations. General information on the design and fabrication of the BRU was
reported in References 2 .and 3. A schematic of the BRU with its shaft axis

vertical is shown in Figure 7.

For purposes of the present study we distinguish at the outset between two
basically different types of vibration: deterministic and random. Deterministic
vibration is characterized by the fact that its amplitude can (in principle at
least) be predicted as a function of time providing that enough of its time
history is available to arn observer. The amplitude of a random vibration record
cannot be predicted, regardless of how much of its past history is known. Random
vibration can only be analyzed in a statistical manner. That is, the more data
that we have on the time history, the.more precisely we can predict the prob-

ability that the amplitude will lie within specified values.

These probabilities are customarily described in terms of the Power Spectral
Density (PSD) of Random Vibration. The PSD has a precise mathematical defini-
tion which is used in random vibration analysis but this section will try to
introduce the concept and some associated implications in a descriptive manner,
temporarily without regard for the more precise mathematical tools which will

be needed later.

Figure 8 introduces the concept of PSD by means of a schematic based on one
which appears on Page 30 of Reference 4. Consider the acceleration time history,
a(t), as the input to the system, the first element.of which represents a

narrow band filter with a center frequency, f, and a bandwidth, Af (f might

be 20 Hz for example.and Af might be the 1-Hz band between 19.5 and 20.5 Hz),.

The output of the firét element would then be the time history of the accelera-
tion at the frequency 20 Hz, represented by g(t). Let the second element be a



squaring device. The input to the third element would therefore be gz(t).

The third element yields the time average of the function gz(t) by integrating
and dividing it by the total time. The fourth element takes the output of the
third and divides it by the filter bandwidth, Af (which is 1-Hz in this simple
example). The four elements in series have converted an accelerometer record
into the acceleration power spectral density (PSD) at 20 Hz. If the filter is
subsequently retuned to 21 Hz with a bandwidth of from 20.5 Hz to 21.5 Hz,
another PSD value 1is obtained for the 21 Hz frequency setting. By repeating
this process, the entire frequency range of interest may eventually be covered,
and a complete PSD curve obtained. 1In obtaining the PSD by this method, two

precautions are usually observed:

1) The averaging time, T, should be long, compared to the longest vibra-

tion period of interest; and

2) The filter bandwidth, Af, should be small, compared to the center

frequency f£.

Because of this latter assumption, analysis time 1is often saved by using a
wlder bandwidth filter to measure the PSD at higher frequencies. This is, in
fact, done in practice. The reader wishing to gain a more thorough description
of this pfocess is referred to Reference 6. References 5, 6, 7 and 8 are
brief introductory presentations on random vibration theory and practice while

References 4, 10, and 11 are texts on random vibration and noise.

Figure 9, based on Reference 6, illustrates in a simple manner the basic differ-
ence between the types of mechanical response that one might expect for random.
and for sinusoidal vibration. This figure shows two cantilever beams attached
to a rigid base lying in the plane of the paper. The beams project upward

from the paper and are of sufficient length to permit them to vibrate along the
lines AC and BC respectively. For purposes of discussion, one might assume

that we apply sinusoidal vibration as shown at a very low frequency and start-
to sweep upward in frequency while maintaining a constant amplitude. Eventually
we reach a frequency at which beam A goes into resonance and swings along line
AC at large amplitudes, assuming that the first natural frequencies of the beam
are separated. Beam B does not vibrate much while A is in resonance. At some

higher frequency the resonance of beam A dies out, and eventually B executes

~wide swings along BC as we approach the natural frequency of B. Since A and B
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resonate at different frequencies, sinusoidal vibration testing of the system
should reveal that beams A and B do not collide. If we were conducting a

random vibration test on the same system then we would simultaneously subject

the system to a wide range of frequencies. Hence if the natural frequencies of
both beams lie within the bandwidth of applied random vibration, it is conceiv-
able that the beams resonate simultaneously resulting in a collision somewhere
below the point C. The likelihood of this occurring would, of course, depend
upon the specific system properties as well as the applied vibration characteris-
tics. The point is that there is a difference in the actual response and not

just a conceptual difference between sinusoidal and random vibration.

The actual dynamic environment associated with spacecraft operation is primarily
random rather than deterministic. The origin and nature of this dynamic environ-

ment is presented in Reference 12.

The random vibration test specification of principal concern here is in Section
3.5.1.2.2 of Reference 13. This paragraph of the reference specification applies

to the electrical generation system (EGS), and is quoted below for easy reference.

The EGS shall withstand random noise excitation over a frequency range
of 20 - 2000 Hz for 3 minutes in each of three mutually perpendicular

.~ axis, as specified below.

20-100 Hz 3 db/Octave increase
100-2000 Hz .015 g2/Hz

These are to be input levels at the interface between the EGS structure

and the flight vehicle structure.

Figure 10 is a gréph of the above PSD specification. Note that the unit of

this PSD is gz/Hz. Therefore, the area under this curve has the dimensions of

gz. The square root of this area represents the value of an acceleration in

g - units. The equation for determining this area may be found in References 14
and 15 which are brief magazine articles devoted entirely to the subject of
calculating the area under random vibration test specifications of the type under
consideration. The square root of the area under the PSD curve can be intetbreted

physically as the root mean square of the accelerometer reading in g's.



Figures 11 and 12 represent additional sections of the Reference test speci-
fication. They'are included in this report because the analysis techniques
and computer program were developed with sufficient generality to treat any
structure subject to any input PSD specification, as long as the structure
can be adequately represented by a 3-mass vibrational model similar to the

one presented in Figure 13.

The Brayton Rotating Unit (BRU) may be represented by a linear, discrete-~
parameter system which converts a particuldr input into a specific output in
accordance with the system properties. Suppose that the PSD specified in
Figure 10 is chosen to be the input. The output could then be expressed in
various ways, and the coordinates most likely to be of value to the designer

should be selected.

For the Brayton Rotating Unit, the relative displacements between the various
mass points shown in Figure 13 are considered to be the most important output
parameters. This is because the film thickness of the gas thrust bearing is

of primary concern in this program of study; the relative displacement between
m, and m, shown in Figure 13 would yield information on the gas film thickness

2 3
variation due to random vibration excitations.

In Appendix C, the equations of motion for the system shown in Figure 13

are derived. The transfer functions between the input and output PSD's are
also derived, based on the known system properties as described in the equa-~
.tions of motion. The PSD's of the relative displacements between various mass

points can then be calculated from the transfer function and the input PSD.

Appendix D contains a complete listing of the computer program based on the

analysis given in Appendix C. The input acceleration PSD of Reference 13 is

included in the program as a sub routine. The values of the masses, stiffnesses

and dampings are inputs as to the computer program and can be specified by the
user. Also included in Appendix D are instructions for preparing input data
cards, sample input and sample printed output.

B
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Results of Axial Random Vibration Response Calculation for Brayton Rotating Unit

The foregoing analysis was applied to the Brayton Rotating Unit for the case of
axial random vibration applied to the BRU with shaft rotation. Before giving
the results of the random vibration response calculations, it is appropriate to

describe the inputs to the program.

Inputs

m, = mass of the BRU housing structure.= 96 lb.

m, = mass of the gimbal and thrust bearing = 7 1b.

m, = mass of the rotor = 21 1b.

k1 = stiffness of connector between the BRU and shake tgble.
= 300,000 1b:/in.

k2 = stiffness of the gimbal support
= 250,000 1b./in. (from page 79 of Ref. 3)

k3 = stiffness of the gas thrust bearing
= 113,500 1b./in. _

¢y = damping coefficient of connector = 0.02 lbzﬁﬂﬁ

c, = damping coefficient of gimbal support = 0.02 lbzﬁﬂE

c3 = damping coefficient ongas'thrust bearing = 84 lb.%ﬁﬁ

The above values of the masses, stiffnesses and damping coefficients are the

nominal values and are summarized in Table I.

Table I. Nominal Values of the Lumped Masses, Stiffnesses,
and Damping Coefficients of an Axial Vibration

Model of the Brayton Rotating Unit

Element m (1b) k (1b/in) c(1lb sec/in)
1 96 300,000 0.02
2 7 250,000 0.02
1 3 21 113,500 84.00
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It should be noted that the values of kl’ k3 and cy are only nominal values.
With respect to the stiffness kl’ there are three connectors between the BRU and
the shake table. Each is bolted down at one end to the shake table. When the
unbolted end of the connector tends to move up, the connector behaves like a
cantilevef with a calculated stiffness of 75,000 1lb/in. at the BRU mount point.
But for downward motion the cantilever arm is considerably shorter and thus much
stiffer. This stiffness is calculated to be about 1,200,000 1b/in. For the
purpose of this analysis, a nominal value of k1 = 300,000 1b/in. is chosen.

The stiffness and damping characteristics -of the gas thrust bearing are functions
of frequency and bearing clearance. They have been calculated by an existing
gas-bearing computer program and tabulated in Tables II and III. It is seen

that they both vary widely with frequency and bearing clearance; Since the
random vibration analysis is limited to a linear, time-invariant system, the
stiffness and damping coéfficients must have fixed constant values. The nominal
values of k, and c_, are chosen at a frequency of 100 Hz and with a film thickness

3 3
of 0.0005 inch (the total axial clearance in the thrust bearing is 0.0021 inch).

The test objective power spectral density So is shown in Figure 10. During actual
testing of the BRU, to be desecribed below, it was found that frequent touching of
the gas thrust bearing surfaces (possibly to the point of failure) would have
occurred if it had been attempted to subject the BRU to the full level of this
vibration specification. Tests were therefore performed with reduced input PSD
values (i.e, the shape of the PSD was preserved, but the magnitude of the PSD was
reduced by a constant factor, &, across the whole spectrum). From the definitions
of the power spectral density and the root-mean-square value, the root-mean-
square value is reduced by a factor of Y& when the power spectral density is

reduced by a factor of « across the whole spectrum.
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Table II. Dynamic Stiffness (1lb/in) of Double-Acting

Gas Thrust Bearing

h(in)

w (Hz) .0002 .0005 .00105
100 477,000 86,900 18,900
500 523,000 93,700 20,000
1,000 652,000 113,500 [ 22,700
2,000 950,000 166,000 33,600

Table III. Dynamic Damping Coefficient (lb sec/in)
of Double~Acting Gas Thrust Bearing

h(in)

w (Hz) .0002 .0005 .00105
100 413 92 33
500 392 90 33

1,000 338 84 33

2,000 191 66 32




Now the root mean square (RMS) acceleration of the PSD in Fig. 10 is 5.4g.
Testing was performed on the BRU at reduced PSD with the same shape of Fig. 10
but with several RMS acceleration levels including 0.54g. The response PSD

is calculated based on this 0.54g RMS acceleration. Thus, \f;- = 0552 = 0.1
and o = 0.01. .

With the above input values of masses, stiffnesses and damping coefficients,
and input PSD of Fig. 10 with a = 0.01, the response PSD's Syl, Sy, and Sy3
were calculated and are shown in Fig. 14, 15 and 16 respectively. Note that
and base, m, and m_,, and

1 2 1’
my and m, respectively. The area underneath the PSD curve represents the mean

Y10 Y, and y, are the relative displacements between m

square value of the respective quantity.

E(yi) = mean square value of ¥y = 9.125 x 10-8 in.2
2 -8 ., 2

E(yz) = mean square value of Yy = 1.753 x 10 = in.
2 ) -8 2

E(y3) = mean square value of Y3 = 5.164 x 10 = in.

The square root of the mean square value is the root mean square (RMS) value.
Thus,

RIS of y, = 0.226 x 1073 1n.

The RMS of y5 i the statistical average of the response of the gas thrust
bearing film thickness. This is to be compared with the measured value of
-3 .

0.35 x 10 ~ 1in.

The power spectral densities shown in Figures 14, 15 and 16 and the RMS value
of thrust bearing gas film variation are for the nominal case of the Brayton
Rotating Unit with values of the lumped masses, stiffnesses and dampin: shown
in Table I. In order to determine the sensitivity of the results to changes
in these quantities, a parametric study was carried out by varying kl, k2’ m,,
k, and c, individually from their nominal values. Variation of the RMS value

3 3
of the gas film thickness with changes in the above parameters was sought.
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The first parameter to be varied was the connector stiffness kl. The RMS value
values and is plotted against k

yq was calculated for various k in Fig. 17.

1
It is seen that the RMS value of Y3 increases with decreasing k

1
1
any attempt to install a softer connector between the shake table and the BRU

Therefore,

should increase the RMS value of the gas film variation. When kl = 100,000
1b/in, for example, the RMS value of Y3 is 0.359 x.lO—3 in. The PSD of Yy is
shown in Fig. 18 for this case. Note that the peak value is considerably higher

than that of the nominal case shown in Fig. 16.

Using the nominal values of Table I but varying the gimbal stiffness, k2,
the RMS value of s was next calculated and is plotted in Fig. 19. It is
clear that the RMS value of Ys is insensitive to the gimbal stiffness in the
range being studied. 1In another study, the variation of the RMS value of Y3
with changes in gimbal and thrust bearing mass m, was studied. The results
are presented in Fig. 20.

The gas film dynamic stiffness and damping characteristics vary considerably
with the frequency and the film thickness as shown in Tables II and III. 1In
the nominal case the gas film stiffness and damping values were chosen at a
frequency of 1,000 Hz and a gas film thickness of 0.0005 inch (with a total
thrust bearing clearance of 0.0021 inch as indicated earlier). The gas film
characteristics were next varied using the values of Tables II and III. The

resulting calculated RMS values of the gas film variations are tabulated as

follows:
Gas Film RMS Value of Gas
Film Thickness
Dynamic Dynamic Damping Variation (in)
Stiffness Coefficient

(1b/in) (lb-sec/in)

20,000 33 0.391 x 1073
168,000 66 0.254 x 1073
113,500 84 0.226 x 107>

86,900 92 0.218 x 1072

-3
523,000 392 0.103 x 10
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Response calculations were performed for five sets of gas film characceéristics.
The first and the last sets correspond, respectively, to film thicknesses of
0.00105 and 0.0002 in. (with w = 500 Hz). Since the total gap of the double-
acting gas thrust bearing is 0.0021 in., a film thickness of 0.00105 corresponds
to the thrust runner at its central position (zero load), and a film thickpess
of 0.0002 in. corresponds to the thrust runner at its highly loaded position.
This is reflected by the fact that they have, respectively, very low and very
high stiffness and damping values. OBviously, they will not necessarily be
representative values for the gas. film characteristics for all operating
conditions. The three cases in the middle in the above table are at a film
thiakness of 0.0005 in. (corresponding to a moderately loaded thrust bearing).
It is interesting to note that the RMS values of the gas film variation for the

above three cases have a narrow range from 0.218 x 10"3 to 0.254 x 10“3 inch.
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DESCRIPTION OF TEST HARDWARE

Test Apparatus

A schematic of the BRU simulator with the rotor in the vertical orientation is
shown in Figure 21. The rotor, from the top down, consists of the following

components :

1) The (simulated) compressor wheel, containing the cold gas simulator

drive turbine
2) The thrust runner
3) The compressor end journal
4) A center section, (homopolar generator totor)
5) The turbine end journal

6) The (simulated) gas turbine wheel.

The three-pad configuration of the gas film journal bearings is shown in cross-
section in Figure 21. The pads are individually supported by pivots, with one
of the pivots in each bearing assembly mounted on a mechanical flexure. The
flexure, which has a radial stiffness of approximately 2000 pounds per inch,
permits the bearing to accommodate radial centfifugal growth of the journal and

differential, radial, thermal expansion between the various bearing parts.

The double-acting thrust bearing is supported by a gimbal assembly with two seﬁs
of gimbals 90° apart. These permit the thrust bearing to align itself with the
thrust runner of the rotor. The surface geometry of the thrust plates consists
of nine equal sectors of 39° each with narrow radial grooves separating the

sectors. Each sector in turn consists of a slightly depressed sector of 15° arc
followed by the raised part in the direction of roter rotation. - Besign denails

for the .complete journal and thrust bearing assemblies are given in Reference 3.
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The journal bearings,as well as both thrust bearing plates,have hydrodynamic and
hydrostatic operating capabilities. For hydrostatic operation, each journal
bearing pad and each raised thrust plate sector is equipped with a small gas
supply hole, connected to an outside gas source. Hydrostatic bearing operation
is normally employed to separate the bearing and rotor surfaces at start-up until
rotor speed is high enough to produce a sufficiently large gas film for safe
bearing operation. At the design speed of 36,000 rpm and above, the rotor
operates hydrodynamically. The BRU design also requires hydrostatic bearing
operation at shutdown to prevent rubbing contact between the rotor and the
bearing surfaces at speeds too low to provide hydrodynamic film separation of the
bearing surfaces. Prior to the vibration tests described in this report, all
bearing and corresponding rotor surfaces had been coated by MTI with chrome oxide
and refinished to the original dimensional specifications. This was done to im-
prove the tolerance of the bearing surfaces against accidental rubs which might
occur in the course of the vibration tests. Figure 22 shows a photo of one of

the unassembled chrome oxide coated thrust plates after grinding and lapping.

Figure 23 is a photograph of the BRU simulator in the vertical support fixture
mounted on the vibration table ready for testing. The simulator is held in the
support fixture without isolators by three mounting brackets extending radially
outward from the simulator casing and resting on the rim of the vertical support
fixture. The flexible air hoses visable in Figure 23 serve to pressurize sepa-
rately each of the journal bearings, the thrust bearing plates, the bearing
cavity, the thrust loader chamber and the cold gas drive turbine. Nitrogen at
room temperature was used for hydrostatic bearing operation and to provide the

ambient gas atmosphere during all hydrodynamic tests.

Figure 24 is a photograph of the BRU simulator in the transverse test fixture
which is attached to the shake table surface. The shake table has been rotated
into a horizontal position so that the direction of vibration is perpendicular
to the vertically oriented axis of rotation of the BRU. .The same three mounting
brackets without isolators are used for comnecting the BRU simulator to the

transverse test fixture as were used on the vertical fixture.

A small-scale schematic of the BRU simulator in the transverse test fixture is

shown on all data graphs obtained for this arrangement. As the schematic
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indicates, the direction of applied vibration is in line with the instrumentation
turret and thus passes also through the pivot of the flexibly mounted pad in each

journal bearing.

Instrumentation

The dynamic response measurements on the rotor-bearing system were made with ca-
pacitance probes. These probes may be divided for convenience into two categories:
those measuring displacements of the rotor or some bearing component relative to
the simulator casing, and those measuring gas film thickness variations between
the rotor and the thrust bearing or between the rotor -and any of the journal
bearing pads. From a total of four probes measuring thrust bearing film thick-
ness variations, only two data signals from two probes 90° apart circumferen-
tially have generally been recorded. These two probes were axially in line with

probes recording motions of the gimbaled thrust bearing relative to the casing.

Gas film thickness variations between the rotor and individual journal bearing
pads were measured with capacitance probes built into each pad. These probes,
which were installed by MTI prior to tests, were located next to the pivot on.

the inboard side of each bearing pad (a total of six).

Two sets of two probes were used to measure rotor displacement relative to the
simulator casing at two locations inboard of the journal bearings. (The angular
orientation of these capacitance probes is indicated in Figure 25). The radial
motions of the two flexures supporting each one of the three pads of each journal
bearing were measured near the pivot location relative to the casing. Pad motions
at the pad leading edge were recorded for one solid mounted and one flexure

mounted pad.

A schematic of the probe locations in relation to the rotor is shown in Figure 25.
Figure 26 provides a listing of all capacitance probes used for data recording.
Most of the significant capacitance probe signals obtained in any given test

were permanently recorded on a multichannel tape-recorder. In addition to

one direct-record channel each for voice and rotor speed, twelve frequency-
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modulated (FM) channels were availablé for dynamic signals on two separate re-
cording heads. The two recording heads on the tape recorder are not phase-~tied,
therefore, one accelerometer signal (the vibration table input signal) was re-
corded on one channel of each of the two recording heads to permit later phase
correlation between vibration input and response signals. Two more tape channels
were assigned to a second accelerometer signal from one of the BRU mounting brackets
on the casing and to a logarithmic fréquency.indicator (to be used later for
driving the X-Y plotter). This left eight channels available for data signals
from the capacitance probes, necessitating a repeat run on each of the tests to

be performed for sufficient coverage. All recording was done at 30 inches-per-

second tape speed insuring a flat response of the FM channels from DC to 10 KHZ.

Crystél accelerometers were used to check acceleration levels on the BRU simulator
mounting brackets and at locations on the support fixtﬁres directly adjacent to
the mounting brackets. The acceleration input level to the BRU simulator was
monitored by an accelerometer located on the rim of the vertical support fixture
for the vertical vibration tests. For the lateral vibration tests the input con-
trol accelerometer was located on the horizontal-support fixture near the BRU
mountingAbracket opposite from the instrument turret, as shown in Figure 27.
Accelerometer locations on the vertical support fixture and the BRU simulator are
shown in the schematic in Figure 28. For the lateral vibration tests, accelero-

m eters were monitored at the locations shown in Figure 29.

The BRU simulator was equipped with a number of thermocouples on the journal
bearing pads, the thrust bearing and the internal support structure. Tempera-
tures from nine locations,including both flexure-mounted journal pads, one solid-
mounted ﬁad at the comﬁressor—en& journél,and one thrust plate were recorded by

automatic print-out throughout the tests.

Figure 30 shows the test control station., The control panel on the left contained
the pneumatic controls for the operation of the BRU simulator. Rotor speed was
manually regulated by controlling air flow through the simulator drive turbine

via a regulating valve located in the panel. Speed was indicated by an elec-

tronic counter on the panel.
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Other pressure regulators and gages served to control the gas pressure to the
bearings at start-up and shutdown and to regulate the bearing cavity pressure.
The center panel of the control station shown in Figure 30, holds the sinusoidal
vibration control console. Sinusoidal vibrations with éonstant acceleration

over the test frequency (5-2000 Hz) were programmed on this instrument prior to
the start of actual shake table motions. A closed-loop control circuit including
the accelerometer mounted on the BRU simulator mounting fixture held the acceler-
ation level at that point constant despite table or fixture resonances that might
occur. The time required to traverse the test frequency range from 5 to 2000 Hz
could be varied within wide limits, with a 10 to 15 minute sweep preferred to
match the length of one test run to the running time (16 minutes) of one reel of
magnetic tape on the tape recorder. The frequency sweep on the sinusoidal vibra-~
tion control console may be either a linear or a logarithmic progressicn. A lo-
garithmic progression was used exclusively in these tests for better resolution

in the low frequencyvrange.

The console on the right in Figure 30 contains the analyzer and equalizer for

the random vibration tests. Basically, the analyzer consisted of 45 narrow
bandwidth filters which broke down the incoming random signal from the shake
table control accelerometer into narrow frequency bands (50 Hz wide above 100

Hz center frequency, less at lower frequencies) and then determined the power
spectral density in each range. The equalizer portion of the console compared

a pre-set power spectral density level for each of 45 channels with the level

of the incoming signal from the shake table and automatically adjusted the level
of the signal going out to the power amplifier (which in turn drove the shake
table) to make it conform to the pre-set values. 'Shaped'" power spectra with
decreasing power density towards the ends of the frequency spectrum,such as are re-
quired by NASA Spec 412-2-C-3, could easily be set up on this control instrument,
A graphic representation of the random vibration test levels from NASA Spec 412-
2-C-3 for operating and non-operating electrical components (BRU simulator) is
shown in Figures 31 and 32, respectively. During testing the level of the random
vibrations at the shake table could be increased gradually in steps from 20 db
below the set value to full value, while maintaining the originally set shape of
the spectrum, Shake table response to changes in the spectral density power
level was nearly instantaneous, inviting visually monitored operation of the
random tests with immediate vibration level reductions when danger of excessive

rotor-bearing contacts seemed imminent.
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Oscilloscopes and temperature recorder were arranged opposite from the control
panels shown in Figure 30. The vibration shake table with the BRU simulator
mounted on it was easily observable through a glass door from the test control

station.
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DESCRIPTION OF TESTS

The BRU simulator was tested under sinusoidal and random vibration input condi-
tions. Both types of vibrations were applied separately and no combined sinu-
soidal-random testing was performed. Identical sinusoidal vibration levels were
applied to the simulator with and without shaft rotation. Under random vibra-
tion conditions the specified levels of power spectral density were lower with
the shaft rotating and more severe with the shaft stationary. All tests were
pefformed with the shaft in the vertical position. (compressor end up), conducted
with the direction of applied vibration along the rotor axis and then repeated
with vibration applied in a direction perpendicular to the rotor axis. For the
latter tests the shake table was turned by 90° into the horizontal position and
the simulator was mounted in a different support fixture. During the lateral
vibration tests the simulator was so oriented that the direction of vibration

passed through the flexure-supported journal pads.

All vibration tests were conducted according to NASA Spec 417-2-C*, However,
since these tests were not intended as qualification tests, it was attempted to
hold vibration levels below threshold values above whizh, the BRU simulator rotor-
bearing assembly might seriously have been endangered. During the sinusoidal
vibration tests in the frequency range between 35 and 2000 Hz where no particu=-
lar input level was specified, the danger zone for the gas bearings was generally
assumed to start at a minimum film thickness of 0.0001 inch or less. Shake table
acceleration levels around 0.12 g peak were found to permit generally safe opera-
tion in this frequency range. There was, howeve;, an exception where even this

low input led to sustained rubbing of the rotor in one of the journal beatingsk*

During the random vibration tests, where visual observation of minimum gas film
thicknesses was much more difficult due to the erratic nature of the rotor ex-

cursions, the danger zone was considered to start at the point where intermitent

* Environmental Specification of SNAP-8 Electrical Generating System, dated
March 31, 1967.

**Upon disassembly of the BRU simulator, the failure of the compressor end
journal bearing to operate hydrodynamically was found to be failure of the
brazed joint between journal bearing pad and pivot seat in four of the six pads.
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rotor-~bearing contacts could be recognized. A rapid rise in bearing temperatures
or a slow~down in rotor speed were taken as certain indicators of repeated brief

contacts between rotor and bearings.

The following vibration schedule from NASA Spec 447-2-C was used as a goal for

these exploratory tests:

Sinusoidal vibration, with shaft rotation:
5-35 Hz - 0.25 g peak ,
35-2000 - Identification of resonances only

Sinusoidal vibration, without shaft rotation:
5-35 Hz - 0.25 g peak

Random vibration, with shaft rotation:
20-100 Hz - 3 db/Oct.,increase
100-2000 Hz - 0.015 g /cps

Random vibration, without shaft rotation:
20-100 Hz - 3 db/Ost. increase

100-600 Hz - 0.4 g /cps

600-2000 Hz - 6 db/Oct. decrease

A graphic representation of the random specifications is shown in Figures 31 and
32'

For those vibration tests where shaft rotation was required, the BRU simulator
bearings were operated hydrodynamically in a nitrogen atmosphere of 38 to 40
psia at room temperature. Initially it had been desired to operate the simu-
lator bearings at an ambient pressure of 43 psia, however, apprehension about a
rather small steady state thrust bearing gas film thickness with\a fully vented
thrust loader chamber led td the arrangement where the vent from the thrust
loader chamber was closed and leakage gas from the bearing cavity was allowed to
build up to some pressuré in that chamber. The resultant upward force on the
rotor, together with the drive turbine reaction force,exceeded the rotor gravi-
tational force at béaring cavity preséures above approximately 30-32 psia. Any
further increase in bearing cavity pressure caused a smaller increase in the
thrust loader chamber pressure and consequently an increased loading on the up-
per thrust plate. »
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In the interest of maintaining a reasonably large thrust bearing gas film thick-
ness, the bearing cavity pressure was not increased above the 38-40 psia level.
(Replumbing of the exhaust line and regulator from the thrust bearing loader
chamber with a larger line and more sensitive exhaust regulator would probably
have been satisfactory for reducing the thrust loader chamber pressure by one
or two psi and thus allowing a bearing cavity pressure increase by 3 to 5 psi.)
For a better perspective on the concern for a sufficient beéring gas film, it
must be noted that the BRU simulator bearings were operated at off-design con-
ditions, to their disadvantage. The viscosity of the He-Xe mixture in the
bearing cavity of the operating BRU at a temperature of 400°F would be 0.47
lb.sec/in.z, This compared with 0.31 1b°sec/in,2 for nitrogen at 250°F, the

" steady-state temperature of the BRU simulator bearings without external heating.

BRU simulator rotor speed was 36,000 rpm for hydrodynamic bearing operation.

The rotor was not driven whenever vibration tests were conducted with all bearings
hydrostatically pressurized. However, hydrostatic bearing pressurization alone,'
(drive turbine inactive) caused the shaft to rotate at approximately 2500 rpm,

but opposite to the normal direction of rotation. For tests with nominal hydro-
dynamic bearing operation conducted after the initial failure of the compressor
journal bearing, hydrostatic supply pressure had to be supplied to the éompressor

journal bearing to maintain contact-free operation.

25



DESCRIPTION OF RECORDED DATA

Test data was obtained and recorded with vibration applied to the BRU simulator
along the rotor axis and at right angles to it. The test results are generally
recorded in the same sequence the tests were completed, except for the axial

non-rotating tests, which were conducted last.

