14
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

110

24
2.2
23
24
2.5
2.6
2.7
2.8
2.9

contents

fundamentals of l
technical measurement

the process of measurement: 1
an overview

Introduction
The Significance of Mechanical Measurement
Fundamental Methods of Measurement
The Generalized Measuring System
Calibration
Types of Input Quantities
Standards, Dimensions, and Units of Measurement
Certainty/Uncertainty: Validity of Results
Recording Results
Final Remarks

the analog measurand: 2
Ifs fime-dependent
characteristics
Introduction
Simple Harmonic