Preliminary Axial Vibration Tests

The BRU simulator is a complex and sensitive machine, which requires careful
control for satisfactory operation even under normal steady-state operating
conditions, To avoid possible damage to the simulator from excessive accelera-
tion loads caused by either support fixture resonances or responses of simulator
bearing system components, two sets of preliminary tests were performed prior to

the specified vibration test under rotating shaft conditions.

First, the acceleration levels at various extermal points on the BRU simulator
were determined while a constant input acceleration was maintained on the sup-
port fixture at a point close to one of the mounting brackets of the simulator.
In addition, measurements were made of the response of various internal BRU
simulator parts (by means of proximity probes) under representative vibration
levels. 1In all preliminary tests, the simulator gas bearings were pressurized

at 150 psia and the shaft was not driven. (Some shaft rotation at approximately
2500 rpm was present when the bearings were pressurized due to turbining torque
produced by the gas jets leaving the external pressurization holes in the bearing

surfaces.)

Axial vibration input level tests

The shake table vibration level control system features a servo loop which con-
tinuously measures acceleration at the table and appropriately adjusts the
power level input to the table to maintain a predetermined shake table accelera-

tion level.
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Electrical and mechanical resonances of the bare table necessitate this automatic
adjustment, even without the presence of mounting fixtures or test specimen. With
mounting fixtures and test specimen present, the shaker servo loop maintains the
preset acceleration level at that particular spot to which the control accelero-
meter is attached. Other locations on the test fixture or the test specimen
will, of course, exhibit vibrations peculiar to their own mass-stiffness rela-

tionships.

The initial vibration input level tests were conducted with a dummy mass so that
more sensitive parts in the BRU simulator might not be damaged by excessive vi-
bration inputs during the table programming and adjustment phase. Following

the initial equipment and specification familiarization phase, the BRU simﬁlator
was placed in the vertical mounting fixture and, with all gas bearings pressu-
rized, subjected to the specified 0.25 g sinusoidal vibration in the direction
of the vertical vector axis. Figures 33 through 41 document the acceleration
levels on variou§ points along the circumference of the rim of the vertical sup-

port fixture and on the BRU simulator itself.

The shake table control accelerometer was mounted on top of the vertical support
fixture at a location approximately 3 inches away circumferentially from the BRU
mounting bracket located counterclockwise next to the instrumentation turret, as
seen from the BRU compressor end, The location of the other accelerometers on

or next to the BRU is indicated in Figure 28.

Inspection of the acceleration plots indicate the following important conclusions

to date:

1) The input acceleration to the BRU, as indicated by both the table con-
trol accelerometer and the test accelerometer next to it, (Figures 33

andn34), was nearly constant over the frequency range from 5 to 2000 Hz.

2) The acceleration levels on the BRU mounting brackets are noticeably
affected by the dynamic characteristics of the BRU structure and com-
ponents, The frequency range over which resonances occur extends from

70 to 300 Hz. (Figures 35, 37, and 39.)
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3) The acceleration levels on the BRU mounting brackets are not identical
for all three brackets, (Equal torque was applied to all three mount-

ing screws prior to the wibration test!) (Figures 35, 37, and 39)

4) Accelerometers T-4, T-6, and T-8 (Figures 36, 38, and 40) appear to
indicate the "bouncing' of the BRU mounting brackets on the vertical
support fixture., At a distance of approximately 4.5 inchesA(circum-
ferentially along the top of the support fixture) this "bouncing" ef-
fect in the fixture seems to have been damped out, as evidenced by

data from accelerometer T-2, (Figure 3%)

5) The top of the BRU simulator (part number 32, nozzle and seal assembly)
exhibts several pronounced wibration peaks. These are at approximately
100 Hz, 260-290 Hz,. and 1400 Hz. Oscilloscope photographs obtained
during testing indicate that above 260 Hz the vibration of the tép of
the BRU is out-of-phase with that of the top of the support fixture,
At high table frequencies (around 1800 Hz) the top of the simulater
exhibits primarily a low frequency vibration of approximately 350 Hz.
(Figure 41) '

Axial sinusoidal vibration response tests - hydrostatic operation

As discussed earlier, amplitude measurements were also mide to determine the
dynamic response of the internal parts of the simulator with hydrostatic bearing
operation. The response of the BRU simulator bearings and their support struc-
tures to externally applied vibrations was recorded from capacitance-type dis-
placement sensors, using both existing probes and also those installed by MTI
to measure film thickness above the pivot location in the journal bearing pads.
Only that part of the monitored signals which signified dynamic part motion was
recorded. Base line changes - as é,g., minimum gas bearing film thicknesses
were kept under observation on oscilloscopes for BRU simulator safety without
being recorded. All of the preliminary tests recorded here were made at a
shake table vibration input of 0.25 g, The sweep time was 15 minutes for the
frequency range from 5 to 2000 Hz, with a logarithmic increase in shake table

frequency,
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The vibration amplitude grapns, wnicn are presented in Figures 42 through 52,

indicate the presence of resonances (vibration peaks) in the same general fre-

quency ranges as previously shown by the signals from accelerometers mounted

on the BRU simulator.

vibration peaks occurred for most of the bearing parts is given in Table IV below.

A summary of the frequencies at which the most pronounced

Table IV
Measured Vibration Peaks in BRU Simulator Hydrostatic Operation
With External Axial Vibration (No Rotation)

Approx. Flex. Solid Casing- | Thrust | Thrust

Freq. Mounted Mounted to- Brg. Brg. Mounting | Top of

Hz Pads Flexure Pads Shaft Film Gimbal Bracket BRU

70 XX XX X X T3

110 X X XX XX XX XX T7 5 X

150 X X

190 X X X X X
260/290 | XX X X X X X T3 T7 XX
1350 ' X

The notation XX indicates the frequency at which the largest'vibration peak was

observed.

However, it must be noted that not necessarily all parts of the same

type, as e.g., solid mounted bearing pads, exhibit the largest vibration peak

at the same frequency.

Also, when there are peaks of nearly equal magnftude

at two different frequencies either one of them may become. the largest in

successive test runs.

The underlined accelerometer

bracket column indicate the frequency at which each

accelerometers exhibited the largest response peak.

designations in the mounting

of the three mounting bracket
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Axial Sinusoidal Vibration Tests With Hydrodynamic Bearing Operation

Subsequent to the preliminary tests described above, sinusoidal vibration tests

were undertaken in partial fulfillment of the vibration test requirements.

With the BRU simulator in the vertical orientation, the bearings were operated
hydrodynamically for a shaft speed of 36,000 rpm. Cavity gas pressure was
40 psia (nitrogen). In this configuration two sinusoidal vibration tests were

conducted:

a) with vibration frequencies varying between 5 and 35 Hz, an input
acceleration level of 0.25 was applied along the direction of the

rotor axis, and

b) in the frequency range between 35 Hz and 2000 Hz system resonances

were identified.

The BRU simulator withstood the low frequency (5 to 35 Hz) sinusoidal vibrations
up to the specified level of 0.25 g (peak) without apparent 111 effect. Bearing

temperatures ranged between 230 and 250°F,

The typical vibration amplitude curve depicting the response of individual bearing
parts to vibration input in the frequency range up to 35 Hz was.quite flat. No
sample plots are shown in this report, however, this information is available

on magnetic tape.

Attemfts to continue the frequency scan above 35 Hz at the input level of 0.25 g
were not successful. Observed minimum gas film thickness decreased to 0.0001 inch
or less even before any resonance peaks in the 70 to 300 Hz range were traversed.
Therefore, the vibration input level was decreased to 0.12 g, which is near the
minimum at which the vibration system would operate and still produce a low
frequency acceleration with a nearly sinusoidal wave shape. (The minimum noise
level guaranteed by the manufacturer for this particular vibration system is
stated as "below 0.1 g"). At the vibration input level of 0.12 g (peak), two

scans between 5 and 2000 Hz, each lasting 15 minutes, were successfully completed
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and recorded., The resultant vibration amplitude response curves as monitored

by the capacitance protes are shown in Figures 53 through 63. A subsequent
attempt to repeat the test under identical test condition led to sustained rubbing
of the compressor journal bearing. Rubbing of the shaft in the beariﬁg began at
a vibration frequency of 190 Hz and did not subside until the external vibration
was removed. By that time the vibration frequency had increased to 290 Hz and
the rotational speed of the BRU had fallen from 36,000 rpm to approximately
19,000 rpm. Up to the time the vibration was removed, and jacking gas applied to
all bearings, the affected journal bearing had not regained hydrodynamic opera-
tion. Later attempts to operate the compressor journal bearing in a fully hydro-
dynamic mode were not successful. However, a jacking gas supply pressure of ‘

20 psi above cavity ambient pressure was sufficient to prevent journal contact.

The above described occurrence becomes apparent from inspection of Figures 64
through 74. In these figures the onset of the rub can be recognized for all

. affected bearing pads by the large fluctuations in amplitude. The sharp drop
in the rotor speed curve, shown on some of these figures, shows very dramatically
the occurrence of the rub. Furthérmore, temperature recordings (Figure 74) for
one solid mounted pad and the flexibly mounted pad on the compressor journal
bearing confirm the momentary breakdown of the bearing gas film.* The
photographs in Figure 72 picture the variations in pad-to-shaft film thickness
of the compressor journal bearing pads which were caused by the rubbing. In
Figure 73, photos show dynamic motion of the compressor and turbine journal
flexures and of one of the compressor journal casing-to-shaft probes. These
photos were obtained through signal playback from magnetic tape and thus
accurately describe the changes that occurred at approximately 190 Hz in the
compressor journal bearing. It cannot be overemphasized that the chrome-oxide
coating on all mating bearing parts was instrumental in preventing a serious

system failure at this point in the tests.

* Upon disassembly by NASA-Lewis of the BRU simulator at the conclusion of the
vibration tests it was found that failure of the brazed joint between journal
bearing pad and pivot seat had occurred in all three compressor-end journal
bearing pads and in one of the turbine-end pads.
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It must be noted here that between the two "successful" tests and the test at
which the journal rub occurred, the BRU had been. subjected to some low level
random vibration testing (vertical mounting, axial vibration) with hydrostati-
cally pressurized bearings (rotor not driven) and at levels.not exceeding 13 db
below 5.4 g (RMS). This input is even far below the specified random input
level of 5.4 g (RMS) for hydrodynamic bearing operating conditions.

Axial Sinusoidal Vibration Tests Without Rotor Operation

For these tests no hydrostatic bearing gas was supplied. The rotor was therefore
held radially in a clamped position by the spring loaded journal bearing pads

and axially restrained by the friction force resulting from the radial shaft
loading. When subjected to the specified sinusoidal vibration of 0.25 g (peak)
over the frequency range 5 to 35 Hz, the BRU simulator rotor and bearing parts

did not exhibit any measurable motion relative to each other.

Axial Random Vibration Tests With Hydrodynamic Bearing Operation

With the BRU simulator in the vertical position and with bearings operating
hydrodynamically (except for the compressor end bearing which was pressurized
with nitrogen. at 20 psi above cavity ambient), random vibrations were applied’
along the rotor axis. Beginning at a power spectral density level 20 db below
the NASA specification*'for random vibration under BRU operating conditioms,
the input vibration level was increased by 0.5 db steps until the BRU simulator
bearings were judged to be close to cessation of hydrodynamic operation. At
the higheet attained random vibration level a slow drop in rotor speed and
increasing bearing temperatures were considered to be good indications of
intermittent brief. contacts between rotor and bearings, particularly in the
thrust bearing. (The irregularity of the random response motions of the rotor

and bearing parts makes visual observation of intermittent contacts between

* NASA environmental specifications 417-2-C-3.5 for random vibration under
operating conditions read as follows:
Frequency - 20 - 100 Hz: 3 dB/Oct. increase
- 100 - 2000 Hz: 0.015 g2/Hz

These specifications amount to approximately 5.4 g (RMS). 1Initial shake -table
operaticn of 20 db below the specified full level is then equivalent to

approximately 0.54 g (RMS).
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rotor and bearings very difficult). Figure 75 demonstrates the dramatic changes
in rotor orbits which occur with progressing time, even though the random vibra-
tion input level is held constant. Figure 76 indicates a similar observation
for other bearing system component parts, with a very noticeable difference in
response characteristics between the flex-mounted and solid-mounted journal

bearing pads.

The maximum level of random vibration in the axial direction applied to the BRU
simulator under hydrodynamic operation was 8 db below the specified full level.
This is the equivalent of approximately 0.0024 g2/Hz.in the frequency range 100
to 2000 Hz with a 3 db/Octave decrease between 100 and 20 Hz. The full level
of the specified random vibration corresponds to 5.4 g (RMS). The maximum
attained level of 8 db below specification thus corresponds to approximately
2,15 g (RMS), which is about 40 percent of the specification input level. The
vibration amplitude response of all monitored bearing parts has been recorded

on magnetic tape.

Within the capabilities of the available instrumentation, a simple presentation
has been prepared of the RMS values of the random vibration response of those
bearing parts monitored by capacitance probes. In Figures 77 through 89,

RMS vibration amplitude levels are shown as they occurred during the course of
the test (test-time shown in . minutes) and as they increased with increasing

table vibration input.

Most of the amplitude curves show step increases for each step increase in table
vibration level. Notable exceptions may be seen in Figures 86 and 88 which show
the axial vibration amplitude of the thrust runner. At random vibration input
levels greater than approximately 1.20 g (RMS) the thrust runner response does
not increase significantly with increasing input vibration levels. As nearly as
can be determined, the runner axial vibrational amplitude at this point is very
nearly equal to the available thrust bearing clearance, Figure 90 shows clearly
the increasing magnitude of larger and larger rotor amplitudes between thrust
plates as the vibration level is increased. 1In the final photo of the series
shown in Figure 90 the rotor moves back and forth almost all the'way between the

two thrust.plates nearly every time it reverses its direction of axial motion. .
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Figure 91 is a replot of the measured temperatures obtained for three journal
bearing pads and one thrust plate during application of the random vibrations

to the operating BRU simulator. Except for what appears to be a momentary rub

of the compressor-end solid mounted pad at less than the full random vibration
input level, a general, gradual rise in bearing temperatures is evident,
indicating a rising frequency of brief contacts between the rotor and all bearing

parts.

Axial Random Vibration Tests Without Rotor Operation

These tests were conducted without hydrostatic gas supply to the BRU simulator
bearings. The rotor remained clamped by the flexure supported journal bearing
pads and restricted in the axial direction by the friction force resulting

from the clamping action.

The random vibration specifications for the nonoperating BRU are rather severe,
with bearing pad-rotor separatioms and axial rotor motions occurring at levels far
below the specified maximum. By NASA project manager direction, tests were
discontinued at the input vibration levels indicated in Figure 32. Data from

the capacitance probes has been recorded on magnetic tape. No sample plots are

shown in this report.

Preliminary Transverse Vibration Tests

The transverse vibration tests were conducted with the BRU simulator in the
vertical position (rotor axis coincidental with gravity vector) and the shake
table turned to the horizontal position, as shown in Figure 24. For these tests
the simulator gas bearings were pressurized at 150 psia and the shaft was not

driven.

Transverse vibration input level tests

The objective of the transverse vibration input level tests was the determina-
tion of the vibration levels at the BRU simulator mounting points on the support
fixture. Since the design of the transverse support fixture suggested the

possibility of vibrational cross-coupling between the transverse and the axial
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directions at the location of two of the three simulator support brackets,
acceleration levels were measured on various points of the fixture in both the

transverse and the axial directions.

The location of the control accelerometer was considered a suitable starting

point for mapping of acceleration levels on the mounting fixture. At that loca-
tion the acceleration level should very nearly correspond to the pre-set table
input value over the full frequency range. Figure 92 offers proof of satisfactory
acceleration control near the mounting .location for the BRU simulator support
bracket opposite the inétrumentation turret. With the BRU simulator in place,

the acceleration input at that same location is still satisfactory (Figure 95),‘
even though two or three small resonances clearly show the effect of the

simulator upon the vibrational behavior of the support fixture.

At the location of the other simulator support brackets on the support fixture
a high frequency (1200 Hz) resonance is apparent without the simulator in place,

(Figure 93).

The effect of this resonance, an increase in acceleration level to the BRU
simulator at this frequency, is of no importance because it occurs above all

significant resonances in the simulator itself.

With the simulator mounted in the fixture, an additional small resonance is
noted between 300 and 400 Hz (Figure 96). This may be a thrust bearing (gimbal)'
related resonance which either on its own strength (Figures 97 and 98) of
through a coincident fixture resonance (Figure 94), is transmitted back to the
BRU simulator support points in both the direction of table motion (Figures 97
and 98) and perpendicular to it (Figures 100, 101, 102, 103, and 104). In

the latter direction, which coincides with the BRU rotor axis, the vibration
peaks seem to be more pronounced, but then the minor fixture resonance, as

indicated in Figure 94 may provide a boost.

Another important observation from this preliminary test series is the occurrence
of the vibration peak of the transverse support fixture at-90 Hz in the vertical
direction (perpendicular to the shake table motion). The effect of tﬁis .

(unwanted) input to the BRU simulator at a frequenéy close to'where in earlier
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testing most of the axial: resonances were observed, should be carefully

assessed in the evaluation of all transverse vibration test results.

Transverse sinusoidal vibration response tests - hydrostatic operation

The amplitude response measurements in this preliminary test series were made
under very similar conditions and for a similar purpose as those described
under the heading "Axial Sinusoidal Vibration Response Tests — Hydrostatic
Operation'. However, the transverse ﬁests were all made with a 0.12 g (peak)
vibration table input and a sweep time of 10 minutes for the frequency range

. from 5 to 2000 Hz.

The resultant amplitude graphs, which are shown in Figures 105 through 116 are
similar to those obtained for vertical vibration table input. Internal BRU
simulator part resonances are most pronounced in the frequency range between
60 and 400 Hz.

for most of the bearing parts is given in Table V below.

A summary of the frequencies at which vibration peaks occurred

TABLE V

Measured Vibration Peaks in BRU Simulator, Hydrostatic
Operation, with External Transverse Vibration

Approximate | Flexure Solid ) Thrust Thrust
Frequency Mounted Mounted Casing- Bearing Bearing
Hz Pads Flexure Pads to-Shaft Film Gimbal
70 XX XX XX XX X X
110 X X X XX XX
150 X
350 X X X X X

The notation XX indicates .the frequency at which the largest vibration peak was

observed

results are the absence of the 190 Hz resonance
and the shifting of the 260/290 Hz resonance in the axial test case to 350 Hz

in the transverse tests for all journal bearing pad and rotor-to-casing measure-

ments.
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Transverse Sinusoidal Vibration Tests With Hydrodynamic Bearing Operation

The transverse sinusoidal vibration tests with the BRU simulator operating (hydro-
dynamically) at 36,000 rpm, were conducted similarily to the axial sinuseoidal

tests.

The BRU simulator withstood the low frequency (5 to 35 Hz) sinusoidal vibrations
at 0.25 g (peak) without noticeably fluctuating responses or difficulties.

The frequency range 35 to 2000 Hz, was scanned for resonances at 0.12 g (peak)
vibration table input. The response of various bearing components and of the
rotor relative to the simulator casing is plotted in Figures 117 through 129.

It is noted on all of these plots that the compressor-end journal bearing was
operated hydrostatically, due to its previous failure during the axial sinusoidal

vibration test series.

Transverse Random Vibration Tests With Hydrodynamic Bearing Operation

The transverse random vibration tests with the rotor operating at 36,000 rpm
(hydrodynamically, except compressor-end journal bearing) were essentially a
repetition of the axial random vibration tests, with the direction of vibration
now perpendicular to the rotor axis and in-line with the instrumentation turret

on the BRU simulator. The maximum level of random vibration applied laterally

to the BRU simulator was 10 db below specified full level, or 1.7 g (RMS).

Response graphs similarly to those obtained and described for the axial random
vibration tests are shown in Figures 120 through 142, Figure 143 shows a plot

of bearing pad and thrust bearing plate temperatures obtained during the transverse

random vibration tests.

Transverse Random Vibration Tests Without Rotor Operation

-

For these tests the rotor was clamped>by the flexure supﬁorted journal bearing
pads (no hydrostatic gas bearing supply). Random vibrations were applied up to
a level of approximately 8 1/2 db below the specified maximum (or 1.97 g —RMS),
but were not increased beyond this level upon NASA project managers directive.

Separation of the journal bearing pads from the rotor (or vice versa) had
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started to occur before test termination. Capacitance probe signals have been

recorded on magnetic tape, however, none are shown in this report.



CONCLUSIONS

The primary objective of the work reported in this volume was continued assess-
ment of the effects of environmental vibration on the mechanical performance of
gas-bearing space-power Brayton cycle turbomachinery. This objective was

achieved via the following specific steps:

1. The previously-developed analysis and computer program for the
calculation of axial shock and vibration response of a gas-
bearing-supported rotor system was extended to include non-

linear supporting elements (i.e., passive isolators).

2. An analysis and computer program were developed for calculating
the response of the Brayton Rotating Unit (BRU), in the axial

direction, to externally-imposed random-type vibrations.

3. Experimental tests were conducted to assess the effects of
external vibrations on a newly developed space-power turbo-
compressor-alternator (the Brayton Rotating Unit, or BRU).
The tests included both sinusoidal and random vibration

inputs.

The following paragraphs describe the conclusions pertaining to the three areas
of investigation listed above. Conclusions relating to the experimental part
are still incomplete and tentative, because a thorough evaluation of the
recorded data has still to be performed. Such an evaluation will constitute

a separate study.

Analysis of Response of Nonlinear System to Externally-Imposed Shock and
Sinusoidal Vibration

Nonlinear elements were added to the axial shock and sinusoidal vibration
analysis reported in Reference 1. The extended analysis was implemented in a
modified version of the computer program reported in that reference. The im-
proved program permits specification of either linear or nonlinear spring-damper
elements, with nonlinear elements describable in terms of functions or tabular
input.

39



Comparisons of calculated and measured axial response to shock inputs: for the
NASA A-Engine turbocompressor simulator yield reasonably good correlation to the
accuracy within which the elastomeric isolator dynamic stiffness and damping

properties are known.

Analysis of Response of Linear System to Externally-Imposed Random Vibration

An analysis was developed for the linear three-mass axial response model reported
in Reference 1. This model is applicable to a wide range of single-shaft gas-
bearing rotor systems. The analysis considers random. acceleration, specified as
a power spectral density of arbitrary shape over an arbitrary frequency range,
to. be applied along the shaft axis of ration to that element of the dynamic
model which supports the rotor-bearing system. Since primary interest centers
about the behavior of the gas-lubricated thrust bearing, the axial response of
the system is presented in terms of displacement power spectral density. Thus,
the dynamic behavior of the thrust bearing film, in terms of both power spectral
density and RMS values, may be examined as a function of other system design

parameters.

Such calculations and studies of the axial response of the Brayton Rotating Unit
(BRU) have been performed and are reported herein. Preliminary comparisons be-
tween calculated and measured thrust bearing response, on an RMS basis, give

reasonably good correlation.

Experimental Tests

Sinusoidal and random vibration tests were conducted on the Brayton Rotating
Unit (BRU) with NASA environmental specification 417-2-C, as a goal for the
upper limits of the externally-applied vibration levels. In the sinusoidal
mode, the imposed vibrations were relatively light and had little effect upon
the gas bearing system. 1In the low frequency range (5-35 Hz), for which a
vibration input level of 0.25 g peak was prescribed (BRU operating and non-
operating) no system resonances were encountered. Exploratory investigations
in the frequency range 35-2000 Hz revealed strong resonances between 60 and 400
Hz. This regime could only be traversed (BRU operating) by reducing the shake
table input to 0.12 g peak so a#s to maintain reasonably safe gas bearing film

thicknesses of 0.0001 inch and larger. Generally, intermittant rotor-bearing
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contacts were not observed during sinusoidal testing. A failure of the
compressor-end journal bearing to maintain hydrodynamic operation was noted
during sinusoidal testing; the bearing lost permanently its ability to function
hydrodynamically. Upon disassembly of the BRU simulator at the NABA Lewis
Research Center subsequent to testing, it was found that all three pivot seat-
to-journal bearing pad joints had broken on that bearing. Since it is unlikely
_that all three brazed joints broke at the same instant, no particular signifi-
cance should be ascribed to the frequency (190 Hz) at which the failure became
apparent. This may have been the instant at which the last of the three joints
broke, because this type of journal bearing is capable of operating with at. least
one broken joint, as evidenced by the fact that at disassembly the brazed joint
of one of the turbine-end journal bearing pads was also found to be broken. No
degradation of turbine-end journal bearing performance had been observed during,

vibration testing at MTI.

One of the most striking observations made during sinusoidal vibration testing,
with the BRU simulator bearings operating hydrodynamically, was the absence of
resonances of the flex-mounted journal pads relative to the shaft surfaces. The
ratio of spring stiffnesses of the gas film between the journal bearing pad and
the rotor on the one hand, and that of the flexure which supports one pad in
each journal bearing on tﬁe other hand, appears to permit those pads to "track"
the rotor under hydrodynamic operating conditions. Relative motions due to
rotor or bearing support excursions are accommodated by the flexure supporting
the pad. This fact indicates that the provision of damping in the flexure may
be a viable method for introducing an energy dissipation mechanism into the

system.

The random vibration requirement contained in NASA Environmental Specification
417-2-C is more severe than the sinusoidalvrequirement. For the operating mode
5.4 g RMS is specified, and for the nonoperating mode 19.7 g RMS. Mémentary
breakdowns of the gas bearing film were observed at less than half the desired
random vibration input value of 5.4 g RMS. This is not surprising in view of
the numerous resonance peaks observed in the BRU for relatively small vibration

table inputs at discrete frequencies during sinusoidal testing.
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The short duration rubs which occurred at the higher vibration input levels
during random testing were evidenced by a fairly rapid rise in measured temper-
atures of the affected bearings. However, these rubs did not seem to cause
noticeable permanent hydrodynamic bearing performance degradation, because rotor
operation at the conclusion of all tests appeared normal (except for the failure
of the compressor journal bearing, described earlier) and the chrome oxide
bearing surface coatings were found to be in good condition after simulator dis-

assembly at the NASA Lewis Research Center.

The electromagnetic shaker which was obtained for the BRU tests, proved well
guited to the task. It has a 15,000-pound sine vector and 9,000-pound RMS
(random) force rating. Testing at such levels has not yet been conducted, of

course, for the BRU.
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APPENDIX A~

NONLINEAR-ELEMENT SINUSOIDAL
VIBRATION AND SHOCK AXTAL RESPONSE ANALYSIS

The three-mass vibration model developed in Reference 1 was used in this study
with the implementation of nonlinear isolator properties. The lumped masses m,

m, and m, are those of the turbocompressor simulator casing, the thrust bearing

hiusing—glexure combination and the rotor respectively. The nonlinear isolator
properties are represented by a nonlinear stiffness kl[x] and a nonlinear damping
coefficient cl[x]. The thrust bearing housing and the flexure are represented
by a stiffness k2 and a damping coefficient Cye Both are constants. Denoting the
displacements of the three masses and the base as X1» Xy, Xgq and Xy the equa-

tions of motion can be written as:

mX = kz(x2 - xl) — gltx](xl —-xb) - cl[x](xl —-xb) - me (A1)
mziz = -G[h, h] -— k2(x2-—’xl) - cz(x2 —-xl) — m,8 (A.2)
m3x3 = G{h, h] + Fa — mgg (A.3)
where Fa = aerodynamic force acting on -m,.
g = gravitational acceleration.
G[h,ﬁ] = gas film force.

The gas film force can be resolved into a load capability component w3(h) and a

damping component. Thus,
G¢[h,h] = Wylh] - h B,[h] (A.4)

where h = gas film thickness = x, — Xye
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It is convenient to write the nonlinear isolator restoring force —kl[x](xl —-xb)

as:

W, [x

1bx — xb] = -kl[x} (xl- - xb) (A.5)

With the substitution of (A.4) and (A.5), Equations(A.l), (A.2) and (A.3) can be

rewritten as:

mlil = k2 (xz —-xl) + wl[xl —-xb] - (x1 —-xb) - msg (A.6)
my, = -6[h,h] — ky(x, —x) — ¢,(k, — %) — mg A7)
maX, = Gih,h] + Fa — m,g (A.8)

These equations can be expressed in a form amenable to laboratory measurement by
some redefinition. First of all, the position under static equilibrium can be
obtained from Equations (A.l), (A.2) and (A.3).

0 = kylk,-%) + W [x -%x] - mg (A.9)
0 = - w3[E] -k, (§2 - ii) - g (A.10)
0 = w3[E] + F, - mgg (A.11)

where El’ §2, §3 and ib are the values of coordinates at static equilibrium and

h is the equilibrium gas film thickness. Obviously, h = §3 - §2. Now, 1if we
measure the displacements of the masses from their respective equilibrium posi-

tion, and denote them by Yi» Ygs Y3 and Yy then

. = %% Y3

n

»
w

|

]

(A.12)

) L) Vv 5 % T ¥
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In terms of the y coordinates, the equations of motion can be written as

m ¥, = ky(y,my) + wltyl-yb+§l-§b] - w1[§1-§b] - ci(’.’l'i’b) (A.13)
my = - Wylhl + Wylhl + (75-7,) Bylhl - ky(y,-y)) = ¢, (3,-y)) (A.14)
myy, = Wylh] - Wylh] - (§3-§»2) B, (] (A.15)

Note that by definition

h = x3 - x2 =¥, Yy + (x3 - x2)
= ¥y~ Y, *+h
h = 33-Y,

The square bracket is used here to denote functional dependence. For example,
W3[h] should be read as "W3 as a function of h".

The isolation system consists of four individual shock and vibration isolators
connected in parallel to support the turbocompressor simulator. The load-
deflection characteristics of an individual isolator were measured and the
results were plotted in Figure 4. The ordinate in Figure 4 is the total load on

the isolation system which is four times the load on each individual isolator.

The right-hand sides of Equations (A.13), (A.14) and (A.15) are discussed

as fol;ows. The stiffness k2 and damping coefficient c, are known con- £
stants. The damping coefficient of the isolator ¢, can be a quantity varying
with the isolator deflection. In this analysis, ¢y will be taken as a constant
because no further information is available at the present time. The isolator
load deflection characteristic W, can be read from Figure 2. The nonlinear load

1
capacity and damping coefficient of the thrust bearing gas film can be approxi~
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mately represented by either an exponential function or a power function of the
film thickness as indicated on page 17 of Reference 1. As shown in Figure 18
and 19 of Reference 1, the load capacity and the damping coefficient of the

‘thrust bearing gas film can be approximately represented by

W,[h] 105 exp (-1555h) 1b

By(n] = 9.73 h1*3 1b sec/in.

Note that h should be expressed in inches in the above two formulas.

Equations (A.13), (A.1l4) and (A.15) can be expressed as a set of six simultaneous,
first-order, nonlinear differential equations. The shock or vibration forcing
function to the simulator is fed in through Yy If the system is started from
its static equilibrium position, then the initial conditions of the differential
equations are homogeneous, i.e., at t = 0, Yy =¥y =Yy = &l = &2 =¥y = 0.

These equations and inital conditions were programmed on a digital computer using
a fourth-order,_Runge-Kutta integration technique supplemented by an error con-
trol method which continuously adjusted the integration step size to maintain

solution accuracy within prescribed limits.
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APPENDIX B
NONLINEAR-ELEMENT AXTAL RESPONSE COMPUTER PROGRAM

This appendix presents a complete listing of the computer program which calcu-
lates the axial response of the turbocompressor simulator. This program is a
modification of the axial response pfogram of Refe;ence 1 to include nonlinear
isolator properties. Also presented in this appendix are instructions for pre-
paring input data cards, sample input and sample printed output. The lumped-

mass model used for the nonlinear-element computer program is shown in Figure 6.
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PROGRAM INPUT CARDS

Card 1 - FORMAT (I5, 75H)

This card contains a case number and descriptive text for the users convenience.
Set NCAS = Any nonzero numerical digit to sequentially identify the case

being computed (a blank here will stop the program)
Title = Any descriptive identification for case being computed. If

computer graphs are requested, this descriptive identification

will automatically appear at bottom of graph.

Card 2 - FORMAT (I5, 10X, 4I5, 3(I5, F10.4))

"This is a control card which contains the following control variables. MODEL,

IFOFT, ICC, MOTION, NONLIN, ITYP1, TAB1, ITYP2, TAB2, ITYP3, TAB3

These variables dictate options as follows:
Physical Model
MODEL

1. Complete system as shown in Figure 2.

MODEL = 2, Complete system on rigid mounts (kl= =) with flexible'lower-casing.
MODEL |

3. Simple model, gas film with nonlinear stiffness and damping; rigid

casing and mounts (k1 = k2 = w),

Type of Excitation Function

IFOFT = 8 Continuous sine function
IFOFT = 9 - Shock function half sine
IFOFT = 10 Shock function haversine
IFOFT =

11 Shock function (table)

Calcomp desired?
ICC = 12 yes
ICC = 13 no

Is forcing function described in terms of displacement or acceleration?
MOTION
MOTION

0 if forcing function input represents displacement in inches.

1 if forcing function input represents acceleration in g's,

50 -



NONLIN = 1 This is a control integer which causes the program to utilize the non-
linear element analysis described in this report rather than the
previous analysis described in Reference 1 which permitted non-

linearities only in the gas film.

NONLIN = 0 This input will cause the program to utilize the analysis published

in Reference 1.

ITYP] = 1 and TABl = 0. For the case that Kl and Cl are linear values to be
read in as constants.

ITYP]l = 2 and TABl = 0. For the case that Kl and Cl are nonlinear functions
which can be completely arbitrary, but must be supplied by the user
as function subprograms called by "FK1" and "FC1l".

ITYPL = 3 For the case that Kl and Cl are to be read in as tabular values. -

TABl1 = 0. If table increment of relative displacement is irregular.

TABl = Table increment of relative displacement between the mass 1
and the base for which the load and damping values will be
specified.

ITYP2 and TAB2 are the same as ITYP1l and TABl except that they relate‘to K2 and

C2 and the relative displacement between mass 2 and mass 1.

ITYP3 and TAB3 similar to above but apply to K3 and C3 and the relative displace-

ment between mass 3 and mass 2.

Card 3a, and 3b - FORMAT (8 E10.4) and (2E 10.4)

This card describes the values of the masses, stiffnesses; and damping coeffi-
cients associated with the three degree of freedom vibration model. Read M1, M2,
M3, K1, K2, K3, C1, €2, C3, HINIT

M1, M2, M3 = Weights (in pounds) of the lumped-masses shown in Figure 3.
K1, K2, K3 = Stiffnesses (in pound per inch) shown in Figure 3.
Cl, C2, C3 = Damping coefficients (lb-sec/in.) shown in Figure 3.

HINIT = Initial equilibrium film thickness of gas film. This quantity need only
be furnished if linear .stiffness and damping are assumed for this gas

film.

NOTE: Any pair(s) of the stiffness and damping elements may have been declared
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nonlinear by the variables specified on Card 2. If this is done, the

corresponding values on Card 3 are ignored by the program.

Card 4 - FORMAT (3E10.4)

This card contains constants which affect the conditions of the initial equilibrium

conditions of the gas film. It also contains a variable, ELIM, which serves to
prevent the nonlinear thrust bearing gas film properties from becoming infinitely

large at zero film thickness.

GL = Local gravitational acceleration in "g's" (GL = 1.0 on earth's surface)

FA = Net aerodynamically induced axial force (in pounds) on rotor (positive,

if force 1is upward).

ELIM = Nonlinear load and damping functions are held constant at film thick-

nesses less than "ELIM" inches.

Cards 5A, 5B, 5C, 5D - FORMAT (8E10.3)

These cards contain, in tabular form, the nonlinear properties required to
specify the various spring and damping .characteristics of the system. The use

of these cards depends upon the values of ITYP1, TABl, ITYP2, TAB2, ITYP3, and
TAB3 specified on Card 2. If ITYP1 = 3, ITYP2 = 3, or ITYP3 = 3, then the tables
must be supplied. Otherwise, OMIT Cards 5A, 5B, 5C, 5D entirely.

For the spring and damping coefficients kl and cyt

Card 5A

Submit all values of relative displacement (inches) for which load values are
specified. In each card, the values are punched in successive fields of ten,

(8 values per card). The last value may not be 0.0, and the last card of this
set is followed bv a blank card.
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Card 5B

The second set of values consists of the nonlinear load characteristic (1b) for
which the displacements were specified above. The values are submitted in the

same manner. The last card of this set is followed by a blank card.
Card 5C

The third set of values specifies displacement values for which damping is
specified. The values are submitted in the same manner. The last card of this

set is followed by a blank card.
Card 5D

The fourth set of values specifies values of the nonlinear damping characteris-
tic. The values are submitted in the same manner. The last card of this set is

followed by a blank card.

If TABl # 0, then the table increment of the relative displacement is regular
and given by TABl. In this case, omit the first and third sets and replace set
1 by a card containing the starting value of the relative displacement (column
1-10). The starting value applies to both displacement values for both load and
damping characteristics. The same procedure is used for quantities k2, <, and

for k3, gy if required; with a separate set of cards 5A, 5B, 5C, 5D for each.

NOTE: All tables for K1, K2 and Cl, C2 must be formulated with respect to the

conditions of static equilibrium to remove any preload effects.
Card 6

This card specifies the parameters of the system forcing function: amplitude and
frequency, if the system is under a steady-state vibration; or pulse amplitude
and pulse duration if the forcing function is a closed-form shock pulse. Data

is dependent upon options chosen for IFOFT and MOTION.

There are four distinct possibilities depending upon the control variable IFOFT
specified on Card 2. '
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If IFOFT = 8 Read AMPLD, FREQ
FORMAT (2E10.4)

AMPLD = amplitude of sinusoidal forcing function.
If MOTION
If MOTION
FREQ = frequency of forcing function in Hz (cps).

0, AMPLD = displacement in inches,

1, AMPLD = acceleration in g's.

If IFOFT = 9 Read PEAKS, PDURS
FORMAT (2E10.4)

PEAKH = peak value of half sine shock pulse,

If MOTION = O, PEAKS = displacement in inches,

If MOTION = 1, PEAKS = acceleration in g's,

PDURS = duration of half sine shock pulse (seconds).

If IFOFT = 10 Read PEAKH, PDURH

FORMAT (2E10.4)

PEAKH = peak value of haversine (shock machine half sine) pulse,
If MOTION = O, PEAKH = displacement in inches,

If MOTION = 1, PEAKH = acceleration in g's,

PDURH = duration of haversine shock pulse (seconds)

If IFOFT = 11 Read NINC, TINCP

FORMAT (15, F10.4)

NINC = number of evenly-spaced intervals in pulse,

TINCP = time interval of each of the above increments,

This data card must be followed by as many data cards, 6A, 6B, etc., as are

necessary to represent the shock pulse.

Cards 6A, 6B, etc, Read PUVAL (only if IFOFT = 11)

FORMAT (8E10.4)

PUVAL = values of the shock pulse at each increment specified above, Values
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must be contiguous starting with the first increment.

If MOTION displacement in inches,

If MOTION

]
[

0, PUVAL
1, PUVAL

acceleration in g's.

NOTE: If more than one increment size is desired, a different‘case may be run
for each step size by using the conditions at the change point as

restart values,

Card 7 - FORMAT (415, 6E10.4)

This card controls the precision and duration of the internal computation and
output., It contains the following ten variables: TIPSTEP, M, MAXINC, NCYCLS,
TPRINT, TMAX, H, E, HM, RERR

IPSTEP = ratio of printed to plotted output points. In most cases IPSTEP = 1,
M = number of integrations performed internally before step size is
automatically adjusted. Usually M = 2, This will usually result in

the best trade off between precision and economy,

MAXINC = the maximum number of internal integrétions before program shuts
itself off. This is a safety control to prevent exorbitant computer
charges due to unforeseeable misbehavior of the solution. Recommended
MAXINC = 3000.

NCYCLS = the number of cycles for which the solution will be calculated beyond

the first minumum and maximum after the shock pulse ceases to act.
NCYCLS has meaning only for shock pulses. This variable is ignored
if IFOFT = 8.

TPRINT = output control which establishes the step size of printed and ploﬁted
output (seconds). May be any convenient interval into which the time
range of the solution is to be divided, generally a few hundred points
or so. Example: If the range of interest is expected to be between
0 and 2 seconds, and 200 solution points are adequate to describe the
system behavior in detail:

2 seconds

TPRINT = 500 = 0.01
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This will cause results to be printed at 10 milliseconds, 20 milli-

seconds, etc.

TMAX = maximum time value (seconds) for which solutions will be computed.
This is another safety feature designed to prevent excessive computa-
tional charges resulting from some unforeseeable characteristic of the
solution. Normally, this value should be twice 'as large as the solution

is expected to run.
H = time increment (seconds) at which to begin computations.

E = maximum absolute error permitted in internal computation. A value of

0.002 is suggested for this quantity.

HM = minimum step size (seconds) for internal calculation. This parameter
is another safety measure which keeps the internally-set step size
from approaching zero in the attempt to achieve greater accuracy. A

value of 0.000001 is suggested for this quantity.

RERR = comparable to E, except that RERR represents relative error, whereas

E represents absolute error. This quantity should normally be set

equal to 0.01.
Card 8 -~ FORMAT (7E10.4)
Initial value of restart card. Values need only be given if the initial conditions

of the case being computed are unequal to zero. Otherwise, a blank card will
suffice here. The values read are: TINIT, YIIN, Y2IN, Y3YN, V1IN, V2IN, V3IN.

TINIT = initial or restart time (seconds).
Y1IN = initial value of Y1 (inches).
¥2In = initial value of Y2 (inches).
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Y3IN

V1IN

V2IN

V3IN

initial

initial

initial

initial

value

value

value

value

of Y3 (inches).

of V. (inches/sec).

1

of V2 (inches/sec).

of V3 (inches/sec).

Repeat all above cards for each case.

Insert a blank card as the last data card in order to stop the program.
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TrE NONLINEAR LOAD vaLUES BETWEEN M1 AND BASE ARE AS FOLLOWS

RELATIVE FNRCE PELATIVE FORCE RELATIVE FORCE RELATIVE FORCE
OISFLACEENT HETWEEN 0TS ACEWENT RETWEEN 0 ISPLACEMENT BETWEEN DISPLACEMENT BETWEEN
RETWEEN RETWEEN HBETWEEN BETWEEN
M1 AND RaGE M) anD dasE M1 AND HaSE M1 AND nASE M1 AND BASE M] aND BASE M1 AND RASE M1 AND @ASE

(1 (s CINY (LB (N (B (IN) s
1.00000 ~42990,009300 .S5A0Np  -2470,00000 .12000 ~616,00000 ~.18000 108,00000
«93000  -4210,00000 254000 ~2390.0000v «10000 =53b,00000 -.20000 120.00000
«96000  =4120,00000 52000 =-2300.00000 «08000 -452,00000 ~.22000 132.00000
£94n00 -4040,00000 +50000 =2220.00000 «06000 -364.00000 ~+264000 144,00000
92060 ~3950.G6000 «4RO0C =2140.0000v .04000 ~264.00000 ~+26000 156.00000
+9000¢ =3470,00000 «66000 -2050.,00000 «02000 =126.00000 ~.28000 168,00000
JA80G0  =3790.00000 44000 ~1970.0000v .01000 -35.00000 ~.30000 180,00000
«R6009  =3710,00060 42030 -18R0.00000 0.00000 0.00000 ~+32000 196,00000
JALaN0 =3430,00000 240000 -1800,00000 ~+01000 24.00000 -.34000 212,00000
.B2000  -23540,60000 233009  ~1710,00000 -.02000 32.00000 ~.36000 228,00000
«HGDN0 =34#9,00000 +3A%00 -1620.00000 -+G3000 36.00000 -+38000 240.00000
.78080  -33R9,00000 «34000 -1540.00000 - 04000 40.00000 ~.40000 260.00000
«TEOOD -3300.00000 +32000 -1450,0C000 =.05000 4d.00000 ~+42000 280.00000
L7400 =2220.00000 .30000 -1370.00000 -.06000 52.00000 ~e%4000 300.00000
72000 -3130,8C000 «24000 -1300.00000 ~+07000 56.00000 ~+46000 328.00000
JT000G  ~36EN,00000 26000 =1200.00000 -.08000 60.00000 ~<48000 360.00000
«5ANNG =7970,3000u 24090 ~1130.0000v -.09000 64,00000 -+50000 390.00000
600G —PRM0,00000 .22000 =1040.0000v -.10000 72.00000 ~+52000 436,00000
chenPn  =2100.00000 «20000 -950.00000 -.11000 76.00000 “+54000 516400000
.h2000  =2719,00000 « 17000 ~R20.0000v -.12000 80.00000 -.56000 628.00000
.60000  =2630,90000 10000 ~7R0,00009 -.14000 88.00000 ~+58000 780.00000
SSHOny =25%4,00000 14009 -720.0000u ~.16000 96,00000 “+60000 1000,00000

THE MOKL TNF AR JAMPING COEFFICIENT VALUES BFTWERN M1 ANU BASE ARE A4S FOLLOWS

WELAT[VE 1AUPING RELATIVE NaMFING RELATIVE DAMP ING RELATIVE DAMPING
DISPLACEMFNT COFFFICIENT  DISPLACFMENT COEFFICIENT DISPLACEMENT COEFF ICIENT DISPLACEMENT COEFF ICIENT
AETYEFN SETHFCN AL TwEEN HETWEEN RETWEEN BETWEEN BETWEEN BETWEEN
M1 AND RASE ] ANDY BASE M1 ANO ~a5€ Ml ANU BRASE 1 AND BASE M1 AND BASE Ml AND GASE M1 AND SASE
[§ ) (Le=IN/SECY Iny (LR-IN/SEL) C(IN) (LB~IN/SEC) (IN)Y (LB-IN/SEC)
1.00000 3,25000 «56000 3.2500v +«12000 3.25000 ~.18000 3.25000
«9ROGH 2,258000 «54000 3.25000 10000 3.25000 ~+20000 3.25000
«350048 J.25000 +52090 3.25000 «08000 3.25000 -e22000 3.25000
« 340U 3,2%5000 +50000 3.25000 «06000 3.25000 =.24000 3.25000
cuZnng 2.2¢700 «HR000 3.2500v «04000 - 3.25000 ~+26000 3.25000
£3000) 1,25050 «46000 3.25000 «02000 3.25000 -+28000 3.25000
SABONOG 3.25000 44000 3.2500u 01000 3425000 - =+30000 3.25000
«RENNN 3,.25000 «42000 3.2500v 0.00000 3.25000 -+32000 3.25000
«B40uy 3.25900 «40000 3.25000 -.01000 3.25000 =+34000 3.,25000
wH2000 3,75000 +33000 3.25000 ~«02000 3.25000 -+36000 3.25000
SBONNN «3A000 3.2500v ~«03000 3.25000 =-+38000 3,25000
«72000 1.2%000 34000 3.2500v ~«04000 3.2%000 ~«40000, 3.25000
16000 3.25000 32000 3.25000 -« 05000 3.25000 =+42000 3.25000
e Tu(i) 3.25000 «30000 3.25000 ~«06000 3.25000 ~e44000 3.25000
«72000 3.25000 «28030 3,25000 -.07000 J3.25000 ~246000 3.25000
J7G000 3,2%000 «2R000 3,2500u -.08000 3.25000 ~+48000 3.25000
<6200 : < «26000 3.25000 ~«09000 3.25000 . =+50000 3.,25000
<6000 «22000 3.25000 -.10000 3.25000 =+52000 3.25000
«hGG0 «20000 3.25000 ~+11000 3.25000 ~+54000 3.25000
«h2000 «13000 3.25000 -.12000 325000 -+56000 3.25000
«50000 + 16000 3.25000 ~+14000 3.,25000 -.58000 3,25000
.Sanag 3,2%000 «14000 3.2500v -.16000 3.25000 =+60000 3.25000

INPUT MOTION IS 8 SHOCK PULSE DFESCRIKED B8Y THE FOLLOWING TABLE

TIME  ACCELERATIONM

(SEC) {6+95)
0.,0000000 0.0000000
0010000 -.0141500
0029000 -.02¢3000
0039000 -, 0624500
LODSEO0G -, 0565000
+00USRanga - 0565609
L00ANN00 =, 0B&BG00
0070000 - 1130600
6083000 1415000
.0090000 1576000
0100000 ~.1600000
«0110000 ~+ 1590000

<a120000 -+ 1560000
0130000 -«1450000
«0140000 1272000
«0150000 -<1130000
0140000 =+0990000
«0170000 ~«1130000
«0180000 -¢1272000
«0190000 -.1615000
0200000 =-«1700000

PULSE DURATION = 2,00000E-02 SEC
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5900°

0900°
S500°
0500°
S%00°
0400°
SE00°
0Eoo0°
S200°
02o0o0°
sl100°
0100
c000°

(23S)

ELDNY
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PROGRAM PN4S7 (INPUTOUTPUT»TAPES=INPUT+ TAPE6=O0UTPUTTAPEZ22)
COMMON TPRINTsTMAX o IPSTEPyNCYCLSo:MOTION,TITLE(15)9YBAsYBINT (200)
COMMON NRoNWsNCASE 9y MODEL 9 LOADF 9 IDAMPs IFOFTHICCo
MloM24M33K1sClaKE9GLIFAsALOAD s ADAMP 9BLOAD+BDAMP
2CL0AD¢CDAMP00LOAO:DDAHPQHINIT’IFM79ANPLDvaEQ!PEAKSoPDURSoPEAKHO
3PDURHININCPsTINCPsTP (200) s PUVAL (200) s PULDOT(200) o TINIToY1IINsY2:Ny
4YIINsVIINsV2INIVIINSTIME(6000) sY10oY2sY3I4V1I9V2eVIsNIVEC(6)sOVEC(6) »
SMAXINCosHoHMoMoE 2 AKOINE Ty ELIMoINDXS Y8sYBDOT,
GOMEGA s WHO » WY3IY2HBY3Y2H
COMMON FILMT(6000)sY2MY]1 (6000) s VAPEAK (6000) +YBPLOT (6000)
COMMON 1BUF (5000) )
C MAINLINE PROGRAM PN 457. THIS PROGRAM CALCULATES THE RESPONSE OF A
C THRUST BEARING-ROTOR SYSTEM TO EXTERNALLY APPLIED SHOCK AND VIBRATION
C IT TREATS THE SYSTEM AS A THREE~DEGREE-OF~-FREEDOM VIBRATION MODEL
c .

NR=S
NW=6
IFLAG=]
S READ(NR91010) NCASES(TITLE(I)sI=1s 8)
IF (NCASE) 1046910
6 IF(IFLAG.EQ.2) CALL PLOT(18,90,9999)
9 CALL EXIT
10 WRITE(NW+1000)
WRITE{(NW»1015)
CALL SDATE (DATE)
WRITE (NW»1005) NCASEo(TITLE(l)v!!lo 8) +DATE
CALL INPUT
IF(IFLAG.EQ.2) GO TO 24
20 IF(ICCL,EQ.13) @O0 T0 25
IFLAG=2
CALL PLOTS(IBUF+5000422)
G0 10 25
24 CALL PLOT(18.90.9=3)
25 CALL SOLVE
G0 TO S
1000 FORMAT( 7H1IPN457+10Xs73HRESPONSE OF VERTICAL THRUST BEARING TO AXI
IALLY=APPLIED SHOCK OR VIBRATION/)
1005 FORMAT(IS+TAL09AS92X9AB)
1010 FORMAT(ISsTA10+AS)
101S FORMAT(// 1Xe119(1H*))
END

coC

coc
coc

coc
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SUBROUTINE DIFEQ(NsTeVECsDVEC)

DIMENSION VEC(6)DVEC(6)

DIMENSION A(2)

COMMON TPRINT,THAX,IPSYEPpNCYCLS;MOTION;TITLE(15);YBAQYBINT(ZOO)
COMMON NRsNWyNCASE sMODEL s LOADF » IDAMP s IFOF T ICCo

1 M1oM29M39K19C1leK296LIFA9ALOADsADAMP9BLOADsBDAMP»
2CLOAD+CDAMP sDLOADsDDAMPsHINIT 9 IFM7 o AMPLDsFREQsPEAKS s POURS s PEAKH»
3POURHININCP s TINCPs TP (200) s PUVAL (200) »PULDOT (200) s TINIToY1INs Y2INe
4Y3INsVIINSVZINsVIINSsTIME(6000) 9Y19Y29Y39V19V2eV3s
SNDUMsDDUM (6) sOVUM(6) o

SMAXINCsHoHMsMoE 9 AKOsNE s TTDUM, ELIMy INDX, YBsYBDOTs
60MEGA s WHO I WYIY2HBYIY2H ’
COMMON FILMT(6000)sY2MY1(6000)sVAPEAK(6000)sYBPLOT(6000)

COMMON TZsITIME» YBPREV

COMMON NONLINsITYPLoITYP2sITYPIsTABLsTAB2sTAB39C29C39KIy EM
1DISPW1(300) sDISPW2(300) +DISPW3(300)+W1FTAB(300) +W2FTAB(300)». EM
2WIFTAB(300) sDISPBL (300) +DISPB2(300)+DISPB3(300) sBIFTAB(300) EM
3B2FTAB(300) +BIFTAB(300) s NOW1 s NOW2sNOW39sNOB]1 s NOB2+NOB3 EM

REAL M14M29M34C19K1sK29K3 M

EXTERNAL FX

C THIS SUBROUTINE DEFINES THE DIFFERENTIAL EQUATIONS SOLVED BY RONKU

30

60

90

20

DATA MAXITLERR/100+.01/

WEX (X)=ALOAD*EXP (BLOAD#X)

WPF (X)=CLOAD#*X*#Dl OAD

BEX (X) =ADAMP*EXP (BDAMP#X)

BPF (X) =CDAMP# X2 #DDAMP

PI1=3,1415926535

IFM7=1FOFT=-7

IF (MODEL.EQ.3) 60 TO 20

DVEC(4)=VEC(])

DVEC(S)=VEC(2)

DVEC(6)=VEC(3)

GO TO (30+609900120)+IFM7
OMEGA=2,*PI#FREQ

YB=AMPLD#*SIN(OMEGA®T)
YBDOT=OMEGA#AMPLD*COS (OMEGA*T)

YBAz-YB* (2,¢#P[#FREQ) ##2/386,069
IF(MOTIONJEQ.0) 60 TO 130
YB=2=386.069/0MEGAS#2# AMPLD*SIN (OMEGA*T)
YBDOT==386,069/0MEGA®AMPLD#*COS (OMEGA®T)
GO TO 130

YB=0.

IF (T.LT.PDURS) YB= PEAKS‘SIN(PI“T/PDURS)
YB8pO0T=0,

YBA=YB

IF (MOTION.EQ,1) GO TO 65

IF(T.LT.PDURS) YBDOT=P1l/PDURSH#PEAKS=COS(PI®*#T/PDURS)
GO0 TO 130

65 IF(T.LT.PDURS) YB=386.069%PEAKS*PDURS/PI*#(T-PDURS/PI#

1 SIN(PI®#T/PDURS))
IF(T.LT.PDURS) YBDOT=386,069*PEAKS*PDURS/PI*(],~COS(PI*T/PDURS)}

IF (oNOT. (T,LT.PDURS)) YBDOT=772,.138%PEAKS*PDURS/PI

IF (.NOT. (T.LT.PDURS)) YB=386.069%PEAKS*PDURS**2/P1+YBDOT* (T-PDURS)
G0 TO 130

YB=0,

IF (TeLT.PDURH) YBz0.SH#PEAKH®*(]1.-COS(2.*PI*T/PDURH))

YBDOT=0.

YBA=YB

IF (MOTION.EQ.,1) GO TO 95
IF(T.LT.PODURH) YBDOT=PI/PDURHYSIN(2.%PI*#T/PDURH) *PEAKH

GO 7O 130

9S IF(T.LT.PDURH) YB=386.069/4+%PEAKH® (TE#2-PDURHEH#2/ (2,%P]#42)#

1 (1.-COS(2.,#PI#T/PDURH) )}
IF(T.LT.PDURH) YBDOT=386,069/4¢%PEAKH® (2,#T=PDURH/PI*®

1 SIN(2.%PI#Y/PDURH))
IF (4NOT . (TLLT.PDURH)) YBDOT=193.035%#PEAKH*PDOURH

IF («NOT. (T.LT.PDURH)) YB=386. 069/4.“PEAKH'PDURH"Z*YBDOT'(T-PDURH)
GO TO 130 .



120

125
1240

1250

1260

1261

1265

ANINCP=NINCP

PDURT=ANINCP#*TINCP

IF(YT,6T.PDURT) YB=0.0

IF(T.6T.PDURT) VYBDOT=0,0
IF(T.6T.PDURT.AND.MOTION,EQ,0) GO TO 130
IF(T.6T.PDURT,AND.MOTION.EQ.1) GO TO 125

NP1=NINCP+]

CALL TLU(TsYBsTPePUVALINP])

IF(MOTION.EQ.1) 60 TO 125

CALL TLU(T,YBDOTs» TP+PULDOTsNP1)

G0 T0 130

YBA=YB

A(1)=T2Z

A(2)sT

10P=]

IF(T.6T.PDURT) GO TO 1270

IF(ITIMEL.EQ.1) GO TO 1260

MRET=126

CALL SIMINI(YBsFXsAsERRyOsMAXITo1esMRET)

IF (MRET.EQ. 126) GO TO 126

YB=386,069*YB+YBPREV

GO TO (127+128091265)+10P

ITIME=2

IGR=1

YBPREV=0,.0

IF(TZ) 1261412501261

A(1)20,0

A(2)=T2

10P=3

GO TO 1250

YBPREV=YB

GO TO 1240

C SAVE YB VALUE
C T GREATER THAN PDURT

1270

1275
1280
126

127
2126

2127

2128
130

IF(IGR.EQ.3) GO TO 1275

A (2) 3PDURT

IGR=2

10P=2

GO TO 1250

YB=YBPDUR

60 TO 2126

YBPDUR=YB

G0 T0 127

WRITE (NWs102) MAXITHERR
WRITE(NW+103)
IF(T.LT.PDURT.OR.IGR LE.2) GO To 2127

YBDOT=DOTODUR

GO TO 2128

CALL TLU(T,YBDOTsTPsYBINTeNP])

YBDOT=YBDOT#386.069
IF(IGR.NE.2) 60 TO 130

I6GR=3

DOTOUR=YBDOT

YB=YB+YBDOT# (T=-PDURT)

IF (MODEL.NE.3) 60 TO 150

ARGU=VEC(2)=-YB+HINIT
IF(ARGU.LT.,0002) ARGU=ELIM
IF(LOADF .E£Q.4) WY3Y2H=WEX (ARGU)

IF(LOADF.EQ.4) WHOSWEX(HINIT)
IF (LOADF .EQ.S) WYJIY2H=WPF (ARGU)

IF(LOADF.EQ.5) WHO=WPF (HINIT)
IF (IDAMP.EQ.6) BY3YZ2H=BEX (ARGU)
IF(IDAMP,.EQ.7) BY3Y2H=BPF (ARGU)

GO TO 190
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C SELECT FUNCTIONS
150 ARGUaVEC(6)=VEC(S) +HINIT
IF (AR6U.LT,.0002) ARGU=ELIM
- IF(LOADF.EQ.4) WYIY2H=WEX (ARGU)
IF (LOADF <EQe4) WHOSWEX(HINIT)
IF (LOADF 4EQeS5) WY3IY2H=WPF (ARGU)
IF (LOADF .EQ.5) WHO=WPF (KINIT)
IF (IDAMP.EQ.6) BY3Y2HsBEX (ARGU)
IF (IDAMP.EQ.7) BY3Y2H=BPF (ARGU)
C NOW DEFINE OIFFERENTIAL EQUATIONS
C CORRECTIONS DIFEQ
190 IF(NONLIN.EQ.0) GO TO 195
CALL DEQNL (VEC,DVEC)
GO TO 401
195 IF (MODEL=-2) 20053009400
200 DVEC(I)S(KZ/MI)’(VEC(S)-VEC(b))-(Kl/Hl)’(VEC(“)-YB)-CI/MI'(DVEC
1 (4)-YBOOT)

300 DVEC(2)==(1./M2)#WY3Y2H+ (1./M2) *WHO+ (1./M2) #(DVEC(6)~DVEC(5))

1 #BY3YZ2H~(K2/M2) #(VEC(5)~-VEC(4))
DVEC(3)'-(1 /M3) #WHO+ (1. /M3) SWYIY2H=(1./M3) # (DVEC(6) -DVEC(S) ) #BY3Y

IF(NODEL.EO 2) DVEC(l)=(K2/ﬁl)’(VEC(5)-VEC(4))-(Kl/Ml)’(VEC(Q)-
1 Y8
GO TO 401

400 DVEC(2)=VEC(1)
DVEC(1) ==WHO+WY3Y2H~(DVEC (2)~YBDOT) *BY3Y2H
DVEC(1)=DVEC(1) /M3

401 RETURN

100 FORMAT(/ 6(3Xs3HVEC»13)s5Xe1HT96(3X94HDVECI3))

10] FORMAT(1Xs6E9.3+sF5.496E10.4)

102 FORMAT (1HO+29HMAXIMUM NUMBER OF ITERATIONSs]13+s25H WAS REACHED BEFO
1RE EPS =4Ell.4)

103 FORMAT( S5X+6HFOR YB)

104 FORMAT (SX+s9HFOR YBDOT)
END

EM
EM
EM



FUNCTION FK1(Y1MYB,sDY1IMYB)
REAL K}

K1=58000.

FK1=K1#Y]lMYB

RETURN

END

FUNCTION FCl1(YIMYBsDY1MYB)
FC1=.00001

- RETURN

END .
FUNCTION FK2(Y2MYBysDYZ2MYB)
REAL K2
K2=670000,
FK2=K2%#YZMYB
RETURN .

END '
FUNCTION FC2(YZ2MYBsDYZ2MYB)
FC2=,00001

RETURN

END

FUNCTION FK3(HsE)
A=105,

B=-2554,8
FK3=A®EXP (B¥#H)
RETURN

END

FUNCTION FC3(HsE)
C=,31112€~-3
D=~1.4984
FC3=C#H##D
RETURN

END
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SUBROUTINE CALCOM
DIMENSION CLX(20)+CLY(20)
COMMON TPRINT s TMAXsIPSTEPyNCYCLSoMOTIONSTITLE (15) s YBAsYBINT (200)
COMMON NRsNWsNCASE sMODEL +LOADF » IDAMP o IFOF T ICCo
1 Ml 9M29MIsK19C19K29GLsFA«ALOADADAMP +BLOADBDAMP
ZCLOADvCDAMPoOLOADoDDANPQHINIT’XFN7oAHPLD'FREQQPEAKSoPDURS’PEAKH'
3PDURHeNINCPSTINCPsTP(200) +PUVAL (200) sPULDOT(200) s TINIToY1INsY2INy
4YIINSVIINSV2INGVIINSTIME(6000) 9Y1loY24Y39V1eV29V3IsNsVEC(6)sDVEC(6) s
SMAXINCoHoHMyMoE s AKOSNE 9T ELIMo INDX YBesYBDOT,
60MEGA s WHO s WY3Y2HsBYIY2H o
COMMON FILMT(6000)+Y2MY1 (6000) »VAPEAK(6000) s YBPLOT (6000)
COMMON I8BUF (5000}
DATA XORIGsYORIGIAXLENSAYLEN/2+91.5012.96.7/
WRITE (NWs202)
202 FORMAT(1H]19+30HROAD MARKERS FOR CALCOMP PLOTS)
NVALS=INDX
NPTS=NVALS/IPSTEP
I=NPTS*IPSTEP+]
J=1+IPSTEP
WRITE(NWs200) NVALSINPTSsIsJ
CALL FACTOR(.75) .
C CHANGES IN CALCOM. INSERT AFTER CALL TO PLOTS
C STOMP QUY NEGATIVE FILM THICKNESSES. TAG FIRST VAL FOR ERROR MESSAGE.
ITAG=0
CALL PLOT(XORIGsYORIGs-3)
DO 20 K=1+NPTS
IF(ITAG) 15,15,16
15 IF(FILMTIK) LT. 0o) ITAG=K
16 IF(FILMT(K) LT, 0o.) FILMT(K)=0,
20 CONT INUE
CALL SCALE(TIMESAXLENINPTS,1PSTEP)
WRITE(NW+201) TIME(1) TIME(JD)
IF(ITAG) 22422421
21 XPAGE= TIME(ITAG)/’IHE(J)
CALL SYMBOL (XPAGE+0+9+1497HCONTACT$30.97)
C SCALE THE AXIS ACCORDING TO THE DATA BUT FORCE THE MINIMUM FILMT YO 0.
C DOEFINE AN ADDITIONAL FILMT TO INSURE AY LEASE ONE ZERO '
22 FILMT(I)=0.
C CALL SCALE USING I POINTSs IT WILL STORE 0. AS FILH(J) AND OELTAV IN
C FILMT (J¢IPSTEP) .
NP1=NPTS+]
CALL SCALE(FILMT4AYLENINP1s1IPSTEP)
I1I=NP12IPSTEP+]
JJz= 11+¢IPSTEP
WRITE(NW»203) FILMT(II)FILMT(JJ)
C NOW MOVE FIRSTV AND DELTAV BACK WHERE THEY BELONG.
FILMT(I)®FILMT())
FILMT(J)=FILMT(J+IPSTEP)
C SCALE DATA FOR TIME AND INPUT MOTION
CALL SCALE(TIME+AXLENSNPTSsIPSTEP)
CALL SCALE(YBPLOT+AYLENSNPTSeIPSTEP)
CALL PLOT(=-XORIG»=YORIGy~=3)
WRITE(NW+204) YBPLOT(I),.YBPLOT(D)
C DRAW THE AXIS FOR THE APPROPRIATE INPUT MOTION
OIF (MOTION .EQ., 0 .AND. IFOFT .EQ. B)CALL AXIS(1.91.S5+24HINPUT VIBR
1ATION = INCHES+249AYLEN90.9YBPLOT(I)+YBPLOT(J)) )
OIF (MOTION .EQ, 1 AND. IFOFT .EQ. 8)CALL AXIS(1l.91.5937HINPUT VIBR
1ATION = ACCELERATION IN G#Se37sAYLENe90,+YBPLOT(I)+YBPLOT(U))
OIF (MOTION JEQ. 0 .ANDs IFOFT oGTe B)CALL AXIS(lesl, SoZOHINPUT SHOC
1K = INCHES+20sAYLEN+90.sYBPLOT(I)sYBPLOT(J))
OIF (MOTION LEQ. 1 AND. IFOFT «GTs 8)CALL AXIS(1e91.5+33HINPUT SHOC
1K = ACCELERATION IN G#S+¢33+AYLEN9GO,+YBPLOT(1)+YBPLOT(J)) ’
WRITE (NW,205)
C DRAW THE AXIS FOR FILM THICKNESS
OCALL AXIS(XORIGyYORIG»31HBEARING FILM THICKNESS =~ INCHES»
131sAYLENSGOLoFILMT(I)sFILMT (U))
WRITE (NWs206)



C DRAW TIME AXIS
OCALL AXIS(XORIGsYORIG 14HTIME = SECONDS#+=149AXLENs O,
1TIME(L) +TIME (D))
CALL PLOT(XORIG+YORIGs~3)
WRITE (NW+207)
C PLOT THE GORAPHS
IF (NPTS.LT,30) NOPON=]
IF(NPTS.GE.30) NOPON=NPTS/30
CALL LINE(TIMEsYBPLOTs NPTSeIPSTEPsNOPONs3)
CALL LINE(TIMESFILMTs NPTSsIPSTEPsNOPONs1)
WRITE (NW+208)
C DRAW A CENTERLINE TO REPRESENY EQUILIBRIUM FILM THICKNESS
98 CALL PLOT{(=XORIBs=YORIGs=3)
WRITE (NW»209)
D0 99 K=1,13
CLY(K)sYORIG+HINIT/FILMT (V)
99 CLX(K)=XORIG+FLOAT (K=1)/12.RAXLEN
CLX(14)=20,0
CLX(15)%1,.0
CLy(14) =0,
CLY(15)=1,
CALL CNTRLN(CLXsCLY91341)
WRITE (NWs210)
c -
2 RETURN REFERENCE TO LOWER LEFT HAND CORNER AND LETTER TITLE

100 CALL SYMBOL (2¢5050,5094149TITLE+04975)

FNCASE=NCASE

CALL SYMBOL(11.59¢3094100511HCASE NOe = 90,4911)

CALL NUMBER(999,904309+10sFNCASEsQ0,9~1)

CALL SDATE (DATE) cocC
‘ CALL SYMBOL(11.5900159410+sDATE90.+8) o119

C PERFORM ANNOTATION
OIF (MODEL <EQ. 1) CALL SYMBOL(4.5099.65+.14,

1 SIHSIMULATOR, VERTICAL ON ISOLATORS 90,953)
OIF (MODEL +EQ. 2) CALL SYMBOL (445099,65s4149
1 S3HSIMULATOR VERTICAL ON RIGID MOUNTS +0.953)

OIF (MODEL +EQ. 3) CALL SYMBOL (445099.659.149

1 SSHSIMULATOR VERTICAL ON RIGID MOUNTSs CASINGs AND FLEXURE0,.955)
CALL SYMBOL (4,50+9.255+14919HINPUT FUNCTION IS +044919)

OIF(IFOFT .EQ. B) CALL SYMBOL (999¢99.,25+,149

1 40HSTEAOY-~STATE VIBRATION 90e940)
IF(IFOFT.EQe 94AND.MOTION.EQ.0) CALL SYMBOL (999.99.259.14s
140HHALF SINE DISPLACEMENT SHOCK . 90.940)
IF(IFOFT.EQs 9.AND.MOTION.EQs1) CALL SYMBOL (999499.25+.14»
140HHALF SINE ACCELERATION SHOCK 90,940)
IF(IFOFT.EQe10.AND.MOTIONLEQ.0) CALL SYMBOL (999.39.25941%
140HHAVERSINE DISPLACEMENT SHOCK 900940)
IF(IFOFT.EQ.s10.AND.MOTIONJEQsl) CALL SYMBOL (999.99425+,. 14
140HHAVERSINE ACCELERATION SHOCK 20,940}

IF(IFOFTeEQe11ANDMOTIONGEQs0O) CALL SYMBOL (999.49.253.14s
141HSHOCK DISPLACEMENT VALUES READ IN AS DATA+0,+41)
IF(IFOFT4EQs11.AND.MOTIONSEQ,1) CALL SYMBOL (9994994251414
141HSHOCK ACCELERATION VALUES READ IN AS DATAs0,.941)
GO TO (110+12001309140),IFM7
110 CALL SYMBOL (4.5098¢855¢14913HAMPLITUDE IS 90,+13)
CALL NUMBER(999,+8.85+.14vAMPLD+0.55)
111 IF(MOTIONCEQ.0) CALL SYMBOL (999.98.859,1497H INCHES+0497)
IF(MOTIONJ.EQ.1) CALL SYMBOL (999.98.859,1497H G#S 30s97)
GO TO (112+11691169140) ¢ IFM7 :
112 CALL SYMBOL (999¢98.859014917H FREQUENCY IS +0.917)
CALL NUMBER (999,48.853.149FREQ+0.4+5)
CALL SYMBOL (999.98.8554¢1493H HZ90493)
60 TO 150
115 CALL SYMBOL(4,5098.859¢14914HPEAK VALUE IS +04914)
~ CALL NUMBER(999,984859¢1490PEAK904+5)
60 710 111



116 CALL SYMBOL(999.+8.85+,14s24H ~  PULSE DURATION IS 50.524)
CALL NUMBER(999.98.8550¢1490D0Rs04+5) .
CALL SYMBOL (999.98.8590¢1498H SECONDSs0498)

G0 TO 150

120 OPEAK=PEAKS
0DOR=PDURS
60 T0 115

130 OPEAK=PEAKH
ODOR=PDURH
G0 TO 115

140 ODOR=FLOAT (NINCP) T INCP '

CALL SYMBOL (445058085 14s25HPEAK VALUE IS SHOWN 904925)
GO TO 116 .
150 CALL SYMBOL (4.57+8.32+41453+040=1) -

CALL SYMBOL (5.0098.259+14917H = INPUT FUNCTIONsOes17)

CALL SYMBOL (4,5798.07s¢14919009~1)
" CALL SYMBOL (5.0098.00s.14932H ® THRUST BEARING FILM THICKNESSs0.s
132y

WRITE (NWs211)

CLX(16)=4.50

CLY(16)=7.82

CLX(17)=5.25

CLY(17)27.82

CLX(18)50.

cLY(18)30.

cLx(19)=1.

cLY(19)=1.

CALL CNTRLN(CLX(16)sCLY(16)92s1)

CALL SYMBOL (5.4297+759+14526HEQUILIBRIUM FILM THICKNESS»04926)
CALL PLOT(=e43009=3)

CALL DASHPT(0es1143+.113)

CALL DASHPT(14.751143+.147)

CALL DASHPT(14.750.9.113)

WRITE (NW»212)

200 FORMAT (/5Xs6HNVALS=sISs6H NPTS=s15,3H I=e1593H J=s15)

201 FORMAT (/SXyBHTIME (1) =sE12.59¢8HTIME (J)=9E12,5)

203 FORMAT (/5Xs10HF ILMT (I1)2vE12.5910HFILNT (JJ) 9E12.5)

'204 FORMAT (/5X»10HYBPLOT (1)=9E12.5910HYBPLOT (J)34E12,5)

205 FORMAT(/5X925HDIAG VERT AXIS~1 DRAWN )

206 FORMAT(/S5X+25HDIAG VERT AXIS=2 DRAWN )

207 FORMAT (/S5Xs25HDIAG HORIZ AXIS DRAWN )

208 FORMAT (/5X+25HCURVES PLOTTED )

209 FORMAT (/5Xs25HORIGIN SHIFTED )

210 FORMAT (/5Xs25HCENTERLINE DRAWN )

211 FORMAT (/5Xs25HANNOTATION ALMOST DONE )

212 FORMAT (/5X925HANNOTATION DONE )

RETURN
END



SUBROUT INE . INPUT

C THIS SUBROUTINE 1S A PART OF PROGRAM #SHAKE#
C IT SERVES TO PREPARE THE INPUT FOR #SHAKE#

C IT CALLS A SUBROUTINE #FILM# WHICH FINDS EQUILIBRIUM FILM THICKNESS.

g‘PROGRAH WRITTEN FOR UNIVAC 1107

c
C
C
C
C
C

OOOOO

s NeNeXelg]

PRI

€O+ ON TPRINTsTMAXsIPSTEPsNCYCLSsMOTIONs TITLE(15) »YBA9 YBINT (200)

COM#ON NRoNWsNCASE +MODEL s LOADF s IDAMP s IFOF T ICCo
1 M1l oM29M39K19CloK29GL9FA9ALOADs ADAMP sBLOADyBDAMPY

2CLOAD s CDAMP s DLOAD s DDAMP s HINITos IFM7 9 AMPLOD s FREQ s PEAKS s PDURS s PEAKH s
3PDURHeNINCP»TINCPy TP (200) yPUVAL (200) sPULDOT(200) s TINIT,Y1INeY2INs

4Y3INoVIINoV2INeVIINeTIME(6000) 2Y19Y2sY394V19V29eV3sNoVEC(6)s0DVEC(6)

SMAXINCoHoHM oMo E s AKOSNE Ty ECIMs INDXy ° YB+YBDOT,
6OMEGA s WHO s WYIY2HsBY3Y2H .

COMMON FILMT(6000)9+sY2MY]1 (6000) s VAPEAK (6000) s YBPLOT (6000)

COMMON TZo+ITIMEs YBPREV '

COMMON NONLIN+ITYP12ITYP24ITYP3+3TAB1+sTAB23TAB3+9C2+C35K3y
1DISPW1(300) sDISPW2(300) ¢+DISPW3(300)+WIFTAB(300)+W2FTAB(300)
2W3FTAB(300) sDISPB1(300)+DISPB2(300)+sDISPB3(300)9sBIFTAB(300),
3B2FTAB(300) sBIFTAB(300) ¢sNOW] o NOW2 s NOW3+NOB]1 +NOB2sNOB3

REAL M1 +M2sM39CleK1l9oK2+K3

LOGICAL 01+02+03+04+05+06+07+08+09,010

NONL IN= 0 USE EXISTING VERSION OF PROGRAM

NONLIN= 1 USE NEW VERSION 3/70

INDICATES ONLY NONLINEARITY IN THE SYSTEM IN THE THRUST
BEARING.

LOGICAL NEW

NEW INDICATES NONLIN =1

WRITE (NW»1500)

NT A ROW OF ASTERISKS

WRITE (NW+1030)

WRITE (NWs1020)

WRITE(NWs1031)

CHOOSE OPTIONS

READ NEW PARAMETERS
READ(NRs30) MODEL +LOADF s IDAMP s IFOFTs ICCoMOTIONS

1 NONLINsITYPI»TABY :1TYP2.TAB2,1TYPI,TAB]

30 FORMAT(715+3(159E10.4))

SET

35

NEW= NONLIN.EQ.1

IF(TAB1.NE.0,0.ARN,TTYP]1 _NE.3) “RPITE(MYy1527)
IF (TAB2.NE<0s0ANDITYP2,NE«3) WRITE (NWy1534)
IF(TAB3.NE.0.0AND.ITYP3,NE«.3) WRITE(NWs1535)

LOGICAL VARIABLES AND TEST FOR CORRECTNESS OF INPUT

01=MODEL.LT.1

022MODEL .GT.3

03={ OADF .LT.4

04t DADF .GT.5
OS:IOAMP.LTQ6

06=1DAMP .GT.7
O7=IFOFT.LT.8
0B=IFOFT.GT.11
09=1CC.LT.12
010=ICC.GT.13

IF (01 .,0R.02)WRITE (NW»40)
IF(NEW) GO TO 35
IF(03.0R.04)WRITE (NWs50)
IF (0S5.0R.06)WRITE (NW+60)
IF(07.0R.08) WRITE (NWs70)
IF(09.0R.010)WRITE (NWs80)

EM
EM
EM
EM

EM

EM
EM
EN
EM
EM
EM

EM
EM
(2]
EM
EM
EM

.

EM

EM
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C ERROR MESSAGES

40
50
60
70
80

36

e XeXeXel

90

FORMAT ( 35HO
FORMAT ( 35H0
FORMAT ( 35HO
FORMAT ( 35H0
FORMAT ( 35H0

IF (NEW) GO TO 36
IF(03.0R.04,0R,05.0R.06) CALL EXIT
IF(01.0R.02,0R,07,0R.08,0R.09.0R.010)

IF (MODEL .EQ. 1)
IF (MODEL .EQ.1)
IF (MODEL.EQ.1)
IF (MODEL.EQ.1)
IF (MODEL.EQ.1)
IF (MODEL .EQ.1)
IF (MODEL .€Q. 1)
IF (MODEL .EQ.2)
IF (MODEL .EQ.2)
IF (MODEL .EQ.2)
IF (MODEL .EQ.2)
IF (MODEL .€Q.2)
IF (MODEL .EQ.2)
IF (MODEL .EQ.2)
IF (MODEL .EQ.2)
IF (MODEL .EQ.3)
IF (MODEL .EQ.3)
IF (MODEL .EQ.3)
IF (MODEL .EQ.3)
IF (MODEL .EQ.3)
IF (MODEL .EQ.3)
IF (MODEL .EQ.3)

IMPROPER INPUT CARD 2sCOL 5.
IMPROPER INPUT CARD 2+COL10.
IMPROPER INPUT CARD 2.COLI15.
IMPROPER INPUT CARD 2,C0LZ20.

WRITE (Nwys1040)
WRITE (Nw»1050)
WRITE(NW»1040)
WRITE(NWs1400)
WRITE (Nws1060)
WRITE (NWs16400)
WRITE (Nws1070)
WRITE (NW»1050)
WRITE (NWs1400)
WRITE (NW+1040)
WRITE (NW»1060)
WRITE (NWs1040)
WRITE (NWs1400)
WRITE (Nw91070)
WRITE (NW+1400)
WRITE (NWs1050)
WRITE (NW,»1400)
WRITE (NW+1060)
WRITE (NWy1400)
WRITE(NW»1040)
WRITE(NW,1070)
WRITE (NW»1040)

PHYSICAL PARAMETERS 1/0
IF (NEW) READ(NR990) M1sM2sMIsK1eK29K39CleC29CIAIHINIT

IF (NEW) GO TO 109

READ(NR+90) MY iM2eM39sK1+C1eK2

FORMAT (8E10.4)

C CORRECTION TO CHECK FOR M3=0

C M3=

0

IF (M3) 902+900,902

900 WRITE(NWs301) M3

201
302

CALL EXIT
FORMAT (24H0

WRITE (NW,1020)

WRITE (Nws1080)

IF (LOADF.EQ.4)
IF (LOADF .EQ. %)
IF (LOADF .EQ.4)
IF (LOADF.EQ.4)
IF (LOADF,EQ.4)
IF (LOADF.EG.4)
IF (LOADF .EQ.5)
IF (LOADF.EQ.5)
IF (LOADF .EQ.5)
IF (LOADF .EQ.5)
IF (LOADF.EQ.S)
WRITE(NWs1110)
IF (1IDAMP.EQ.6)
IF({IDAMP.EQ.6)
IF (IDAMP.EQ.6)
IF (IDAMP.EQ,6)
IF(IDAMP.EQ.6)
IF (1DAMP,EQ.6)
IF (IDAMP,EQ.T7)

WRITE (NW+1040)
WRITE (NW+1090)
WRITE (Nwy1040)
WRITE (NWs1400)
WRITE (NWs1100)
WRITE (NWs1400)
WRITE (Nws1090)
WRITE (Nwy1400)
WRITE (NW51040)
WRITE (NWs1100)
WRITE (NWs1040)

WRITE (NWs1040)
WRITE (NWs1120)
WRITE (NW+1040)
WRITE (NWs1400)
WRITE(NWy1130)
WRITE (NWs1400)
WRITE (NWs1120)

IMPROPER INPUT CARD 2,COLZ2S.

CALL EXIT

IMPROPER INPUT M3 = ,E10.4)

- -

EM
EM
EM

Em



IF (1IDAMP.EQ.T)
IF (IDAMP.EQ.7)
IF (IDAMP.EQ.T)
IF (IDAMP.EQ.7)

WRITE (NWs1400)
WRITE (NW91040)
WRITE (NW+1130)
WRITE (NW»1040)

WRITE(NW,1531)
WRITE (NW»1020)
WRITE (NWs1400)
READ LOAD AND DAMPING PARAMETERS
READ(NR»90) ALOADsBLOADsCLOADsDLOAD s ADAMP sBDAMP s CDAMP » DDAMP
IF (LOADF .EQ.%4) WRITE (NWs1230)ALOADsBLOAD
IF (LOADF .EQ.S) WRITE(NW,1235) CLOAD+DLOAD
IF(IDAMP.EQ.6) WRITE (NW91245) ADAMPsBDAMP
IF (I0AMP.EQ.7) WRITE(NWs1240) COAMP,DDAMP )
READ THE LOCAL GRAVITATIONAL ACCELERATION UNITS) AND AERODYNAMIC
FORCES _
109 READ(NRs90) GLsFALELIM EM
CALCULATE THE EQUILIBRIUM GAS FILM THICKNESS VIA A SUBPROGRAM #FILMY
IF (NEW) CALL FILMTZ2
IF (NONLINJ,EQ.0) CALL FILM
PRINT FILM THICKNESS AND STEADY STATE ROTOR FORCES
IF(ELIM.GT.0.0) GO TO 110

ELIM=,0002 -
110 WRITE(NW»1251) ELIM
WRITE (NW+1500) :
WRITE (NW+1020)
CONVERT HINIT TO MILS FOR PRINTOUT PURPOSES
HINIT=HINIT®#1000.

WRITE (NWe12S0)HINIToFAGL
RECONVERT TO INCHES FOR CALCULATION PURPOSES

HINIT=HINIT/1000.

WRITE (NWs1020) N
IF (NEW) CALL.NLINP(1) EM
IF (NEW) GO TO 112 : €M

IF (MODEL sEQ. 1Y WRITE (NW9o1220)M19M2eM39K19CleK2
IF (MODEL cEQ.2)WRITE(NW9s1340)M1sM29M34K19K2
IF (MODEL .EQ.3) WRITE (NWs1330)M3 -
CHANGE UNITS
112 M1=M1/386.069 EM
M2=M2/ 386,069
M3=M3/ 386,069
WRITE (NW»1020)
WRITE (NW»1531)
WRITE (NWs1020)
WRITE (NWe1140)

IF (IFOFT.EQ.B)
IF (IFOF T.EQ.B)
IF (IFOFTLEQ.8)
IF (IFOF T .EQ.8)
IF (IFOFT.EQ.B)
IF (IFOFT.EQ.8)
IF (IFOFT,EQ.8)
IF (IFOFT .EQ.8)
IF (IFOFT.EQ.8)
IF (IFOFT.EQ.9)
IF (IFOFT.EQ49)
IF (IFOFT.EQ.9)
IF (IFOFT.EQ.9)
IF(IFOFT.EQ.9)
IF (IFOFT.EQ.9)
IF (IFOFT.EQ.9)
IF (IFOFT.EQ.9)
IF (IFOFT.EQ.9)
IF(IFOFT.EQ.9)

WRITE (NW»1040)
WRITE (NW,+1150)
WRITE (NW,s1040)
WRITE (NW,+1400)
WRITE (NW»1160)
WRITE (NW,s1400)
WRITE (NWs1170)
WRITE (Nws1400)

WRITE (NW,1180)
WRITE (NW91400)

WRITE (NW+1150)
WRITE (NW»1400)
WRITE (NW»1040)
WRITE (NWs1160)
WRITE (NWs1040)
WRITE (NW+1400)
WRITE (NWs1170)
WRITE (NW»1400)
WRITE (NW»1180)

IF(IFOFT.EQ.10) WRITE(NW+1400)

IF(IFOFT.EQ.10) WRITE(NWs1150)
IF(IFOFT.EQ.10) WRITE(NWs1400)



IFC(IFOFT.EQ.10)
IF(IFOFT,EQ.10)

WRITE (NW»1160)
WRITE (NWs1400)

IF(IFOFT.EQ.10)WRITE (NWy1040)
IF(IFOFT,EQ.10)WRITE (NWs1170)
IF(IFOFT,EQ.10)WRITE (NWs1040)

IF(IFOFT.EQ.10)
IF(IFOFT.EQ.10)
IF(IFOFT.EQ.10)
IF(IFOFT.EQ.11)
IF(IFOFT.EQ.11)
IF(IFOFT.EQ.1Y)
IF(IFOFT.EQ.11)

IF(IFOFT.EQ.11)
IF(IFOFT.EQ.11)

WRITE (NWe1400)
WRITE (NWe1180)
WRITE (NW»1400)
WRITE (NWs1400)
WRITE (NW»1150)
WRITE (NW»1400)
WRITE (NW91160)
WRITE (NW+1400)
WRITE (NW»1170)
WRITE (NW91400)

IF(IFOFTL,EQ.11)WRITE (NWs1040)
IF(IFOFT.EQ.11)WRITE (NWs1180)
IF(IFOFTLEQ.11)WRITE (NW»1040)
WRITE (NWs1531)
WRITE(NW»1020)
WRITE (NWs1190)
IF(ICC.EQ.12)
IF(ICC.EQ.12)
IF(ICC.EQ.12)
IF(ICC.EQ.12)
IF(ICC.EQ.12)
IF(ICC.EQ.13)
IF(ICC.EQ.13)
IF(ICC.EQ.13)
IF(ICC.EQ.13)
IF(ICC.EQ.13)
WRITE (NW»1400)
WRITE (NW+1020)
IF (NEW) CALL NLINP(2)
C PRINT PARAMETERS ASSOCIATED WITH FORCING - FUNCTION
IFM7=IFOFT~7 ’
GO TO (120+13091405150) sIFM7
C STEADY STATE SINE FORCE
120 READ (NRs90) AMPLDJFREQ
WRITE(NW,»1320) FREQ
IF(MOTIONL,EQ.Q0) WRITE (NWs1520)
IF(MOTION.EQ.1) WRITE (NWs1530)
GO TO leé0
130 . READ(NR+90) PEAKS+PDURS
. WRITE(NWs1310) PDURS
IF(MOTION.EQ.0) WRITE (NWs1520)
IF (MOTION.EQ.1) WRITE (NWs1530)
GO TO 160
140 READ(NR+90)PEAKHsPDURH
WRITE(NW,1300) PDURH
IF (MOTION.EQ.0) WRITE (NW»1520)
IF (MOTION.EQ.1) WRITE (NWs1530)
GO TO 160
150 WRITE(NWs1260)
IF(MOTION.EQ.O0) WRITE(NWs1261)
IF(MOTION.EQ.1) WRITE (NWs1262)
ABOVE IS HEADING FOR SHOCK PULSE TABLE
NOw READ THE NUMBER OF INCREMENTS IN THE PULSE AND THE INCREMENTAL
TIME INTO WHICH PULSE IS DIVIDED
READ(NR+154) NINCPsTINCP
154 FORMAT(ISsF10.4)
C INITIALIZE FIRST YB VALUE
INCPO=NINCP+1
READ(NR990) (PUVAL(I)sIx=2y INCPO)
151 PUVAL(1) =0.0
TP(1)=0.0

WRITE (NW+1040)

WRITE (NW»1200)
WRITE (NWs1040)

WRITE (NW+1400)
WRITE (NW,1210)
WRITE (NW»1200)
WRITE (NW»1400)
WRITE(NW+1040)
WRITE (NWs1210)
WRITE (NW+1040)

i

AMPLD
AMPLD

PEAKS
PEAKS

PEAKH
PEAKH

OO0



153

DO 159 1=25INCPO
EYE=I-1
TP(I)=EYE#TINCP
IMl1=]=1
IP1=]+1

159 IF(eNOTe(IeEQel.ORI.EQ.INCPO)) PULDOT(I)-(PUVAL(IPI)-

158

1265

1PUVAL (IM1)) /7 (2.%

DO 158 I=1,INCPO
MAPGE=(1/45) #45~

IF (MAPGE.EQ.0)

WRITE(NWs1265) T
WRITE(NW»1500)

ANINCP=NINCP

TINCP)

I
WRITE(NW+1531)
P(I)+PUVAL(I)

PDURT=ANINCP*TINCP

WRITE (NWs1510) P
FORMAT (13X+2F12,
PULDOT (1) = (PUVAL

OURT
7)
(2)-PUVAL (1)) /TINCP

PULDOT(INCPO)-(PUVAL(INCPO)~PUVAL(NINCP))/TINCP
C FORM A NEW TABLE FOR THE INTEGRAL OF YB

IF (MOTION.EQ.1)
WRITE (Nws1531)

CALL FORMT

C READ PROGRAM CONTROL CARDS

160
91

WRITE(NW»1531)
READ (NRs91) IPST
FORMAT (415+6E10.
WRITE (Nw»1500)
WRITE(NW,»1020)
NCONE=NCYCLS ~

IF (NCYCLS.EQ.0)
WRITE(NW+1280) T

EPosMoaMAXINCONCYCLS+TPRINT s TMAX9sHsE + HM 9 BOGUS
4)

NCONE= NCYCLS+1
MAX 9sMAXINCsNCONE 9Hs TPRINT s IPSTEP sE9HM9 M9 BOGUS

C READ AND WRITE INITIAL CONDITIONS
READ(NR¢SO)TINIToYIINsY2INsY3INeVIINsV2INsV3IIN

1010
1

1020

WRITE(NWs1270) T
WRITE (NWs»1531)
FORMAT (IS 75H

FORMAT (1K +119(1

INITsYLINsVIINsYZ2INsV2INs YIINoV3IN

)
H®))

1030 FORMAT (40Xs 1SHPROGRAM OPTIONS/20X+sSS8HOPTIONS SELECTED FOR THIS PAR

1TICULAR RUN ARE
28H===w====)

DESIGNATED BY/70X98H ----- +==/71Xs6HOPTION/T70X

1031 FORMAT(10X+25HCHOICE OF VIBRATION MODEL/)

1040 FORMAT (20X sS0H==-

1050
1060

1070

FORMAT (20X 950H1
FORMAT(20X953H2
15)
FORMAT (20X +52H3
1)

cecemmccccccm e r e s e U R SR P N )
= THREE-DEGREE OF FREEDOM SYSTEM USING ISOLATORS)
= THREE~DEGREE OF FREEDOM SYSTEM USING RIGID MOUNT

SIMPLE MODELy ENTIRELY RIGID EXCEPT FOR GAS FILM

1080 FORMAT (/10X+34HGAS FILM FUNCTIONAL REPRESENTATION/15Xs19HLOAD CHAR

1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210

1ACTER]ISTIC/)
FORMAT (20X 9 3SH4 .
FORMAT (20X +38HS

EXPONENTIAL LOAD CHARACTERISYIC)
POWER FUNCTION LOAD CHARACTERISTIC)

FORMAT (10X+22HDAMPING CHARACTERISTIC/)

FORMAT (20X 535H6
FORMAT (20X +38H7
FORMAT(1H0+9X 27
FORMAT (20X »
FORMAT (20X

FORMAT (20X 44H10

FORMAT (20X 4
FORMAT (1H0s 9X42
FORMAT (20Xs BH12
FORMAT (20X 7H13

= EXPONENTIAL DAMPING COEFFICIENT)
= POWER FUNCTION DAMPING COEFFICIENT)
HTYPE OF EXCITATION FUNCTION/)
2TH8 STEADY SINUSOIDAL INPUT)
19KH9 HALF SINE SHOCK) .
HAVERSINE SHOCK )
4H11 ARBITRARY SHOCK (TABLE) )
6HIS CALCOMP QUTPUT DESIRED-)
= YES)
= NO)

7



78

1220 FORMAT (1HO+20X+S3HPARAMETERS OF THE THREE-DEGREE SYSTEM USING ISOL
1ATORS//12Xs THMASS OF» SXsY14HEFFECTIVE MASSs 4XsTHMASS OFy
2 6X99HSTIFFNESSe 6XeTHDAMPINGs 7Xs THFLEXURE/13X96HCASING99X
3 s BHOF PLATEs 7Xs6HROTOR s10X92HOF912Xs2HOFs 9Xs GHSTIFFNESS/
426X911HAND FLEXURE+18Xs 9HISOLATORSs SXe 9HISOLATORS/
S14Xe4H(LB) 910X s4HILB) 910Xs4H(LB) s 9Xe TH(LB/IN)s SXs11H(LB-SEC/IN)

-69 44Xy THILB/IN)//10X+5(G1l0e394X)9E12.4)

1230 FORMAT(1HOs 9X+23HDESCRIPTION OF GAS FILM//
120X+SOHTHE EXPONENTIAL LOAD CHARACTERISTIC IS OF THE FORM/
225X +22HLOAD (LB) = ASEXP{B#H) /20X +SHWHERE/

. 325X+27HH = FILM THICKNESS (INCHES)/25Xe 4HA = sE12.495H (LB)/
425Xe 4HB = 4E12.4» TH( 1/IN})

1240 FORMAT(1HOs9XsS3HTHE POWER FUNCTION DAMPING COEFFICIENT IS OF THE
1FORM/20X+s21HR (LB#SEC/IN) = CH#HE80D/10XsSHWHERE/
220Xs28HH = FILM THICKNESSS (INCHES)/
320Xs 3HC= +E12.4910H LB=-SEC/IN/
420Xy 3HD= +E12.49 7H (1/IN) )

1250 FORMAT(10X+29HEQUILIBRIUM FILM THICKNESS 1S9612.5s SH MILS//
115X +S6HASSUMING STEADY=STATE AERODYNAMIC FORCES ON THE ROTOR OF s
2G12.5¢ 3H LB/ 15X934HAND A LOCAL GRAVITATIONAL FIELD OF+Gl2.5»
315H TIMES STANDARD)

1251 FORMAT (/10X+85HNON-LINEAR LOAD AND DAMPING FUNCTIONS ARE HELD CONS
1TANT AT FILM THICKNESSES LESS THAN+G10.3+8H INCHES.)

1260 FORMAT (10X+62HINPUT MOTION IS A SHOCK PULSE DESCRIBED BY THE FOLLO
1WING TABLE)

1261 FORMAT (/20X +4HTIME »2X9 12HDISPLACEMENT/19XsSH(SEC) 94Xy
1 B8H(INCHES))

1262 FORMAT (/20X s4HTIME +2X 9 12HACCELERATION/19Xs5H(SEC) ¢4Xs5H(G#S))

1270 FORMAT(1H099X929HINITIAL OR RESTART CONDITIONS/
120Xs12HINITIAL TIME+11Xe1h=9610.3+8H SECONDS/
220X 924HDISPLACEMENT OF . MASS 1 =+G10,39 7H INCHES/
320X918HVELOCITY OF MASS 14S5Xs1lHmeGl043s TH IN/SEC/
420X+ 24HDISPLACEMENT OF MASS 2 =5 G10.3s 7H INCHES/
520Xs 18HVELOCITY OF MASS 24SXs1H=4G10.3s 7TH IN/SEC/-
620X+ 24HDISPLACEMENT OF MASS 3 =4G10.3s 7H INCHES/
720X+ 18HVELOCITY OF MASS 3+5Xs1lH®3Gl043s7H IN/SEC/)

1280 FORMAT (/ 10Xs26HPROGRAM CONTROL PARAMETERS//15X919HDESIRED TERMINA
1TION/20X+26HTIME VALUE ‘WILL NOT EXCEEDsF10,49¢8H SECONDS/20Xs
248HAS A SAFETY MEASURE WE WILL NOT PERMIT MORE THANs1S,6H STEPS/
320X +25SHCALCULATION WILL CONTINUE.IS5+28H CYCLES AFTER PULSE DURATIO
4N/1SXe9HSTEP SIZE/20Xs4SHINITIAL STEP SIZE FOR CALCULATION PURPOSE
5S 1S+G10.3+98H SECONDS/20X+28HVALUES ARE PRINTED OUT EVERY +Gl0.3¢
68H SECONDS/20X¢sSHEVERYs ISe38HTH POINT 1S PLOTTED IF CALCOMP [S USE
70/20X941HERROR CRITERION FOR INTEGRATION TECHNIQUE®Gl0,3/ 20Xs20HM
S8INIMUM STEP-SIZE =+G12.5+8H SECONDS/20X+43HNO. OF INTEGRATIONS BEF
90RE STEP-SIZE IS DOUBLED=+I5/20Xs48HNORMALIZED ERROR LIMIT FOR INT
1EGRATION TECHNIQUE+F10e4)

1300 FORMAT(10Xs37HINPUT MOTION IS HAVERSINE SHOCK PULSE/
215Xs17THPULSE DURATION ISsF10.49 8H SECONDS/ )

1310 FORMAT (10X+s37HINPUT MOTION IS HALF-SINE SHOCK PULSE/
215X+ 1 7THPULSE DURATION IS+F10.498H SECONDS/)

1320 FORMAT(10Xs59HDESCRIPTION OF INPUT MOTION IS STEADY~STATE SINE €XC
1ITATION/

. 315X9 12HFREQUENCY ISsF10.49 3H HZ/ )

1330 FORMAT(10X+S8HTHRUST BEARING ON RIGID FLEXURE (SINGLE DEGREE OF FR
1EEDOM) 710X+ 13HMASS OF ROTOR/13Xe4H(LB)/10XsG10.3/)

1340 FORMAT(10X+55HPARAMETERS OF THE SYSTEM ON RIGIDO MOUNTS ARE AS FOLL
10WS//13XsSOHEFFECTIVE MASS EFFECTIVE MASS MASS OF ROTOR.
26Xy OHSTIFFNESS+9X e BHFLEXURE /12X916HOF LOWER HOUSING»2X9s19HOF STAT
30R + FLEXURE+16X9)16HOF LOWER HOUSING¢6Xs9HSTIFFNESS/
416Xe12H(MASS]) s (LB) 94X912H(MASS2) s (LB) s TX912H(MASS3) ¢ (LB} 96X
S TH(LB/IN) 911Xe7TH(LB/IN)/ 16X3G1043+s6X9610e309X9G10.392(5X9EL12.4))

1350 FORMAT(30Xs14HPROGRAM OUTPUT)



1360 FORMAT (14X9s4HTIMEs 6Xe BHGAS FILMs 4X9 SHPEDESTALe 7Xe2HY1910X»
12HY2+10X92HY3+10Xe2HV1I 10X 92HV2+10Xs2HVI/
224Xy GHTHICKNESSs 2X+10HDEFLECTIVE/25Xy TH(Y3=Y2)e SXs TH(Y2=-Y1l)/
3 12Xs 9H(SECONDS) ¢ 4Xs6H(MILS) s 6Xs6H(MILS) s 6Xs6H(MILS)» 6Xo
46H(MILS) 9 6Xe6H(MILS) s 4XelOH(MILS/SEC) s 2Xe1O0H(MILS/SEC) s 2X»
S10H(MILS/SEC))

1370 FORMAT(10X9s9(F10.492X))

1380 FORMAT (25X +SOHRESTART CONDITIONS (FINAL) AND IDENTIFICATION CODE/
114X s4HTIMEs 9X92HY1 910X s2HY2910X02HY3910Xe2HV]1910Xs2HV2910X92HV3
2 6XeSHNCASE/ 14X9SH(SEC)y 6Xe6H(MILS) sy 6Xe6H(MILS) s 6Xo6H(MILS)»
3 4Xs10H(MILS/SEC)s 2X910H(MILS/SEC)s 2X910H(MILS/SEC)/
411X T(F10.492X)915)

1235 FORMAT (1H0+9X+2THCHARACTERISTICS OF GAS FILM//
120X +53HTHE POWER FUNCTION LOAD CHARACTERISTIC IS OF THE FORM//
225X918HLOAD (LB) = CuHeuD /720X ¢ SHWHERE /
325X927HH = FILM THICKNESS (INCHES)/25Xs 4HC = 9E12.4
4184 LB=SEC/IN.#8(1+D)/ ~ .
525Xy 4HD = +E12.4

1245 FORMAT(1H0+s9XsS3HTHE EXPONENTIAL DAMPING COEFFICIENT IS OF THE FOR
1M 720X92SHB(LB#SEC/IN) = C2EXP(D¥H)/10X+SHWHERE/
220X928HH = FILM THICKNESSS (INCHES)/
320Xy 4HC = ¢E12.4915H LB=SEC/ (IN®#2)/
420Xy 4HD = osE12,4921H(DIMENSIONLESS UNITS))

1400 FORMAT (/)

1500 FORMAT (//)

1510 FORMAT(// 10X+s16HPULSE DURATION =5 G12.594H SEC)

1520 FORMAT (15Xs)17HPEAK AMPLITUDE ISsF10,4+20H INCHES DISPLACEMENT)

1530 FORMAT (1S5Xs17HPEAK AMPLITUDE 1SeF10,4917H G#S ACCELERATION)

1531 FORMAT(/1H1)

1533 FORMAT(/ SXs30HIMPROPER INPUT CARD 2 COL. 40 ) EM
1534 FORMAT(/ S5X+30HIMPROPER INPUT CARD 2 COL. S5 ) EM
1535 FORMAT(/ SXy30HIMPROPER INPUT CARD 2 COL. 70 ) EM
999 RETURN
END
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25

28

30
40
101
100

SUBROUTINE FILMT2

COMMON TPRINT’TMAXOIPSTEP’NCYCLS,MOTIONQTITLE(15’OYBA’YBINT(ZOO)
COMMON NRoNWoNCASE yMODEL s LOADF » IDAMPSIFOFToICCo

1 Ml sM2eM3eK1eCloK2eGLsFAsALOADIADAMPsBLOADBDAMPY
2CLOADsCDAMP sDLOADsDDAMP s HINIT o IFMT7 o AMPLDsFREQyPEAKS +PDURSsPEAKH
3PDURHeNINCP+TINCPs TP (200) s PUVAL (200) +PULDOT(200) s TINITsYLINsY2IN,
LY3INIVIINeV2INeVIINGTIME(E000) 9Y1sY29Y34V]1eV2eVIsNIVEC(6) sDVEC(6)
SMAXINCoHosHMoMoE 9 AKOsNE» Ty ELIMy INDXY YBsYBDOT,
60MEGAsWHO s WY3Y2H4BY3Y2H

COMMON FILMT (6000)+Y2MY]1(6000) »VAPEAK(6000) s YBPLOT (6000)

COMMON TZsITIME s YBPREV

COMMON NONLINSITYPLloITYP2sITYP39TAB]1+TAB2sTAB39C29C39K3s
10ISPW]1(300) »DISPW2(300) sOISPW3(300) sWIFTAB(300) +W2FTAB(300)
2W3FTAB(300)+DISPBL1(300)+DISPB2(300)+DISPB3(300)sBLFTAB(300),
3B2FTAB(300) +B3FTAB(300) ¢«NOW1 sNOW2/NOW3sNOB1 sNOB2+NOB3

REAL M1oM2eM3+CleK19K29K3

CALL NLINP(3)

W3F=M3%#GL-FA

WHO=W3F

GO TO (40+20430)+1ITYP3

DEXI=l.E-8

EX=1.E~10

D0 25 K=1,50

FXX=FK3(EX)

FDX=FK3(EX+DEXI)

R=FXX=~W3F

DRDX=(FDX-FXX)/DEX1

DEXI=~R/DRDX

IF(ABS(R) (LT.1.E-6) GO TO 28

EX=EX+DEX]

WRITE(NWs101)

WRITE(NWs100) EXsDEXIeRsFXX9FDX

CALL EXIT

HINIT=EX

GO TO 40

CALL TLU(W3FsHINITsW3FTABsDISPW3+NOW3)

RETURN _

FORMAT (/5X+20HITERATIONS EXCEEDED )

FORMAT (/5X s 1SHX sDXsRsFXX9FDX / S5E12.4%)

END
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SUBROUTINE NLINP (JOP)

COMMON TPRINT+TMAX s IPSTEPsNCYCLSsMOTIONs TITLE (15) 9»YBA9YBINT(200)
COMMON NRoNWsNCASE +MODEL yLOADF s IDAMP+ IFOF T+ ICCo

1 M1 9M29sMI9K19CleK29GLsFASALOADsADAMP+BLOAD+BDAMP
2CLOAD +CDOAMP sDLOAD s DDAMP o HINIT o IFMT7 s AMPLD s FREQ+PEAKS yPDURS s PEAKH»
3PDURHeNINCP s TINCP s TP (200) sPUVAL (200) »PULDOT (200) s TINIToY1INsY2INs
4Y3IINsVIINGV2INSVIINGTIME (6000)9Y19Y2sY39V1eV2+sV3Iy
SNDUMsDDUM €6) s DVUM{6) »
SMAXINCoHoHMyMoE9AKO9NE s TTDUM,
GOMEGA s WHO s WY3Y2HeBY3Y2H
COMMON FILMT(6000)+Y2MY1(6000)+sVAPEAK(6000) 2 YBPLOT(6000)
COMMON TZsITIMEsYBPREV

ELIMs INDX s YBsYBDOT,

COMMON NONLINsITYPLloITYP2,ITYP3sTABl1+TAB2+sTAB39C2+C39K3y» EM
1DISPW1(300) +DISPW2(300) +DISPW3(300) s WIFTAB(300) s W2FTAB(300) EM
2W3FTAB(300) oDISPBL (300) +DISPB2(300) +DISPB3(300) +B1FTAB(300) EM
3B2FTAB(300) +B3FTAB(300) o NOW]1 sNOW2sNOWIsNOB] s NOB2+NOB3 EM

REAL M1 oM2sM39CleK1loK29K3 : EM

ITYPl = 1 ' 2 3

W1l AND Bl = CONSTANTS(INPUT) USER FUNC. SUBPROGRAMS INPUT TABLES

ITYP2 = 1 2 ) 3

W2 AND B2 = CONSTANTS(INPUT) USER FUNC. SUBPROGRAMS INPUT TABLES

ITYP3 = 1 2 3

W3 AND B3 - = CONSTANTS (INPUT) USER FUNC. SUBPROGRAMS INPUT TABLES
TAB1,TAB2+,TAB3 INPUT REQUIRED IF ITYPlsITYP2+ITYP3 = 3, RESPECT,
TAB1»TAB2,TAB3 = 0,0 IF TABLE INCREMENT IRREGULAR
TAB1,TAB2,TAB3 = DINCs SPECIFIES TABLE INCREMENT
DISPW1+sDISPW2+DISPW3 DISPLACE. ARRAYS FOR W1sW2+W3 TABLE INPUT
WIFTABsW2FTAB,W3FTAB = WlsW2,W3 VALUE ARRAYS  TABLE. INPUT
DISPB1sDISPB2,DISPB3 DISPLACE. ARRAYS FOR B1+82s83 TABLE INPUT
BIFTABsB2FTAB.B3FTAB = WlsW2sW3 VALUE ARRAYS TABLE INPUT
NOW1sNOW2+sNOW3 = NUMBER OF Wl,W2,W3 VALUES TABLE INPUT
NOB1,NDB2+NOB3 = NUMBER OF B1,82,83 VALUES TABLE 'INPUT
GO TO (10+205200) s JOP _

10 WRITE (NWs1536)
WRITE (NWs1540) M1sM24M3
IF(ITYP1.EQ.1) WRITE(NWs1537) KlsCl
IF(ITYP2.EQ.1) WRITE (NWs1538) K2+C2
IF (ITYP3.EQ.1) WRITE (NWs1539) K3,C3
RETURN

20 WRITE(NW+1531)
WRITE (NWs1547)
WRITE (NWs1541)

OO0 O

IF(ITYPl.EQ.1)
IF(ITYPl.EQ.2)
IF(ITYP1.EQ.3)
WRITE (NWs1542)
IF(ITYP2.EQ.1)
IF(ITYP2.EQ.2)
IF(1TYP2.EQ,.3)
WRITE (NWs1543)
IF(ITYP3.EQ.1)
IF(ITYP3.EQ.2)
IF(ITYP3.EQ,3)

WRITE (NWs1544)
WRITE (NW+1545)
WRITE (Nws1546)

WRITE (NW»1544)
WRITE (NWws1545)
WRITE (NWs1546)

WRITE (NWs1544)
WRITE (NW+1545)
WRITE (NWs1546)

FUNCTION INPUT~ SUBROUTINE MUST BE COMPILED BY USER AS
FK1 AND FC1 OF (Y1-YB) AND (Y1D00T-YBOOT)
FK2 AND FC2 OF (Y2=Y1) AND (Y200T-Y1DOT)
FK3 AND FC3 OF (Y3=YZ2) AND (Y30D0T-Y200T)

C

(o4

c

C

c

C TABLE INPUT- FOLLOWS FUNCTION INPUT TEXT CARDS (ALL FORMATS B8E10,4)
c FIRST CARD CONTAINS INITIAL VALUE OF DISPLACEMENY FOR W1F,w2F +W3F
(o} IF INITIAL VALUE =0.0s INCREMENT IN DISP. TABLE VARIES
C IF INITIAL VALUE =NON-ZEROs INCREMENT SPECIFIED BY TABls
c TAB2 OR TAB3 CORRESPONDING TO WiFsW2Fs OR W3F

c 1ST SEY OF CARDS GIVES DISPLACEMENT VALUESs SUPPLY THIS SET

C ONLY IF INCREMENT IS 0,0+ BLANK CARD ENDS THIS SET.

C LAST VALUE OF A SET MUST NOT BE ZERO

C

2ND SET OF CARDS CONTAINS w=VALUES - END ON BLANK CARD
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NEXT CARD CONTAINS INITIAL DISPLACEMENT FOR B1FsB2F OR B3F
(SAME RESTRICTIONS AS FIRST CARD)
3RD SET OF CARDS CONTAINS B=VALUES - END ON BLANK CARD
114 IF(ITYP1.NE.3) 60 TO 115
WRITE (NW»1557)
WRITE (NW+1558)
WRITE (NWs1548)
WRITE (NWs1549)
WRITE (NWs1553)
CALL TABIN(DISPW1sW1FTABsNOWlsTABL93)
IF (NOW1.GT.100) WRITE (NWs1531)
WRITE (NW+1561)
WRITE (NW»1558)
WRITE (NWs1552)
WRITE (NWs1549)
WRITE (NWs 1554)
CALL TABIN(DISPB1+B1FTABsNOB1sTAB]43)
115 IF(ITYP2.NE.3) 60 TO 116
WRITE (NWy1557)
WRITE (NWs 1559)
. WRITE (NW»1548)
WRITE (NWs1550)
WRITE (NW»1553)
CALL TABIN(DISPW2s,W2FTABsNOW2sTAB2+3)
IF (NOW2.6T.100) WRITE (NWs1531)
WRITE (NW»+1561)
ITE (NW»1559)
WRITE (NW»1552)
WRITE (NW»s1550)
WRITE (NWy1554)
. CALL TABIN(DISPB2sB2FTABsNOB2sTAB2,3)
116 IF(ITYP3.NE.3) 60 TO 117
WRITE (NWs1557)
WRITE (NWs1560)
WRITE (NW,1548)
WRITE (NW»1551)
WRITE (NWs1553)
CALL TABIN(DISPW3sW3FTABsNOW3sTAB3,3)
IF (NOW3.6T.100) WRITE (NWs1531)
WRITE (NW»1561)
WRITE (NW»1560)
- WRITE (NW+1552)
WRITE (NWs1551)
WRITE (NWs 1554)
CALL TABIN(DISPB3sB3FTABsNOB3+sTAB3,3)
117 RETURN ‘
200 IF(ITYP1.NE.3) GO TO 210 ,
: CALL TABIN(DISPW1+W1FTAByNOW1sTAB1,1)
CALL TABIN(DISPB1sBIFTABINOB1s»TABL+2)
210 IF(ITYP2.NE.3) GO TO 220
CALL TABIN(DISPW2sW2FTABsNOW2+TAB2,1)
CALL TABIN(DISPB2+B2FTAByNOB2sTAB2,2)
220 IF(ITYP3.NE.3) GO TO 117
CALL TABIN(DISPW3+W3FTABsNOW3sTAB3,1)
CALL TABIN(DISPB3sB3FTABsNOB3sTAB3,2)
GO TO 117
1531 FORMAT(/ 1H1)
1536 FORMAT (10X »SSHPARAMETERS OF THE (SYSTEM ON RIGID MOUNTS A?E AS FOLL

10WS//10Xs 110H M1
2 K2 K3 Cl1 cz2 C3 /
36Xs 3(BXs4H(LB)) s 2X93(SXe7HILB/IN)) 92X»3(12H (LB-SEC/IN)) )

1537 FORMAT (1H+444X09G12.4924X0G12,4)
1538 FORMAT (1H+356X96G12.4924X9G12.4)
1539 FORMAT (1H++68X9612.4924X0G12.4)
1540 FORMAT(1H +10X+3Gl2.4)



1541 FORMAT(/10Xs65SHTHE STIFFNESS AND DAMPING PROPERTIES ARE S
1AS FOLLOWS /
1 20X, 10HK1 AND C1 )

1542 FORMAT(20X+10HK2 AND C2 )

1543 FORMAT (20X910HK3 AND C3 )

1544 FORMAT(1He¢34Xs 25HCONSTANT )

1545 FORMAT (1H++34Xs 2SHUSER SUPPLIED FUNCTION )

1546 FORMAT(1H+934Xs 25HTABLES )
1547 FORMAT(1K 119(1H#®)) .
1548 FORMAT(10X,4(28H RELATIVE FORCE )/

2 10X94(28H DISPLACEMENT BETWEEN ) 7/
3 10Xs4(28H BETWEEN ) )

1549 FORMAT(10X+8(14H M1 AND BASE )

1550 FORMAT(10X,8(14H M2 AND M1}

)
) )
1551 FORMAT(10X+8(1l4H M3 AND M2 ) )

1552 FORMAT( 10X94(28H" . RELATIVE DAMPING )/
2 10X+4(28H DISPLACEMENT COEFFICIENT Y/
3 10Xs4(28H BETWEEN BETWEEN ))

1553 FORMAT(10X+4(28H (IN) (LB) ) /)

1554 FORMAT(10X+4(28H {IN) (LB=IN/SEC) ) /)

1555 FORMAT (/1H1)

1556 FORMAT(//)

1557 FORMAT(/1H1923Xe70HTHE NONLINEAR LOAD VALUES BETWEEN
1ARE AS FOLLOWS

1558 FORMAT(1H++58Xs 11HM1 AND BASE//)

1559 FORMAT (1H+s58Xs 11H M2 AND M1l //)

1560 FORMAT(1H++58Xs 11H M3 AND M2 //)

1561 FORMAT(//10Xs  B80HTHE NONLINEAR DAMPING COEFFICIENT VALUES BETWEE
lgND ARE AS FOLLOWS )
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1

SUBROUTINE TABIN(DK+AKsNOVAL»DINC,UB)

PURPOSE - READ IN TABLE VALUES - ARRAYS DK VS, AK - EACH FOLLOWED BY

A BLANK CARD (ALL FORMATS BEL10.4)

FIRST CARD OF DK SET CONTAINS INITIAL VALUEs ONLY IF INTERVAL

(SPECIFIED BY DINC) IS NOT ZERO. AK VALUES SET FOLLOWS.
FIRST AND SUCCEEDING CARDS CONTAIN DK VALUESs ONLY IF INTERVAL

(SPECIFIED BY DINC) IS ZERO. BLANK CARDs AK VALUES SET,

AND BLANK .CARD FOLLOW.
JB=1 SPECIFIES W VALUES
JB=2 SPECIFIES 8 VALUES
DIMENSION DK(1),AK(])

"DATA NRoNW/Seb/

LOGICAL IOP
10P=DINC.NE.0,0
GO TO (I151+200) 448
IF (I0P) GO YO 20

C INTERVAL = 0.0+ READ DK VALUES SET

2

10
15

20

21
25

30
40

50
60
70

DO 10 J=1+280+8

MK=Je+7

READ(NR9100) (DK(K)s K=JsMK)
DO S K=JsMK

IF(DK(K)) 1045610

CONTINUE

GO TO 25

CONT INUE

WRITE(NWs101) DK (MK) ¢ AK (MK)
CALL EXIT

GO - TO (21+42S4200)+48
READ(NRs100) DINT

DO S0 J=1+280,+8

ICNT=0

MKz=J+7

READ(NR+100) (AK(K)9K=JOMK)
DO 40 K=JeMK

IF(I0P) OK(K’ DIN'*FLOAT(K‘I)“D[NC
IF (AK(K) .EQ.0,0) GO TO 30
LAST=K

GO TO 40

ICNT=ICNT+1

CONTINUE

IF(ICNT.EQ.8) GO TO 60
CONTINUE

GO 70 15

NOVAL=LAST

IF (DK (NOVAL) .NE.0.0) GO TO 350
WRITE (NWs102)

C WRITE TABLE VALUES ~ FIND MAX. NO. PER COLUMN

200

210
220

230
300

350
100
101

NOCOL=FLOAT (NOVAL)/4.+.5
DO 300 J1=14NOCOL
J2=J1+NOCOL

IF (J2.6T.NOVAL) GO TO 210
J3=J2+NOCOL

IF (J3.6T.NOVAL) GO TO 220
Ja=J3+NOCOL
IF(J4.GT.NOVAL) GO TO 230
WRITE(NW2103) DK(J1)sAK(J))»OK(U2) 9 AK(JZ2) sDK(J3) 9AK(J3) s .

1 DK(J6) s AK(J4)

G0 TO 300

WRITE(NW»103) DK{(J1)+AK(J])

GO TO 300

WRITE(NW+103) DK(J1)9AK(J1)sDK(J2) +AK(I2)

GO YO 300

WRITE(NW»103) DK(J]1)eAK(J1) DK (J2) s AK(U2) +DK(J3) 9AK(J3)
CONTINUE

WRITE (NWs104)

RETURN

FORMAT(8E10.4)

FORMAT (/SX+37THNUMBER OF VALUES IN TABLE EXCEEDS 280/

1 1SH DISP = »€12,4915H WORB = s E12.4)
102 FORMAT(/5X+7SHNUMBER OF VALUES IN DISPLACEMENT TABLE 1S LESS THAN
1 NO, OF W OR B VALUES

2 5Xs J3I5HOR LAST DISPLACEMENT VhLUE 1S 2ERO )

103
104

FORMAT (BX98F14,5)
FORMAT(/7)
END



SUBROUTINE SOLVE
REAL M1sM29M39CloK19K2
COMMON TPRINTsTMAXs IPSTEPsNCYCLSsMOTIONSTITLE(15) s YBASYBINT(200)
COM"ON NRsNWo¢NCASE s MODEL yLOADF » IDAMP s IFOF T ICCo
MLl oM2eMI9K]19CloK2eGLIFASALOADSADAMP+BLOADIBDAMPY
2CLOAD’CDANPO0LOAD!DDAHPyHlNlT9IFM70AMPLD!FREQ’PEAKS’PDURS’PEAKH!
3PDURHeNINCPs TINCPs TP (200) s PUVAL (200) s PULDOT(200) s TENIToY1INsY2INy
4GY3INsVIINIV2INGVIINSTIME(6000)sY19Y29Y39V1eV2eVIeNsVEC(6) sDVEC(6) s
SMAXINCsHIHMoMeE 9 AKOINE» Ty ELIMs INDXs YBs+YBDOT,
OOMEGA s WHO s WY3Y2HeBYIY2H
COMMON FILMT (6000) 2Y2MY1(6000) s VAPEAK (6000) +YBPLOT (6000)
COMMON TZ+ITIMEsYBPREV
C THIS SUBROUTINE SOLVES THE EQUATIONS OF MOTION.WHICH WILL BE DEFINED

2 IN SUBROUTINE DIFFEQ

C INITIALIZE THE VECTORS
C INITIALIZE STORAGE FOR MAX AND MIN VALUES
ITIME=1
IVAL=1
IMAXIM=0
IFM7= IFOFT=-7
ISTEAD=1
WRITE(NWs1111)
IF (MODEL.EQ.3) GO TO 10
WRITE(NWs1112)
N=6
VEC(1)=V1IN
VEC(2)=V2IN
VEC(3)=V3IN
VEC(4)=Y1IN
VEC(S5)=Y2IN
VEC(6)=Y3IN
GO TO 20
10 WRITE(NWs1113)
N=2
VEC(1)=V3IN
VEC(2)=Y3IN
20 T=TINIT
C SAVE VALUE OF M= NO. OF INTEGRATIONS BEFORE STEP SIZE IS DOUBLED
MOLD =M
C INITIALIZE STORAGE FOR T- PRINT VALUES
TPRVAL=T+TPRINT
KELP=1
DO 200 KOUNT=1,MAXINC
C SET FLAG OFF FOR PRINT
IPRINT=2
C INITIALIZE M AND NE
M=MOLD
IF (KOUNT.EQ. 1) NE=0
IF (KOUNT.NE.1 )} NE=1
TADINC=T+2,#H
IF(TADINC.LT.TPRVAL) GO T0 1200
TOINC=T+H
IF(TOINC.LT.TPRVAL) GO TO 1190
C T+ DT WILL EXCEED PRINT VALUE
C SAVE OLD DT VALUEs I.E. SAVE H
HOLD=H
H=TPRVAL ~-T
C SAVE NEW DT VALUE
HNEW=H
C TURN PRINT FLAG ON
~ IPRINT=1
C SEYT M=10,000 + SO THAT DT WILL NOT BE DOUBLED
1190 M=10000
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C RONKU INTEGRATION
1200 TZ=T7

CALL RONKU(T+VECeDVECosHsHMyNsNE9MoE » AKO)
YBPREV=YB

C TEST PRINT FLAG ONs 1=0N, 2=0OfFF
IF(IPRINT.EQ.2) GO TO 1536

C TEST DT =NEwW DT _
IF (H~HNEW) 1536+1210+1536

C RESEY DT TO OLD DT

1210 H=HOLD

C INCREASE FOR NEXT PRINT VALUE
TPRVAL=T+TPRINT

C FORM AN INDEX TO TAG NO, OF ITERATIONS
INDX=KELP
IF (MOTION.EQ.O) YBPLOT(KELP)=YB
IF(MOTION.EQ.1)} VYBPLOT(KELP) =YBA
TIME (KELP)=T
MAPGE=(KELP/45) #45~KELP
IF (MAPGE.EQe0) WRITE(NWs1118)
IF (MODEL .EQ.3) GO TO 1490
Y2MY1 (KELP)}=VEC(4)~VEC(5)
FILMY(KELP)=HINIT+VEC(6)=-VEC(5)
YIMYB=VEC(4)-YB
WRITE (NWs2222) ToFILMT(KELP) s (VEC(IO0)s10m446) 9 (VEC(IO) 9I0=143),

1Y2MY1 (KELP) »YBs YIMYB
GO TO 1530

1490 FILMY(KELP)=HINIT+VEC(2)-YB
: WRITE (NW9y2222) ToFILMT(KELP)SVEC(2)+VEC(1)sYByYBA
1530 IF(FILMT(KELP).LT.0,0) GO TO 1531
GO TO (400+500+9600+700) s IFMT
1531 IF(IFOFT.EQ.8) GO TO 400
WRITE (NWs1115)
1115 FORMAT(/SXs47HRUN COMPLETE AT THIS POINT. ROTOR HAS BOTTOMED.)
GO TO 666
400 IF(KELP.LT.3) GO Y0 1535
D1=FILMT(KELP)
D2=F ILMT (KELP=~1)
D3=FILMT(KELP=2)
IF(D1.LT.D2.AND.D2.6T.D3) GO TO 410
IF(D1.6T.D2+AND.D2.LT.D3) GO TO 420
GO0 TO 1535
410 IMAXIM = 1
GO TO 425
420 IMAXIM=2
425 VAPEAK(IVAL)=D2
IVAL=IVAL+]

C TEST FOR MIN OR MAX

GO TO (1535+430)» IMAXIM

C TEST FOR STEADY-~STATE

430 IF(ISTEAD.NE.1) GO TO 661

IF (IVAL.LE.5) GO TO 1535
ERRC=(VAPEAK (IVAL-3)-VAPEAK (IVAL=5)) /VAPEAK (IVAL=3)
IF (ABS(ERRC) +GT..01) GO TO 1535
ISTEAD= 2
GO TO 1535

C IFOFT = 9

500 IF (T.LT.PDURS) GO TO 1535

510 IF(XELP.LT.3) GO TO 1535
D1=FILMT(KELP)
D2=F ILMT (KELP=-1)
D3=FILMT (KELP-2) ‘
IF(D1.LT.D2.AND.D2.GT.D3) GO TO 515
IF(D1.6T.D2.AND.D2.LT.03) GO TO S1S
GO TOo 1535

515 IMAXIM=IMAXIM+]
IF (NCYCLS.EQ.0) GO TO S20
IF (IMAXIM,GT, (2#NCYCLS)) GO TO 666
GO TO 1535

PAUL4ST

PAUL457



520

IF (IMAXIM.GE.2) GO TO 666

G0 TO 1535
C IFOFT = 10

600

IF(T.LT.PDURH)} GO TO 1535

GO TO 510
700 ANINCP=NINCP

IF (ToLT.ANINCP#TINCP) 60 T0 1535

GO TO 510
1535 KELP=KELP+1

1536

IF(T.6T.TMAX) GO -TO 660

200 CONTINUE

WRITE(NWs1114) MAXINC

GO TO 666
C MAKE A HEADING AND PRINT RESULTS _
1111 FORMAT(1H1+19Xs43H 000 U U TYIVT PPPP U U TITTT 7
1 20Xy 43H O O U U T P P U VU T o/
2 20Xy 43HO O U U T PPPP U U T /
3 20Xy 43HO O U U T P U v T /
4 20Xs 43H 000 uuu T P vuu T 7777
5) , L
1112 FORMAT(132H TIME FILM DISPLACEMENT DISPLACEMENT DISPLACPAUL4ST
1EMENT  VELOCITY VELOCITY VELOCITY RELATIVE FORCING PAULSST
1REL. DISP. / PAUL4S?
2 1324 THICKNESS  OF MASS 1 OF MASS 2 OF ROTPAUL4S7
30R OF MASS 1  OF MASS 2 OF ROTOR DISP, BET., FUNCTION  PAUL4ST
3IBET M1+BASE / PAUL4ST
4 132H  (SEC)  (INCHES) (INCHES) (INCHES) (INCHEPAUL4ST
55) (IN/SEC) (IN/SEC) (IN/SEC) MASSZ2 +MASS1 (INCHES) PAUL45T
S (INCHES) /) _ PAUL4S7
1113 FORMAT(95H0  TIME FILM DISPLACEMENT  VELOCITY FORCING '
1 FORCING 7
2 75H THICKNESS  OF ROTOR ‘OF ROTOR FUNCTION
3 FUNCTION /
g (G¢;?H (SEC) (}NCHES) (INCHES) (IN/SEC) (INCHES)
/
1114 FORMAT( /S5X»3BHMAXIMUM NO. OF TIME STEPS HAS EXCEEDEDsI5)
2222 FORMAT(1X9F7.49E11.4+3E13.496E1244) PAUL4ST
1116 FORMAT(/5X+42HSTEADY=-STATE CRITERION HAS BEEN SATISFIED.)
1117 FORMAT(/5X933HSPECIFIED TIME HAS BEEN ATTAINED.)
1118 FORMAT (1H1)
660 WRITE (NWs1117)
GO YO 666
661 WRITE(NWs1116)
666  IF(1CC.EQ.12) CALL CALCOM
RETURN
END
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SUBROUTINE SIMINI(SIeFXysA9E9RELsMAXITsFKeMRET)
EXTERNAL FX
LOGICAL REL
DIMENSION A(2)
AA=A(1)
BB=A(2)
H = (BB-AA) / 6.0
XMID = (AA+BB) # .5
Q = 2., # FX(XMIDsFK)
S1 = FX(AAYFK) + Q ¢ FX(BBsFK)
PR = H#(S1+Q)
IF (MAXIT.EQ.1) GO TO 150
DO 100 IT=2sMAXIT
ISTOP = 28%]T7 - 1
Hx ,5#%H
S=0.
DO 80 M=1+ISTOP,2
XTAA+3,0#MH
80 S=S+FX(XsFK)
SI=H#*(4,%S +S])
DIFF=ABS(SI-PR)
IF(REL) DIFF=DIFF/ABS(SI)
IF(DIFF.LE.E) GO TO 160
PR=ST
S1=S1+S+S
100 CONTINUE.
RETURN
150 SI=PR
160 MRET=0
RETURN
END
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13
14

15
100

SUBROUTINE TLU(A+BsCsDsN)
LINEAR INTERPOLATION ROUTINE

Az

8= DEPENDENT VARIABLE

C=

INDEPENDENT VARIABLE .
INDEPENDENT TABLE

O= DEPENDENT TABLE

N=

NUMBER OF . POINTS IN TABLE
INDEPENDENT TABLE MUST BE SORTEDs EITHER ASCENDING OR DESCENDING

DIMENSION C(1)+D(1)
IF(N~1)142+3

MU=N

IF (MU=ML=-1) 15415,9
M= (MU+ML) /2
IF(C(1)-C(2))11+2+10
IF(C(M)=A)13s12914

IF(
8=D
G0

A-C(M))13s12914
(M)
T0 100

MU=M

GO

T0 8

ML=M
‘60 TO 8

BaD (ML) + (D (MU) =D (ML) ) ®* { (A=C (ML) ) /7 (C(MU) ~-C(ML)))

RETURN

END

FUN

COMMON TPRINT 9 TMAXs IPSTEPsNCYCLSsMOTIONSsTITLE(15) 4YBAsYBINT (200)
COMMON NRyNWsNCASE s MODEL s LOADF » IDAMP s IFOFTs ICCos

1

CTION FX(XsFK)

M1l oM29M39K19CloK29GL oFA9ALOADs ADAMP +BLOAD s BDAMP »
2CLOAD +CDAMP +DLOAD +sDDAMP s HINIT o IFM7 3 AMPLOD 9 FREQ9PEAKS s POURS s PEAKMH »
3PDURHININCP+TINCPsTP(200) sy PUVAL (200) s PULDOT (200) s TINIToY1INsY2IN,
4Y3INsVIINeV2INVIINSTIME(6000)sY19sY29Y3eV19eV2eV3IsNsVEC(6) sDVEC(6) s
SMAXINCoHeHMIMoE s AKOSNES T

GOMEGA »yWHO ¢ WY3Y2HeBY3Y2H

COMMON FILMT(6000)+sY2MY1(6000) s VAPEAK(6000) » YBPLOY(6000)

REAL Ml yMZ9M39CleK19K2
K=FK

NP1IaNINCP«1

GO TO (1+2) oK

CALL TLU(XsF1leTPoYBINT oNP1)

FXx=F1
RETURN

CALL TLU(X9sF2+sTPsPUVALSNP])

FX=F2
RETURN

END

(ANSWER)

ELIMy INDX YBeYBDOT,

T
LU
LY
T
TLU
LY
TLU
TLU
LU
LY
TLU
LU

TLU

TLU
TLY
TLY
TLU
TLU
TLU
TLU
TLU
TLU
TLU
TLU
LU
TLU
TLU
TLU
TLU
TLU

0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023

-0024

0025
0026

0027

0028
0029
0030
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90

S

10

101
102

SUBROUTINE FORMT

DIMENSION A(2)
COMMON TPRINTsTMAXsIPSTEP¢NCYCLSsMOTIONsTITLE (15) s YBA9YBINT(200)

CONNON NR oNWoNCASE s MODEL o LOADF s IDAMP s IFOF T ICCo
M1oM29M39sK19ClsK29sGLIFAIALOADYADAMP ¢ BLOAD+BDAMPy

ZCLOADOCDAMP’DLOAD’DDAMP!HINIT9IFM7’ANPLD’FREQ’PEAKS,PDURS’PEAKHO
3PDURHsNINCPs TINCPs TP (200) s PUVAL (200) sPULDOT(200) s TINITsY1IN»Y2INy
4Y3INsVYIINSV2INsVIINGTIME(6000) 9Y19Y29Y39V19V2sV3IsNeVEC(6) 9DVEC(6) s
SMAXINCosHoHMoMoE 9 AKQ9NEST» ELIMyINDXs = YBsYBDOT, .
GOMEGA s WHO s WY3Y2HBYIY2H

COMMON FILMT(6000)sY2MY1(6000) sVAPEAK(6000) sYBPLOT(6000)

DATA MAXITsERR/100+,01/

EXTERNAL FX

REAL M19M24M3sCloKlsK2

NP1I=NINCP +1

YBINT(1)=0.0

DO 10 I=2,NP]

A(1)=TP(I~-1)

A(2)=TP(I)

MRET=5S
CALL SIMINI(TEMPoFXsAsERRsOsMAXITo2,9MRET)

IF (MRET.EQ.S) GO T0 5

G0 TO 10

WRITE(NW+102) MAXITLERR
WRITE (NWs101)
YBINT(I)sYBINT(I=1)+TEMP

RETURN . .
FORMAT (SXs49HFOR FORMATION OF NEW TABLE FOR THE INTEGRAL OF YB)

FORMAT (1H0» 29HMAXIMUM NUMBER OF ITERATIONSs13,25H WAS REACHED BEFO
IRE EPS =sE11.4)
END

SUBROUTINE FILM

C THIS SUBR. 1S CALLED BY SUBR. #INPUT# WHICH IS PART OF #SHAKE#
IT CALCULATES THE EQUILIBRIUM GAS FILM THICKNESS

C

11

COMMON TPRINT s TMAXoIPSTEPsNCYCLSsMOTIONs TITLE(15) s YBA2YBINT(200)

COMMON NRyNWsNCASE +MODEL s LOADF » IDAMP s IFOFT91ICCo
1 M1sM29M35K19C19K2+9GLsFA9sALOAD s ADAMP 9 BLOAD » BDAMP»

2CLOAD » COAMP s DLOAD s DDAMP s HINIT s IFM7 s AMPLD s FREQ + PEAKS s PDURS s PEAKH
3IPDURHeNINCP s TINCPs TP (200) s PUVAL (200) sPULDOT(200) s TINIT,Y1INsY2INs
4YIINOVIINSV2INGVIINGTIME (6000)s¥Y13Y24Y35V19V29V3sNoVEC(6) sDVEC (6) s
SMAXINCoHeHMoMoE s AKOINE 9 T ELIMGINDX, Y8+YBDOT,
6OMEGA s WHO s WY3Y2H,BYIY2H -

COMMON FILMT(6000) sY2MY1(6000) s VAPEAK(6000) + YBPLOT (6000)

REAL M1sM24M34CloK1,4K2

Wx=FA+M38GL

IF (LOADF=4)11s11421

BH=ALOG (W) =ALOG (ALOAD)

B=BLOAD

IF (ABS (BLOAD) ¢L. T+ 400001 ,AND+BLOAD.LT+0.0) B==,00001

IF (ABS (BLOAD) LT« 00001 .ANDBLOAD.GT+04,0) 8=.00001

HINIT=BH/B '

RETURN

21 CABIN =W/CLOAD

D=DLOAD

IF (ABS (DLOAD) oL T,400001,AND.OLOAD.GT.0.0) D=.,00001
IF (ABS(OLOAD) «LT.+00001.AND. DLOAD.LT 0.0} D=~,00001
ONENT=ALOG(CABIN) /D

IF (ABS (ONENT) .GT.88.0) GO TO 30

HINIT=EXP (ONENT)

RETURN

30 WRITE(NW,100) DLOAD

CALL EXIT

100 FORMAT (25HODLOAD IS TOO BIGe DLOAD=4E15.5)

END



12

17

151

152
153

61

71

18

8l.

14
15
16
13

10

82

SUBROUTINE RONKU (XoYsDYsHsHHINGNE +MoE s AKO)

REVISED 3730764 FOR NORMALIZED ERROR

DIMENSION Y(6)9DY(6)9Y1(6)9YD(6)9sYP(695)4QP (6

IFINE) 19192
A(1)=0.5

A(2)= ,2928932

A(3)= 1.7071068
Al4)=1.0/640
B8(l1)=2.0

B(2)=1.0

B(3)=1.0

B(4)=2.0

C(1)=0.5

C(2)=A1(2)

C{3¥=A(3)

C(4)=0.5

IF (NE) 32+11+2

DO 3 I=1.N
YP{Is1)=Y(I)
QP(1+1)=0.0

K1=0

X1=X

HH=H

K=l

X50 = X1

DO 4 J=2+5

DO 17 I=1N
YO(1)=YP(1sJ=-1)

CALL DIFEGINsX2eYDsDY?
IF (J=3) 151+1534152
X1=X]140,5%HH

GO TO 153
X1=X1+0.5%HH
CONTINUE

DO S I=1sN
TERM=A(J=1)2(DY(]I)=B{U=~1)82QP(IsJ=1))
YP(TIeJ)=YP(I9J=1)+HHOTERM

QP(1+J)=QP (I 9J-1)+3.0%TERM=C (J~1)#DY (]

CONTINUE

X1 =X50

IF (K=2) 6+7+8
DO 61 J=1sN
Y1(J)=YP{(JsS)
YP(Js1) =Y (J)
QP (Je1)=0,0
KxKe]
HH=H/2,0

GO TO 12
KzK+¢]
X1=X1+HH

DO 71 U=1sN

QP (Js1)=AP (Js5S)
YP{Je1)=YP(Js5)

GO TO 12

DO B1 J=1sN

T1=SQRT (Y1 (J)®#24YP(Js5)042)
IF(T]1) 18+81,18

TYEST=ABS (Y1 (J)=YP(JsS))/T1
IF (TEST-E) Bl.81+9
CONTINUE

KlzKlel

AKO=TEST

IF (K1-M)} 10+13,13

K1=0

IF (ABS (M/2.01=ABS (HM})14+15+15
AKO=TEST

"GO TO 10

Hz=H/2.0

DO 16 J=14N

YP(Je1)=Y(J),

GO TO 2

K1=0

H=H+H

X=X1 +HH

DO 82 J=1.N

QP (Je1)=QP(Js5) .
YP{Je1)=YP (IS e (YP(Js5)=Y1(I)I/15,.0
Y(J)=YP(Js])

CALL DIFEQ(N+XsY,DY)

RETURN

END

?)cA(b)vB(ﬁ)oC(k)

0060
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SUBROUTINE DEQNL {VEC+DVEC)

DIMENSION VEC(6) oDVEC(6)

COMMON TPRINTsTMAX» IPSTEP¢NCYCLSsMOTIONSTITLE (15)+YBASsYBINT (200)

COMMON NRsNWoNCASE yMODEL +L OADF ¢ IDAMP 4 IFOF T+ ICCo .
1 MY oM29yM3 oK1 9CloeK29sGLoFA2ALOADSADAMP +BLOAD » BOAMP »
2CLOAD s CDAMP 4DLOAD »yDDAMP o HINIT o IFMT7 s AMPLD +FREQsPEAKS s PDURSsPEAKH »
3PDURHeNINCP4TINCP+TP (200) s PUVAL (200) +PULDOT(200) ¢+ TINITSYLINyY2IN,
4Y3INeVIINsV2INsVIINSTIME(6000) 9Y1eY25sY39V1eV2eV3y
SNDUM s DDUM (6) ¢DVUM(6) »
SMAXINC yHeHMsMoE s AKO9NE » TTOUM,
GOMEGA s WHO s WY3Y2HBYIYZH .
COMMON FILMT(6000)+Y2MY]1(6000) s VAPEAK(6000) +YBPLOT (6000}

COMMON TZsITIME,YBPREV

COMMON NONLINoITYPl+ITYP2oITYP3,TABL1+TAB2+sTAB3+C29C39K3»
1DISPW1 (300) sDISPW2(300) +DISPW3(300)¢WIFTAB(300) +sW2FTAB(300)
2W3FTAB(300) +DISPB1(300) +0ISPB2(300)+DISPB3(300)+BLIFTAB(300),
3B2FTAB(300) 48B3FTAB(300) +NOW1sNOWZ+NOW3+NOB1sNOB2+sNOB3

REAL M]1sM2yM3+CLloK19K24K3

ELIMy INDX s YBsYBDOTs -

C INSERT COMMON CARDS ¢ REAL CARD

C

10

20

30

40
50

60

70

80
90

100

120

200

250

300

IF (MODEL.EQ.3) GO TO 200
YIMYB= VEC (4)-YB

DYIMYB= VEC(1)~YBDOT
Y2 -Y1 OEFINED AS X2MYl SINCE Y2MY1 DIMENSIONED IN COMMON
X2MY1 = VEC{5)~VEC (4)

DY2MY1l= VEC(2)~VEC(1)

Y3MY2= VEC(6)-VEC(5)

HIPPY=Y3MY2+HINIT

DY3IMY2s VEC(3)=VEC(2)

GO TO (10420930} +1TYP)

WIF=K18Y1MYB

81F=C1

GO TO 40

W1F=FK1 (YIMYBsDYIMYB)

B1F=FCl (Y1MYB+DYIMYB)

GO TO 40

CALL TLU(YIMYBsWIF+DISPW1+W1FTABsNOWL)
CALL TLU( YIMYB+BIF+DISPB1+B1FTABsNOBI1)
WIF=-W1F

GO TO 40

GO TO (50460470} 1TYP2

W2F=K29X2MY1]

B2F=C2

GO TO 80

W2F=2FK2 (X2MY1sDY2MY1)
B2F=FC2(X2MY1+sDY2MY1)

GO TO 80

CALL TLU(X2MY1+W2F +DISPW2+W2F TAB+NOW2)
CALL TLU{( Y2MY1,B2F +DISPB2+B2F TABINOB2)
W2F==W2F

IF (HIPPY LT..0002) HIPPY=ELIM

GO TO (9051004110}, ITYP3

W3F=K38Y3MY2

B3F=C3

GO TO 120

W3F=FK3 (HINITsDY3MY2) -FK3 (HIPPY,DY3MY2)
B3F=FC3(RIPPY,DY3MY2) '
60 TO 120

CALL TLU(HIPPY,WHYsDISPW3,W3FTABsNOW3)
CALL TLU(HIPPY.B3F,DISPB3,83F TABsNOB3)
W3IF=WHO~-wHY

IF (MODEL.EQ.3) .GO TO 250
SUMI=WIF+B1FeDYINYB

SUM2=W2F +B2F*DY2MY1

SUM3=W3F «BIF4DY3MY2
DVEC(1)=(1./M1) % (SUM2-SUM])
DVEC(2)=(1,/M2) & (SUM3-SUM2)

DVEC (3)=(1,/M3) % (=SUM3)

GO TO 300

YIMY2= VEC(2)-YB

HIPPY=HINITeY3MY2

DY3MY2=VEC (1) -YBDOT

GO 10 80

DVEC(2)=VEC (1)
OVEC(1)=(-1./M3) 4 (W3F+B3F% (DVEC(2)~-YBDOT)}
RETURN

END

EM
EM
€M
EM
EM



APPENDIX C

ANALYSIS -OF DYNAMIC RESPONSE
OF BRAYTON ROTATING UNIT TO AXIAL RANDOM EXCITATIONS

The Brayton rotating unit was modeled as a three-mass system, as shown in Figure
13. A sketch of the BRU is shown in Figure 7, in which the various masses and
springs are identified with the model shown in Figure 13. The base of the three-
mass system.is the shake table where random excitations are transmitted to the
BRU. k, and c;

1 1

which provides the joint between the BRU and the shake table. oy is the mass of

the BRU housing structure. k2 and c, are respectively the stiffness and damping

are respectively the stiffness and damping of the connector

of the gimbal support. k3 and cy are the thrust bearing gas-film stiffness and
damping respectively. Finally, m, is. the rotor mass. The equations of motion of

the three-mass system shown in Figure 13 are:

m¥) + ooy Grymx) +oey(xymRy) + kg (=) + ky (kg 7xy) = 0 (€.1)
myX, + cz(xz-xl) + c3(x2—x3) + k2(x2-xl) + k3(x2—x3) =0 (C.2)
LR + c3(x3-x2) + k3(x3—x2) =0 (C.3)
Introducing relative coordinates between mass points,
N7 ™D
Vo = X,.7 %y ‘ _ (C.4)
Y35 %37 %
Equations (C.1) and (C.3) become
myy + ¥y T ¥y T kyyy mkpyy = X (€.5)
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P (Fyt¥a) ¥ eg¥y m eg¥y * k¥, - kyyy = mpn, (c.6)
ma (§,49,45) + cayq + Kayq = -mgxy (C.7)

Dividing Equations (C.5), (C.6) and (C.7) by m,, o, and mg respectively,

c c k k
. 1 » 2 . 1 2 . )
¥ + — vy - -y + — y; - — ¥y = - X (C.8)
1 m, 1 m, - 2 m, 1 m, 2 b
c c k k
2 . 3 .- 2 3 .
V04 ¥, 2= Y, - =¥, v 2=y, T vy = - X (c.9)
1 2 m, 2 m, 3 o, 2 m, 3 b
‘3 ks "
'};1 +- ');2 + ')"3 + !—n-; Y3 + ;E; Y3 = ~ Xb (c.10;
Subtracting Equation (C.8) from Equation (C.9),
¢ c c c k k k., k
. 1. 2 2. 3. 1 2 2 3
§. - =% 3 ...[_.,,_]y -2y -2y +[—-—+——]y -—=2y.=0 (C.11)
2 m, 1 m, m 2 m, 3 my 1 m - m, 2 m, 3
" Subtracting Equation (C.9) from Equation (C.10),
c c c k k k . .

o . 20 3 31. 2 3 3
Yo=YV, = +=|y,~—y +[*—+—]y =0 (c.12)
3 m, 2 [mz m3] 3 m, 2 m, 1, 3

Equations (C.8), (C.11) and (C.12) can be written in the matrix form as follows:

e o il [ e PED 9 s 11 ]
y — -— 0 y — -—
1 my my "1 my my 0 Y1 1

c c c E
0 1 0 yZ 43— _l _2 + _2 - 2 . Y + (- E]; Eg + ﬁ - & . = - N

m m o om, m, 2 EN m o om, my Ya| = [ be 0 (.13
o o 1] |y 0 _ 22 RER “2 3,5
L 3_' m m tE. Y3 0 T, m, o Y3 0

] 2 2 3] | 2 2 M3



To obtain the complex frequency response, assume

Lo Jlwt (C.14)
xb e
ro r
vy Hyl (w)
= lwt (C.15)
H W
Y3 v, (w)

B ] K (w)] H (w) 1]
1 w N b1 1
2
-w? 1] |5 ()] + telc] |H | + K1 B @] =o|o| (c.16)
Y2 Y2 Y2
H  (w) H (w) H (w) 0
RE! | 73 RE
where
1 0 0]
(11 = |o 1 0 ' (C.17)
0 0 1]
[ ¢ c,. T
-1 .2 0
b | ™
c c c c '
[c] = |-== 2,2 _3 (C.18)
1 n, By )
[} C c
0 -2 242
i %2 T2 T3 ]
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(K]

'—l

B

ey

Define a matrix Z:

Equation (C.16) can be written as .

Thus,

96

[z}

(2] H

- [1]

+ o1
w

[z]”

[c]

1
% IK]
W

(C.19)

(C.20)

(€c.21)



The complex frequency responses, Hy (w), Hy (w) and Hy (w) can be readily
1 2 3
‘calculated from Equation (C.21). The complex frequency response.functions are.

sometimes called transfer functions. They give the response at one point due to

a unit input excitation at some other point.

It was shown, for example, in References 4 and 9 that the input and output power
spectral densities of a random process are also related by the transfer functioms

in the following mauner.

s. (@ = U W]® s. @ (=1, 2, 3) (c.22)
Yy Yy 0
where
Sy (w) = PSD of the system output Y4 (i=1, 2, 3).
PR
S0 (w) = PSD of the system input.
Hy (w) = magnitudé of transfer function as calculated from (C.21).
i
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APPENDIX D

COMPUTER PROGRAM FOR PREDICTING THE DYNAMIC RESPONSE
OF THE BRAYTON ROTATING UNIT TO AXIAL RANDOM EXCITATIONS

This appendix presents a complete listing of the computer program (MTI PN-492)
which calculates the axial response of the Brayton Rotating Unit under random
excitation. Also included in this appendix are instructions for preparing input

data cards, sample input and sample computer output.
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PROGRAM INPUT CARDS

Card 1 FORMAT (I5)

This card reads in NCASE which is the number of cases.

Card 2 FORMAT (80H)

This card contains the descriptive identification for the case being computed.

Card 3 FORMAT (8E10.3)
This card reads in FAC.

FAC = numerical factor to be multiplied with the power spectral density
épecifications to permit calculations at various levels without
requiring thé entire Specification to be modified and resubmitted as
input.

Card 4 FORMAT (8E10.3)
This card contains ENGM(1l), ENGC(1l) and ENGK(1).

ENGM(1l) = my in poundé
ENGC(1l) = c; in 1b sec/in.

ENGK(1) = kl in 1b/in.

The quantities ml, ¢, and k; are shown in Figure 13.

Card 5 FORMAT (8E10.3)
This card contains ENGM(2), ENGC(2) and ENGK(2).

ENGM(2) = m, in pounds
ENGC(2) = c, in 1b sec/in.

ENGK(2) = k, in 1b/1in.

The quantities My, Cy and kz are shown in Figure 13.

Card 6 FORMAT (8E1l0.3)
This card contains ENGM(3), ENGC(3) and ENGK(3).

ENGM(3) = m, in pounds

ENGC(3) = cy in 1b sec/in.
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ENGK(3) = k; in 1b/in.

The quantities My, Cq and k3 are shown in Figure 13.

Card 7 FORMAT (5I5)

This card contains NRANG, SPEC,.

NRANG: = number of frequency ramges. Each freﬁuency'range will be defined in
Card 8 by an initial frequency, a final frequency and an incremental
frequency.

SPEC = 1:  PSD of Figure 10 will be read in.

2: a white noise displacement PSD of 1 inz/Hz will be read in.
3: a white noise acceleration PSD of 0.01'g2/Hz will be read in.

NOTE: The PSD values.read in will be multiplied by FAC specified,in.Cafd 3.

Card 8 FORMAT (8E10.3)

This set .of cards specifies the frequencies at which the response PSD will be
calculated. The number of cards in this set is equal.to NRANG of Card 7. Each
card containing, WINIT, WFIN and WDELT represents a'frequency range.

WINIT

= ijnitial frequency in Hz.
WFIN = final frequency in Hz.
WDELT = incremental frequency in Hz.

NOTE: Card 2 through Card 8 represent one case. The whole sequence can be

repeated as many times as the number of cases specified in.Card 1.
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]

MATHEMATICAL SYMBOLS
arbitrary constant used to obtain curve fit; acceleration amplitude, g's.

coefficient of viscous damping of thrust-bearing gas fiim; a nonlinear

~function of arguments indicated in suffixed parentheses, lb-sec/in.;

arbitrary constant used to obtain curve fit.
arbitrary constant used to obtain curveAfit.
coefficient of viscous damping, lb-sec/in.
arbitrary constant ﬁsed to obtain curve fit.
base of natural logarithms.

net aerodynamic force acting on rotor, 1lb.

-frequency, Hz.

" net force exerted by thrust-bearing gas film, a nonlinear function of

arguments usually indicated in suffixed parentheses, 1b.
local gravitational accelefation, in/sec2

transfer function

thrust-bearing gas-film thickness, in.

spring stiffness, lb/in.

mass, lb-secz/in.

power spectral density level

averaging time parameter,rsecu

time, sec.

static component of thrust-bearing gas-film force, a nonlinear function
of arguments usually listed in suffixed parentheses, lb.

displacement with respect to inertial reference frame, in.
displacement relative to position of static equilibrium, in.

angular velocity, radians/sec.
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1 , o A
AxTAL RANDOM VIFRATIGN RESPUNSE = NOMINAL CASE

96,  Cle02 300000,
“Te 0.02 £50000.
3 1
20. 200. -
200. 400, S5

00000C00C0O00LNG0000000
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AXTAL RANDOM VIBRATION RESPONSE =~ NOMINAL CASE

MULTEPLEIER FOR INPUT PSD = 1.000E-02
INPUT vIBRATION POWER SPECTRAL DENSITY SPECIFICATION CODE IS 1.

ROTOR HEARING SYSTEM PROPERFIFES ARE SPECIFIED BY THE FOLLOWING
SETS OF VALUES *

MASS wEIGHT DAMP ING SPRING
SPRING OF MASS {LBS*SEC STIFFNESS
NO (L8s} PER INCH} (LBS/INCH)
1 96,000 «020 3.000E+0S5
2 7,000 «020 2.500E+05
3 21,000 84,000 1.135€+0%

THE FOLLOWING 3 FREUQUENCY RANGES wiLL BE RUN

RANGE INITIAL FINAL FREQUENCY

NO FREQUENCY FREQUENCY. INCREMENT

1 120400 200.00 2.000

2 200,00 400,00 5.000

3 400.00 2000.00 20,000

MATRIX M . MATRIX C - MATRIX K

1.000E+00 0. O 64,021€-02 =4,021€=-02 0. 1.206E+06 =14005E¢06
0. 1.000£+00 0. -4,021€-02 5.916E-01 ~2.,316E+02 «1.,206E+06 1.479€+07
0. 0. 1.000E+00 0. “5.514€-01 3.088E+03 0. =1.379E¢07

0.
«6.259€E+06
8,345E406

103



FREQUENCY
(1,74

20.000
22.000
24,000
26,000
28.000
30.000
3z.000
34,000
3€.000
38.000
“0.000
«2.,000
44,000
46,000
48.000
50,000
52.000
$4.000
56.000
58.000
£0.000
62.000
64,000
66.000
66,000
70.000
72.000
74,000

76.000.

76,000
£0.000
H2,000
B4,000
He,000
88,009
96.000
92.000
Y4.000
96.000
Y. 000
100.000
1te.000
1us.009
10¢.000
10r.000
110.000
112.000
114.002
116,000
11#.000
120.000
127.009
124.000
126,000
128.000
130,009
13z2.000
134.000
13€.0038
13¢.000
14€.000
142,602
144,000
14¢.000
146,600
156,000
152.000
154,000
156.000
156,000
160,009
l6z.00v
164,000
16¢.000
164.000
170.000
172.000
174,000
176.000
178.000
110,000
182.000
184.000
186,000
18¢.000
190.000
192.000
194,007
19€.000
198.000
200,000

INTEGRATED Y
TOTAL INT Y
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FREQUENCY RANGE NUMBER
COVERS THE RANGE FROM
IN INCREMENTS OF

2.00

PSD OF vl
CIN®IN/HZ)

$.328E-12
5.910E-12
6.,506E-12
7.119€-12
T.750E~-12
8.,401E-12
9.074E-12
9.772E~12
1.0%0E-11
1.125€-11
1.2064E=11
1.286E-11
1.372€-11
1.463E=-11
1.558E~-11
1.698E-11
1.764E-11
1.876E-11
1.995€E-11
2.122E-11
2.257€-11
2.401€E-11
2.556E-11
24722E-11
2.900E-11
3.093E-11
3.302E-11
3.529E-11
3.776E-11
4,045E~-11

4,3641E~11

4.666E-11

5.025€-11

5.423E-11
5.,863E-11

Ae360E-11

6.916E-11
7.564E-11
R,257E~-11
9.072E-11
1.001E-10
1.U8RE-10
1.189E~10
1.307E~10
1.047€-30
1.615€-10
1.819€E~10
2.069E~10
2.382E-10
2.78VE-10
3.297E-10
3.986E-10
4,935E€-10
$.289E-10
H.313E-10
1.151E-09
1.692€-09
2.674€-09
4.513E-09
7.241E-09
7.H07E-09
5.096E-09
2.477E-09
1.703E-09
1.086E-09
7.391E-10
5.28%E-10
3.937E~-10
3,024E~-10
2.383E-~10
1.916E-10
1.562E-10
1.302E-10
1,09%E-10
9,311E-11
7.994E-11
6.922€-11
6.041E-11
$.309E-11
4.693E-11
4.182E-11
3.746E-11
3.374E-11

3.056E-11

2.784E-11
2.551E~11
2.350€-11
2.178E-11

2.031E~-11
1.906E-11
1.801E-11

B.972€-08

"R,972E-08

PSD OF Y2
CINSIN/HZ)

3.975€-13
4.424E-13
4.888BE-13
5.370€-13
S5.871E-13
6.394E-13
6.942E-123
7.516E~-13
84119E~-12
B8.755E-13
9.427€~13
1.014E-12
1.090€E-12
1.170€-12
1.256E~-12
1+348E-12
1.446E-12
1.552€-12
1.666E-12
1.789€=-12
1.921€-12
2.066E-12
2.223E-12
2.394E-12
2.581€-12
2.786E-12
3.011€E-12
3.259E-12
3.534E-12
3.839E-~12
4.17RE-12
4,557g-12
4.983E-12
5.461€-12
5.003E-12
6.618E-12
T.320E-12
B.126E-12
9.056E-12
1.034€E-11
1.140£E-11
1.263E-11
1.409E-11
1.5826-11
L.790E-11
2.042€-11
2.352E~11
2.738BE-11
3.228E-11
3.860E-1])
4.695E-11
5.826E-11
7.407e-11
9.701E-11
1.319€-10
1.879€-10
2.845€~10
4.634E-10
Y. 068E~10
1.336E-09
1,489€-09
1.005E~09
$.873E~-10
3.601€-10
2+382E-10
1.681E~-10
1.249E~-10
9.669E~11
T.727e-11
6.339€-11
Se314E-11
4,537€-11
3.933E~11
3.456E-11
3.073E-11
2.760E-11
2.502E~-11
2.288BE~1}]
2.107E~11
1.954E~11
1.824E=-11
1.713E-11
1.,6176-11
1.534E-11
1.462E~11
1.400E-11
1.345E~-11
1.298E~-11
1.257E-11
1.221E~11
1.190€~-11

1.699€~08
1.699E-08

20,00 10 200.00

PSD OF Y)
{IN®IN/HZ)

1.087€~12
t.210E-12
1.337€-12
1.470E-12
1.607E-12
1.7S1E~-12
1.902€-12
2.061E-12
2.227€-12
2.403E-12
2.589E-12
2.787€-12
2.997€-12
3.220E-12
3.659%E-12
3.71SE-12
3.990£~12
4.285€-12
4.603E-12
4.,967E-12
5.320€-12
S.72%€~12
6.166E-12
6.647€-12
7.174€E-12
T.752E~-12
8.388E-12
9.090E~12
9.868E-12
1,073€-11

1.1720e-11

1.277€6~11

1.398E~11

1.535€-11

1.689%-}1

1.865e~11
2.065E-11
2.296E-11
2.562E-11
2.812E-11
3.235E~11
3.591€-11

4,010E-11

4.510E-11
S.110€e-11

$.840E-11

6.737€E-11
7.857€e-11
9.278E-11
1.111E-10
1.354E-10
1.683E-10
2.144E-10
2.813E-)0
3.830€-10
5.469E-10
8.293€-10
1.353E-09
2.361€-09

3.9186-09

4,373E-09
2.957€-09
1.732€-09
1.064E-09
7.050€-10
%.986E-10
3.713€-10
2.879E-10
2.306E~-10
1.896€-10
1.592€-10
1.362E-10
1.183€E-10
1.042E-10
9.282€-11
8,355€-11
7.591€E-11
6.956E-11
6.419E~11
S.966E-11
5.580E-11
5.250€-11
4.966E-11
4,721E-11
4,510E-11
4.327E-11
4.168E-11
4,030E-11
3.911E-11
3.808E~-11
3.719€-11

4.993e-08
4.993E-08

PSD INPUT
CIN®IN/HZ)

1.792E~08
1.347€~08
1,037E~08
8,.159E~09
6.532E~09
5.311E~09
4.376E~09
3.648E~09
3,074E~09
2.613E~09
2.,261E~09
1.936E~09
1.683E~09
1.473E~09
1,297E~09
1.147E~69
1,020E~09
9,107€~10
8.166E~10
7.350E~10
6.639E~10
6.017E~10
$.470E~10
“.988E~10
4.561E~10
4.181E~10
3.842E~10
3.539E~10
3.267€E~10
3.022€~10
2,801€E~10
2.601E~10
2.419E~10
2.255E~10
24104E~10
1.967E~10
1.842E~10
1.726E~10
1.621E~10
1.524E~10
1.434E~10
1,325E~10
1.226€E~10
1.136E~10
1.054E~10
9.794E~11
9.113E~11
8.490€E~11
7.920E-11
T.396E~11
6.915E~11
6.473E~11
6.065€E~11
5.689E~1])
5.342E~11
5.021E~11
4,723E~11
4.448E~11
4e192E~11
3,954E~11
3,733E~11
3.527E~11
3.335€~11
J.156E~11
2.,989E~11
2.833E~]1
2,686E~11
2,550E~11
2.421E-11
2.301E~11
2.188€E~11
2,082E~11
1.982€~11
1.888E~11
1.800E~11
1.717€E~11
1.638E~11
1.564E~11
1.495€E~11
.1a428E~11
1,366E~11
1,307€~11
1,251E~11
1,198€E~]11
1,148€E=~11
1,100E~]11
1.055€~11
1.012E~11
9.717E~12
9.330E~12
8,962E~12

1.772€E~07
1.7726~07

PSD INPUT
{G*G/HZ)

3.000€-05
3.300E-05
3.600£-05
3.900E-05
4,200E-0S
4,500£-05
4,800€-05
5.100E-05
S.400E-05
5.700E-0S
6,000E-05
6.300€-0S
6.600E-05
6.,900E-05
7.200E-05
7.500E-05
7.B00E-05
8.100E-05
8.400E-05
8,700E-05
9.000€E-05
9.300E-05
9.600E-05
9.900€E-05
1.020E-04
1.050€-04
1.080E-04
1.110E-04
1.140E-04
1,170E-04
1.200E-04
1.230E-04
3+260€-04
1.290€-04
1.320E-04
1.350E~04
1.380E-06
1.410E-04
1.440E-06
1.470E~04
1.500E-04
1.500E-04
1.500E~04
1.500E-04
1.500€-04
1.500€-04
1.500E-04
1.500E-04
1,500E~04
1.500E-04
1,500€E-04
1.500E-04
1.500€E-04
1,500E-04
1.500E-04
1.500E-04
1.500E-04
1.500E-04
1.500€~04
1.500€E-04
1.500€-04
1.500E-04
1.500E-04
1.5060€-04
1.500E-04
1.500E-04
1.500E-04
1.500E-04
1.500€-04
1.500€E-04
1.500E-04
1.500E-04
1.500E~04
1,500€~-04
1.500E-04
1.500€-04
1.500€-04
1.,500E-04
1.500E-04
1.500€-04
1.500E-04
1.500E~04
1.500E-04
1,500€E-04
1.500€-04
1.500E-04
1.500€-04
1,500E-04
1.500E-04
1.500E-04
1.500E~04

2.220€E-02
2.220€-02
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FREVGUENCY RANGE NUMBER

COVERS THE RANGE FROM
IN INCREMENTS OF

FREQUENCY
(HZ)

200,000
205.000
210,000
212.000
220.000
225.000
230,000
235.000
240,000
245,000
250.000
2554009
260.000
265,000
276,000
275.000
2564000
2854000
2964000
295.000
300,000
3054000
31c.000
31540060
320.909
325.000
3304000
33%.000
3404000
345.000
350.000

355.000

3604000
365.000
370.000
375.000
380.000
385.000
390.000
395.000
400.000

INTEGRATED Y
TOTAL INT Y

5.00

PSD OF Y1

(IN#IN/HZ)

1.801E-11
1.611€E-11
1.507€-11
1473E-11
1.493E-11
10547E-ll
1.608E-11
l1.646E-11
1.63%E-11
1.579E~-11
lo“?BE’ll
1.340E-11
1.199E-11
1.062E-11
9.357E~12
B 260E-12
7.265E~-12
6.423E-12
5.693E~-14
5.075€E=12

4,537E-12"

4,072E~12
3.668E-12
3.317€E-12
3.009E-12
2.73RE-12
2.,499E-12
2.288E~-12

2.099E-12

1.781E-12
1.646E=]12
1.524E=-12
1.414E-12
1.314E-12
1.224E=-12
lol4l1E=-12
1.066E-12
9.341E-13
B.762E-13

1.432€-09
5.115€-08

200,00 T0

400.00
PSD OF Y2 PSD OF Y3
(IN#IN/HZ) (IN®IN/HZ)
1.190E~11 3.719E-11
1.128E~11 3.543E~11
1.082€E-11 3.416E-11
1.043E~11 3.309E-11
1.002E-11 3.194E~-11
9.493E~-12 3.041€E-11
B.768E-12 2.821E-11
7.816E-12 2.527€-11
6.689E-12 2.172E-11
S.501E-12 1.793E-11
4.375E-12 1.432E-11
3.398E-12 1.116€E-11
2.604E-12 8.582E-12
1.985€~12 6.562E~12
1.514€E-12 5.,020E~12
l.161E-12 3.857€-12
8,960E-13 2.983€-12
6.975E-13 2.327e-12
5.480E-13 1.830E-12
4.345E~13 l1.452E-12
3.477E-13 101635’12
2.807E-13 9.384E-13
2.286E-13 7.635€£-13
1.876E~13 6.260E-13
1.552€E-13 5.169£-13
1.293E~-13 4.297€E-13
1.085E-13 3.595€£-13
9.164E-14 3.025E~-13
7.789€~14 2.560E-13
6.,659€E~-14 2.178E-13
S.726E~14 1.863E-13
4,951E~-14 1.600£-13
Qo302£‘14 10381E'13
3.757€E-14 1.197€~-13
3.297€-14 1.041€-13
2.906E~14 9.093E~14
2.573E-14 7.970E~-14
2.288E-14 7.010E-14
2.042E-14 6.186E~-14
1.830E-14  5,476E-14
le646E~14 4.862E-14
5.320E-10 1.708E-09
1.752€E-08 S5.164E-08

PSD INPUT
(IN®IN/HZ)

8.962E-12
8.120E~-12
7.373E-12
6.711E-12
6.121E-12
5.595E£~12
Sel24E~12
44702E-12
4,322E-12
3.980E~12
3.,671E~12
3.391E-12
3.138E~12
2.908E~12
2.698E-12
2.507E-12
24333E~12
2.174E-12
2.027E-12
1,893€~12
1.770E~12
1.657€£~12
1.553€~12
1.456E~12
1.368E~-12
1.285€E~-12
1.209E-12
1.139€~12
1.073E=12
1.012E~-12
9.556£~13
9.029E~13
8,538€~13
3.079€-13
7.651E-13
7.251E~-13
64.877€E-13
6.527€E~13
6.199E~-13
S.891E-13
5.602E-13

5.232E-10
1.777E~-07

PSD INPUT
(G#G/HZ)

1.500E-04
1.500E-04
1.500E-04
1.500E-04
1.500E-04
1.500E-04
1.500E-04
1.500E-04
1.500€-04
1.500E-0%
1.500E-04
1.500E-04
1.500E-04
1.500E~-04

" 1,500E-04

1.500E-04
1.500£-04
I.SOOE'OQ
1.500E-04
1.500E'04
1.500E-04
1,500E~-04
1.500£-04
1.500E-04
1.500E-04
IQSOOE-OQ
1.500E~04
1.500€E~-04
1.500e£~04
1.500E~04
1.500E£~04
1,500E-04
1.500E-04
1.5006E-04
1.500E-04
1.500E-04
1.5006‘04
1.500E-04
1.500E-04
1.,500E-04
1.500E-04

3.000E-02
5.,220eE~-02
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FREWUFNCY RANGE NUMRER 3
CCvirS THE ~ANGE FROM 400.00 T0 2000.00
In INCHEMENTS OF 20,00
FrREQUENCY PSP OF Y1 PSD OF Y2 PSD OF Y3 PSD INPUT PSD INPUT
{(=2) (1IN®]1N/HZ) (IN®IN/RHZ) CIN®IN/HZ) (IN®IN/HD) (G8G/HZ)
400,009 Bo762E-13 1.646E-14 4.862E-14 5.602E-13 1.500E-04
420,000 6.866E-13 1.116E-14 3.104E-14 44608E~13 1.500E-04
460,000 S.474E-13 7.954€-15 2.060E-14 3.826E-13 1.500€-04
4604000 4.,423E~13 5.920E~15 l.412E~14 3.203E~-13 1.500E-04
480,000 3.627E-13 4.573E-15 9.956E-15 2.701E-13 1.500E-04
500,000 3.0064E-13 3.64HE-1> 7.18%E-15 2.294E-13 1.500E-04
520.000 2.513E-13 2.984E-15 S.289E-15 1.961E~-13 1.500€-04
S40G.,000 2.120€E-13 2.493E-15 3.955E-15 1.686E-13 1.500€-04
560,009 1.803E-13 2.117€-15 2.995E-15 1.458BE-13 1.500E~-04
S5A0.000 1.544E-13 1.817€E-15 2.287€-15 1.267€E~13 1.500E-04
600000 1.331€E-13 1.570E-15 1.755€E~15 1.106E-13 1.500E-04
620,000 1.154E-13 1.354E-15 1.349E-15 9.705E~14 1.500E-04
64,000 1.00%€-13 1.172E-1S 1.034€-15 B.547E~-14 1.500E~04
660,000 A.BO06E-14 1.006E-15 7.887€E-16 7.557E~-14 1.500E-04
650,000 T.747E~14 B8.554E~-16 5.971E-16 6.707E-14 1.500E-04
700,000 6.8B44E=-14 7.201€E-16 4.480E-16 S5.972E~14 1.500E-04
720,000 A, 069E-14 5.9497€E-16 .3.332E-16 S.336E-14 1.500E-04
74C.000 5.402E~-14 4,943E-16 2.457€-16 4,782E~14 1.500E-04
760.000 4,A24E=-14 «,038E-16 1.800E-16" 4.298E-14 1.500€~04
780.000 4.322E~14 3.276E-16 1.311E-16 3.874E~-14 1.500E-04
“00.000 3.884E-14 2:644E-16 9.529€-17 3.501E-~14 1.500E~04
820.000 3.500€-14 2.127€-16 6.9186-17 3.172E~14 1.500€~04
K$40,000 3.163E-14 1.709€-16 5.026E-17" 2.880E~-14 1.500€E~04
£60.000 2.865E-14 1.374E-10 3,661E-17 2.622E~14 1.500E-04
880,000 2.602E-14 1.106E-16 2.676E-17 2.391€-14 1.500E-04
900.009 2.369€~14 8.9276-17 1.965E-17 2.186E~14 1.500E~04
920.000 2.162E-14 T.227€-17 1.450E-17 2.002E-14 1.500E-04
940,000 ).977E-14 5,872E-17 1.076£-17 1.837E-14 1.500E~-04
966,000 1.311E=-14 4,7906-17 8.035E~18 1.688E~14 1.500E-04
9RO, 000 1.663E-14 3.924E-17 6.034£-18 1.555€-1¢ 1.500€E~04
1006,009 1.529€E~-14 3.,229€-17 4.559£-18 1.434E-16 1.500E-04
1020.000 1.409€E~14 Z+668BE-17 3.466E-18 1.325E-14 1.S00E~04
1040.000 1.301€E-14 2.214E-17 2.650E-18 . 1.226E-14 1.500E-04
1060.000 1.202E~14 1.845€E-17 2.038E-18 l.136E-14 1.500€E~04
180,000 lel13E~l4 1.5643€E-17 1.576E-18 1.054E~14 1.500€-04
1100.000 1.032E-14 1.297€-17 1.226E~-18 9.794E~15 1.500E=04
1120.000 9.387E-15 1.094E-17 9.587€-19 9.113E~-15 1.500E~04
1140,060 8.916€-15 Y.257€-18 7.535E-19 8.490E~15 1.560E-04
1160.000 A.302E-15 7.865E-18 5.951E-19 7.920€-15 1.500E-04
1180.000 7.740E-15 6.,706E-18 4.723E~19 T+396E~-15 1.500E-04
1200.000 7.226E-15 S.735E-18 3.766E-19 6.915€~15 1.500E-04
1220.000 b TS4E~-1S 4 923E-18 3.016E~19 6.473E-15 1.500E-04
12640.600 6.319E-15 4.238E-18 2.426E-19 6.065E~15 1.500£~-04
1260.000 T5,920E-~15 3.660E-18 1.960E-19 . 5.689E~15 1.500E-04
1240.000 5.551E-15 3.169€-18 1.589E~-19 54342E-15 1.500E-04
1300.000 5.211E~-15 2.752E-18 1.294E-19 %.,021E-15 1.500E-04
1320.000 4,B97E~15 2.396E-18 1.057E-19 44.723E-15 1.500E-04
1340.000 4.606E=15 2.092E-14 B.667E-20 4.448E-15 1.500E-04
1366.,000 44336E-15 1.831E-18 ~ 7.131E-20 44192E-1S 1.500€~-04
1389.000 4,0B6E~15 1.606E-138 5.888E-20 3.954E~15 1.500E-04
1400.000 3.KS4E~-15 1.412E-18 4.876E-20 3.733e-15 1.500E~04
162G.000 3.638E-15 1.244E-13 4.052E-20 3.527E~15 1.500E~04
1440.000 3.437€-15 1.099E-18 3.376E-20 3,335E~-15 1.500E-04
1460,000 3.250E-15 Ye724E-19 2.822E~-20 3.156E~15 1.500€E~-04
1480.000 3.075E-15 8.623E-19 2.365E-20 2.989E-15 1.500E-04
15060.000 2.912E-15 7.660E~-19 1.988E-20 2.833E-15 1.500€E-04
1520,000 2.760E-15 6.81BE-19 1.675E-20 2.686E~15 1.500E-04
1540.000 2.617E-1S 6+.080E~19 1.415E-20 2.550E~15 1.500E-04
1560.000 2.484E=15 5.431E-19 1.198£-20 2.421E-15 1.500E-04
1550.000 ?2.359E-15 4.859E-1% 1.017€-20 2.301E~15 1.500E~04
1600.000 2.262E-15 4.355E~-19 8.657€-21 2.188E-15 1.500E-04
1620.000 2.132E-15 3.909E-19 7.383E-21 2.082E-15 1.500E-04
1640.000 2.029E-15 3.515E~19 6.311E-21 1.982E-15 1.500E-04
1660.000 1.932€-15 3.165E-19 5.406E-21 1.888E-15 1,500E-04
1680,000 1.840E-15 2.854E-19 4,640E-21 1.800E~15 1.500€-04
1700.,000 1,754E-15 2.577€-13 3.991€£-21 1.717€~-15 1.500E-04
1720,000 1.673€-15 2.330€-19 3.439E-21 1.638E~15" 1.500€-04
1740,000 T 1.997€-15 2.110€-19 2.970E-21 1.564£-15 1.,500E=-04
1760,.000 1.525E~15 1.913€-19 2.569€E-21 1.495€=-15 1.500€-04
1780,000 1,457€-15 1.736E-19 2.226E-21 1.428E-15 1.500E~04
1800,000 1.392E-15 1.578E-19 1.933e-21 1.366E-15 1.500£-04
1820.000 1.332€-15% 1.436E-19 1.681E-21 1,307€-15 1.500€-04
1840,000 1.,274E-15 1.30BE~19 1. 464E-2) 1.251E~-15 1.500€~04
1860.000 1.220E-15 1.193€E-19 1.278E-21 1.198€~-15 1.500€E-04
1880.000 1.168E~-15 1.08%€~-13 1.117€-21 1.148E~15 1.500E-~04
1900000 1.119E-15 9.959€-20 9.775€-22 1.100E~-15 1.500E-04
1920,000 1.,073E-15 9.113E-20 8.570E-22 1.0S5E~-15 1.500E-04
1940,000 1.029E-15 8.347€E-20 7.524€E-22 1.012€-15 1.500€E~04
1960,000 9.874E-16 7.653E-20 6.616E-22 9.717E~16 1.500€~-04
1980,000 9.478€E~16 7.024€-20 5.825€-22 9.330€~16 1.500€E-04
2000.000 9.102E-16 6.453E-20 5.136E-22 8.962E~-16 1.500E-04
INTEGRAYED ¥ 9. TOE-11 1.216E-12 2.579€-12 7.428E-11 2.400£-01
TOTAL INT Y 9,125€-08 1.753E-08 S¢164E-08 1.778E~07 2.922E+-01
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PROGRAM VIBRAN(INPUTOUTPUT+TAPES=INPUT s TAPE6=0UTPUT)
DIMENSION TITLE(30)+sM(343)+C(3+3)eK(3eM)

DIMENSION WNAT(3)+ZETA(3)sMU(3)+ENGM(3) +ENGC(3) +ENGK(3)
DIMENSION WINIT(S) sWDELT(S5) o WFIN(S) +FINITIS) oFDELT(S) +FF IN(S)
DIMENSION PSO(3),PSOYLYY

DIMENSION YINT(3)+TOTY(3)

REAL MoK,MU

INTEGER SPEC

READ(S+11SINCASE

KCASE=0

n

CALL WRITIT(TITLE yENGMENGCIENGKINRANGySPECIMINIT ouF INJNOELY+FAC)
CALL MATRXZ2(MsCsKsENGM+ENGC+ENGK)
HRIYE(GOlqs)
00 2 I=1,3
TOTY(1)=0.
WRITE(6+190) (M{TsU)s3=1e3) 9o {ClIeU) o =193)e(K(leJ)eJ=1s3)
TO7S=0.
TOTP=0.
0O 420 111=1+NRANG
WRITE 16490}
WRITE(6s100) TIT+WwINITCITI) oWFINCEIT) ,WDELT (11T}
WRITE(6+110) -
W=WINIT(IID)
DEL=WDELT(IID)
wW=w=-DEL
00 650 J=1+3
650 YINT(J)=0.
PSINT=0.
SCALIN=0.
00 400 11=1.1000
W=WeDEL
XW=w
IF(W.GT.WFIN(TII}) GO TO 400
ALL CALCULATIONS ARE DONE IN RADIANS/SEC
W=wW2,%3,14159
CALL CALC(MsCsXoWsPSD)
CONVERT ALL FREQUENCIES IN TO HZ BEFORE CALLING FOR SPECS
F=W/(2423.14159)
GO TO (585+600+610+600+600 ) +SPEC
S85 CALL SPEC1(F+SCALE)
GO TO 645
600 CALL SPEC2(F+SCALE)
GO T0 645
610 CALL SPECI(F+SCALE)
645 CONTINUE
SCALE=SCALE®FAC
IF (W.NE.O+) PSINCH=SCALE®(3B6,%42/We04)
IF(W.EQ.Qs) PSINCH=SCALE®(386,70827(1,E~-15)0%4)
IF(IT.EQel+OR XW.GE o (WFIN(III)-401)) GO TO 200
PSINT=PSINT+PSINCH
SCALIN=SCALIN+SCALE
G0 TO 220 .
200 PSINT=PSINT+ S*PSINCH
SCALIN=SCALIN+,595CALE
IF(XWLLT(MFIN(ITII)=-.01)) GO TO 220
PSINT=PSINTeWDELT(III)
SCALIN=SCAL IN®WDELT(IID)
CONTINUVE
DO 330 J=1.3
PSDY (J)=SCALE®PSD{J) #386,002
IF(I1.EQ.1.OR XM, GE. (WFIN(III}=,01))GO0 TO 350
YINT{J)=YINT (J) «PSDY (D)
60 TO 330
350 YINTU(JI=YINT(J)+,59PSDY ()
IF(XWL.GE« (WFINCIII)=401)) YINTL{ D =YINT(JI)I*WDELT(II])
330 CONTINVE
CONVERT ENGINEERING FREQUENCIES BACK INTO HZ
WAN/124%3.14159)
WRITE165120)Ws IPSDY (D) 9J=1+3) +PSINCHeSCALE
400 IF(IT.EQ.3000) WRITE(6+160) (YINT(J)J=]1+3)+PSINT+SCALIN
DO 30 J=1.3
30 TOTY(JI)I=TOTY(J)«YINT(J)
TOTP=TOTP+PSINT
TOTS=TOTS+SCALIN
WRITE(6+170) (TOTY(J) 9J=143)+TOTP.TOTS
420 CONTINUE :
KCASE=KCASE+]
1f (KCASE-NCASE)S5,425,425
425 CALL EXITY
90 FORMAT(1H1+//25X+80(1H®) //)
100 FORMAT (25X+22HFREQUENCY RANGE NUMBER,IS/

N

a2

o

1 25X+ 21HCOVERS THE RANGE FROM,F9,2,3X42HT0,F9,2/
2 25X+ 19HIN INCREMENTS OF 1WF7.2/})

110 FORMAT(25X+80H FREQUENCY PSD OF Y1 PSD OF Y2 PSD OF Y3
1 PSD INPUT PSD INPUT /
2 25X+80H (HZ) CIN®IN/HZ) CIN®IN/H2) CIN®*IN/HZ)
3 (IN®IN/HZ) (G*G/HZ) /)

115 FORMAT(1S)

120 FORMAT (25X¢F12.394X+S(E10,3+3X))

160 FORMAT(/25X9s1ZHINTEGRATED Y94X9S(E10,3+3X))

170 FORMAT{25X+12HTOTAL INT Y 54XsS5(EN0,.353X))

195 FORMAT(///5Xe10KMATRIX M  +36Xs10HMATRIX C +36Xs10HMATRIX K )
190 Eg:NAT(5X03(510.3'3X)t7Xv3(El°-3'3x)'7Xv3(El°.3OJK))

CALL READIT(TITLE+ENGM4ENGC+ENGK sNRANG ¢ SPECsWINIToWFIN,WDELTFAC)
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OO0 00

SUBROUTINE READIV(TITLE sENGMeENGCoENGK ¢«NRANGsSPECWINITowFINsWDELT

1+FAC )

INTEGER SPEC

DIMENSION ENGHM(3) +ENGC (3) sENGK(3) s WINIT(S) sWFIN(5) +WDELT(S)

DIMENSION TITLE(8)

READ(S+11S)(TITLE(I) 91=1+8)

READ(5+100)FAC

DO 10 I=1.3

10 READ(Ss100)ENGM(I) sENGC (1) +ENGK ()

READ(S+110)NRANG.SPEC

DO 20 I=1+NRANG
20 READ(S+100)WINIT(I) +WFINCI) »wDELT(T)
100 FORMAT(BE10.3) :
110 FORMAT(S]S)
115 FORMAT (8A10)

RETURN

END

SUBROUTINE WRITIT(TITLE+ENGMsENGCENGK ¢yNRANGsSPECoWINITsWFINoWDELT
1+FAC )

INTEGER SPEC

DIMENSION ENGM(3) sENGC(3) sENGK(3) o+ WINIT(S) o WF IN(S) sWOELT(S)

DIMENSION TITLE(B)

1=3

WRITE(6+100) (TITLE(I)+I=1,8)

WRITE(6+105)FAC

WRITE(6+110)SPEC

WRITE(64120)

WRITE(64+130)

DO 10 J=1,1
10 WRITE(69140)J9ENGHM (J) +ENGC (J) +ENGK (D)

WRITE (64150)NRANG

WRITE(645160)

DO 20 I=1+NRANG
20 WRITE(6+170)T«WINIT(I)+»WFIN(I)+WDELT(D)

RETURN
100 FORMAT(1H1//30X+8A10/7/)
105 FORMAT(40X+27HHULTIFLIER FOR INPUT PSD = LE10,3 /)
110 FORMAT(40X+60HINPUT VIBRATION POWER SPECTRAL DENSITY SPECIFICATION

1 CODE ISsISslH./)
120 FORMAT(40X+6SHROTOR BEARING SYSTEM PROPERTIES ARE SPECIFIED BY THE

1 FOLLOWING /740X 1S5HSETS OF VALUES /)

130 FORMAT(45X,S0H MASS WEIGHT DAMPING SPRING 7/
1 45X+ SOHSPRING OF MASS (LBS®SEC STIFFNESS /
2 45XsS0H NO (L8S) PER INCH) (LBS/INCH))

140 FORMAT(45X+1542(5XeF10.3)95X+E10.3)
150 FORMAT(//40Xs 13HTHE FOLLOWING+I5+30H FREQUENCY RANGES WILL BE R

1UN /)
160 FORMAT (4SX¢S50HRANGE INITIAL FINAL FREQUENCY/
1 4SX+50H NO FREQUENCY FREQUENCY INCREMENT)
170 FORMAT(45X+ISe2(5X9F10.2)95X9F10.3)

END
SUBROUTINE SPEC1(F+SCALE)
SNAP8 SPEC
NASA LEWIS SPEC 417-2.REV Cs 1JUNEG9
PARAGRAPH 3.54142.2
EGS SYSTEM (OPERATING)
IF(F .GT. 100s +AND. F 1T, 2000s) GO TO 5090
IF(F .G7.,2000. +ORe FolLTe 19.) GO TO S110
FX=F
F2=100.
PSD2=.015
R=3.
SCALE=PSDZ28(FX/F2)®9(R/3,)
RETURN

5090 SCALE=.015
RETURN

5110 SCALE=0,
RETURN
END

SUBROUTINE SPEC2(FSCALE)
SCALE=(2,93,141594F) 084/386,042
RETURN .

END

SUBROUTINE SPEC3(F+SCALE)
SCALE=.01

RETURN

END
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SUBROUTINE MINV(AsNeDosl M)
INVERT A MATRIX

USAGE
CALL MINV(AsNsDoL M)

DESCRIPTION OF PARAMETERS

A - INPUT MATRIXs, DISTROYED IN COMPUTATION AND REPLACED BY

RESULTANT INVERSE.

N - ORDER OF MATRIX A

D - RESULTANT DETERMINANT

L - WORK VECTOR OF LENGTH N

M - WORK VECTOR OF LENGTH N
- REMARKS

MATRIX A MUST BE A GENERAL MATRIX

METHOD

THE STANDARD GAUSS-JORDAN METHOD IS USED. THE DETERMINANT
IS ALSO CALCULATED. A DETERMINANT OF ZERO INDICATES THAT

THE MATRIX IS SINGULAR,

DIMENSION A(3+1)sL(1)eM(])
COMPLEX A+BIGAIHOLD+D
SEARCH FOR LARGEST ELEMENTY
D=1.,0

NK=~N

DO 80 K=]l.N

NK=NK+N

L (K)=K

M(K) =K

KK=NK+K

BIGA=A (KK)

00 20 J=KsN

1Z=N®(J=-1)

DO 20 I=KsN

1J=12+1

IF (CABS(BIGA)Y-CABS(A(IJU))) 15,420,220
BIGA=A(1J)

L(K)=1

M(K)=J

CONTINUE

INTERCHANGE ROWS

J=L (K)

IF(J=K) 35,435,25%

KI=K=-N

00 30 I=1,N

KI=KI+N

HOLD=~A (K1)

JI=KI=K+J

AKI)I=A(J])

A(JI) =HOLD
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110

35

38

«0
45
46
48
50
55

60
62

65

70
75

80

100
105

108

110

‘120

125

130
150

INTERCHANGE COLUMNS
I1=M(K)

IF(I=-K) 45445,38
JP=N®#(1~-1)

DO 40 J=1sN

JK=NK+J

JI=JP+ g

HOLD==A (JK)

A(UKI=A (YD)

A(JI) =HOLD

DIVIDE COLUMN BY MINUS PIVOT (VALUE OF PIVOT ELEMENT IS
CONTAINED IN BIGA)
IF(CABS(BIGA)) 48:464+48
D=0.0

RETURN

D0 55 I=1eN

IF(I=-K) 50¢55450
IK=NK+]
A(IK)=A(IK)/ (=-BIGA)
CONT INUE

REDUCE MATRIX

DO 65 I=1sN

IK=NKe1

HOLD=A(IK)

1J=I-N

DO 65 J=1+N

1J=1J+N

IF(I-K) 60+65+60

IF (J~K) 62+65+62
KJ=1J=1+K
A(1JS)=HOLD*A(KJ)+A(1J)
CONTINUE

DIVIDE ROW BY PIVOT
KJ=K=N

DO 75 J=]1eN
KJ=KJeN

IF(J=K) 70+75.70
A(KJ)=A(KJI) /BIGA
CONT INUE

PRODUCT OF PIVOJS
D=D*BIGA

REPLACE PIVOT BY RECIPROCAL
A(KK)=1,0/8IGA

CONT INUE

FINAL ROW AND COLUMN INTERCHANGE
K=N

K=(K=~}1)

IF(K) 15041504105
I=L (K)

IF (1=K} 12091200108
JQ=N#® (K-1)
JR=N#(I~1)

DO 110 J=1sN
JK=JQ+ J

HOLD=A (JK)

JI=JReJ
A(JK)==A(JT)

A(JI) =HOLD

J=M(K)

IF(J=K) 100+100+125
K1=K=N

DO 130 I=1sN
KI=KIeN

HOLD=A(K])
JI=Kl=Keg
A(KI)==A(J])

A(JI) =HOLD

GO YO 100

RETURN

END
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SUBROUTINE MATRX2(MyCeKosENGM4ENGC s ENGK)

DIMENSION M(393)9C(393)eK(393)9D(3)9W(3)9ZETA(3) sMU(3)
ODIMENSION ENGM(3) sENGC(3) 9ENGK(3)

REAL MsKsMU

DATA N/3/

00 1090 I=1.N .
W(I)=SQRT(ENGK(I)/(ENGM(I)/386,))
ZETA(I)=.S®(ENGC(I)/(SART(ENGK(I)2ENGM(T) /386,)))
CONTINUE

DO 1135 I=1sN

DO 1135 J=1sN

M(TsJ)=0.

IF(1.EQeJ) M(IsJ)=1,

CONTINUE

_"U(l)=lo

MU (2) =ENGM (2) /ENGM (1)

MU (39 =ENGM (3) /ENGM (2)
C(1+1)=ZETA(1) #W (1)
C(192)==ZETA(2) #W(2) #MU(2)
C(1+3)=0,
C(2+1)==2ETA(1)#W (1)
C(292)=(1.+MU(2) ) #ZETA(2) #W (2)
C(2+3)==2ETA(3) #W (3) #MU(3)
C(341)=04.0 ,
C(3+2)==2ETA(2) #W(2)
C(353)=(1e+MU(3))22ETA(I) #W (3)
K(1s1)=W(1)#e2

K(1s2)=-W(2) #828MU(2)
K(193)=0.

K(2+1)==W(1)#a2
K(292)=W(2) 2828 (1 ,+MU(2))
K(2+3)==W({3)#228MU (3)
K(3+1)=0.0

K(392)==W(2) 822
K(3+3)=W(3) 2222 (1, eMU(3))
RETURN

END

SUBROUTINE CALC(MsCsKsWsPSD)

DIMENSION M(303)9C(3v3)9K(393)’PSD(3)oZ(393)0H(393)90UHYl(3,’

DUMYZ2 (3)
COMPLEX EYE»Z+DUMY]1 sDUMY24HoDETZ
REAL MyK
DATA N/3/
EYE=CMPLX(0,91,)
DO 60 J=1sN
DO 60 I=1sN
Z(To)=(~WoWEM(IsJ) 4K (T o)) SEYERWEC (] J)
CALL MINV(ZsNsDETZ»DUMY1sDUMY2)
DO 110 I=1oN
00 110 J=1N
H(TleJd)=Z(1,J)
PSD(I)=(CABS(H(I41)))#a2
CONTINUE
RETURN
END
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NOTE : ANY OR ALL OF THE STIFFNESS AND
DAMPING ELEMENTS MAY BE NONLINEAR

Fig. 3 Lumped-Mass Model Used for Nonlinear-
Element Computer Program
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CHOOSE
MODEL

RIGID SIMPLE
MOUNT ISOLATOR MODEL

[ |

LINEAR ISOLATOR
ISOLATOR REPRESENTED | |REPRESENTED

EXPONENTIAL H00SE POWER FUNCTION
pe Bh G(h,h) ch 0
' R
SINUSOIDAL

VIBRATION

4

HAVERSINE HALF SINE ARBITRARY
1 . ¥
PRINT NO GRAPH PRINT AND
RESULTS OUTPUT | PLOT RESULTS
_ , 1]
END

Fig. 4 General Flowchart of Axial Shock and Vibration
Response Computer Program
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THRUST BEARING GAS
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/3"23

' GIMBAL SUPPORT
4/ mZ ' k2 ' € 2
[
”\
7

o+

ROTOR

goougog Lr\‘

MOUNTING BRACKET
k|0c|

(ONE OF THREE)

Fig. 7 Schematic of Brayton Rotating Unit With Mass, Spring
And Damper Designations )
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Flig. 9 Model for Demonstration Of Potentially Different Responses
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Fig. 13 Lumped-Mass Model Used For Calculation of Axial Vibration
Response of BRU Rotor Bearing System to Specified Random
Base Excitation . '
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Sy, , PSO OF RELATIVE DISPLACEMENT BETWEEN m, AND BASE - in2/Hz

1013

INPUT ACCELERATION PSD - 62/Hz

10}
L 3 my| ROTOR —
T THRUST BEARING
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Fig. 21 Schematic of BRU Simulator



Fig. 22 BRU Thrust Bearing Stator
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TOP OF BRU SIMULATOR

\CCELEROMETER ON
| TOP OF VERTICAL SUPPOR
FIXTURE

VERTICAL SUPPORT
FIXTURE

VIBRATION TABLE

Fig. 23 BRU Simulator In Vertical Support Fixture For Vibration Testing
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24  BRU Simulator In Support Fixture For Transverse
Vibration Testing




COMPRESSOR END UP
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TURBINE END DOWN

Fig. 25 Proximity Probe Locations on BRU Simulator Rotor and Bearings
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PROXIMITY PROBE DESIGNATION
ON BRU SIMULATOR

Probe
Identification Proximity Probe Designation

A Pivot film thickness probe, flex mounted pad, compressor end
B Pivot film thickness probe, solid mounted pad, compressor end
C Pivot film thickness probe, solid mounted pad, compressor end
D Pivot film thickness probe, flex mounted pad, turbine end

F Pivot film thickness probe, solid mounted pad, turbine end

1 Compressor journal orthogonal probe

p: Compressor journal orthogonal probe

3 Turbine journal orthogonal probe

4 Turbine journal orthogonal probe

9 Flex mounted pad leading edge probe, compressor end
11 Solid mounted pad leading edge probe, compressor end
13 Flex mounted pad leading edge probe, turbine end
17 Compressor thrust plate film thickness pu:ne

18 Turbine thrust plate film thickness probe

20 Turbine thrust plate film thickness protbe

21 Turbine journal flex mount pad load probe
22 Compressor journal flex mount pad load probe

23 Thrust bearing gimbal probe to ground

24 Thrust bearing gimbal probe to ground

Fig. 26 Capacitance Probes Used On BRU Simulator For

Vibration Testing
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Fig. 27 Location Of Control Accelervmeter on Transverse Vibration
Test Support Fixture




TOP VIEW - COMPRESSOR UP

MOUNTING BOLT (TYP)
MOUNTING BRACKET (TYP)

Fig. 28 Accelerometer Locations on BRU Simulator and
Vertical Support Fixture
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Fig. 29 Accelerometer Locations on Transverse Vibration Test
Support Fixture and BRU Simulator Casing



A3777oB4 Weyle] IIW ul dnisg
1s9] uoj3leiqIp 103ETNWES (N9g) 3ITun SBurieljoy uolkeag Qg 814




ACCELERATION POWER SPECTRAL DENSITY - G2/HZ

0.10

0.0

0.001

0.000I

Fig. 31 Random Vibration Power Spectral Density Test Specification 417-2
(Rev. C) For Electrical Generating System Components (Operating)
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Fig. 32 Random Vibration Power Spectral Density Test Specification 417-2
(Rev. C) For Electrical Generating System Components (Nonoperating)
And Actual BRU Test Levels
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FLEX. MOUNTED PAD (A)
COMPRESSOR JOURNAL

SOLID MOUNTED PAD (B)
COMPRESSOR JOURNAL

SOLID MOUNTED PAD (C)
COMPRESSOR JOURNAL

VERTICAL SCALE: 0.00025 IN./DIV,

HORIZONTAL SCALE: 2 MSEC/DIV.

VIBRATION TABLE VIBRATION TABLE
FREQUENCY: 180 Hz - FREQUENCY: 200 Hz
LEVEL OF APPLIED VIBRATION: 0.12 G SINE GRAVITY
ROTOR SPEED: 36,000 RPM ‘

VIBRATION TABLE FREQUENCY WHEN
CONTACT OCCURRED BETWEEN
COMPRESSOR JOURNAL PADS AND SHAFT: 190 Hz

NEE
\\\\ —

APPLIED
VIBRATION

| R

ig. 72 Pad-To-Shaft Pivot Film Thickness Variation For Compressor Journal Bearing
| Pads (With Rub Occurring at 190 Hz) Under Externally-Imposed Sinusoidal
‘ Vibration of 0.12 g Peak
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COMPRESSOR JOURNAL
GROUND TO SHAFT PROBE (NO. 2)

COMPRESSOR JOURNAL
FLEXURE PROBE {NO. 22)

TURBINE JOURNAL
FLEXURE PROBE (NQ. 21)

VERTICAL SCALE: 0.0005 IN/DIV.

HORIZONTAL SCALE: 2 MSEC/DIV.

LEVEL OF APPLIED VIBRATION: 0.12 G SINE
ROTOR SPEED: 36,000 RPM
VIBRATION TABLE FREQUENCY WHEN

CONTACT OCCURRED BETWEEN
COMPRESSOR JOURNAL PADS AND SHAFT: 190 Hz

|
gL
Pl
i + I|

o ﬁ-’f’?fr"i,fi{ﬁ#‘f*ﬂ"’mfﬁ?‘”" o

VIBRATION TABLE VIBRATION TABLE

FREQUENCY: 180 Hz FREQUENCY: 200 Hz
GRAVITY
VIBRATION §§. &
‘ i\\\\\\\\\\\\\\\\\\\\\\

Fig. 73 Rotor and Flexure Amplitudes (With Rub Occurring at 190 Hz) Under
Externally-Imposed Sinusoidal Vibration Of 0.12 g Peak
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APPLIED VIBRATION LEVEL: 054 Gppyg

APPLIED VIBRATION LEVEL: 0.75 Gpyg

APPLIED VIBRATION LEVEL: 1.2 Gpyg

APPLIED VIBRATION LEVEL: 152 Gpys

APPLIED VIBRATION LEVEL: 2.15 Gpys
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IFTEmn

VERTICAL SCALE: 0.0005 INJOIV. VERTICAL SCALE: 0.0005 iN./DWV.
HORIZONTAL SCALE: 50 MSEC/DIV. HORIZONTAL SCALE: 10 MSEC/DIV.

AMBIENT CONDITIONS: N, @ 35 PSIA

GRAVITY ROTOR SPEED: 35000 RPM
l HYDROSTATIC SUPPLY PRESSURE
THRUST BEARING: —
APPLIED (BT TURBINE JOUR“AL BEARING: -
VIBRATION COMPRESSOR JOURNAL BEARING: 55 PSIA

DISPLACEMENT PROBE NO. 17

Fig. 90 BRU Simulator Thrust Bearing Gas Film Thickness Variations Under
Shaped Random Vibrations According To NASA Spec 417-2-C-3.5
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Fig. 91 Measured Temperatures in 2RU Simulator Components With
Axial Random Excitation (Shaft Speed 36,000 rpm)
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Fig. 143 Measured Temperatures In BRU Simulator Components With

Transverse Random Excitation (Shaft Speed 36,000 rpm)
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VERTICAL SCALE: 0.0005 IN./DIV. VERTICAL SCALE: 0.0015 IN/DIV.

DISPLACEMENT PROBE NO. 20 DISPLACEMENT PROBE NO. 24

SEPARATION BETWEEN THRUST RUNNER AND

THRUST PLATE THRUST BEARING GIMBAL VIBRATIONS
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VERTICAL SCALE: 0.00025 IN./DIV. VERTICAL SCALE: 0.00025 IN./DIV.

DISPLACEMENT PROBE D DISPLACEMENT PROBE F
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DISPLACEMENT PROBE NO. 21 DISPLACEMENT PROBE NO. 3
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RANDOM VIBRATION INPUT LEVEL: 0.54 Ggrms
ROTOR SPEED: ZERO
HYDROSTATIC SUPPLY PRESSURE: —

Fig. 144 Rotor And Bearing Component Vibrations Under Shaped Random Vibrations
According To NASA Spec 417-2-C-3.5
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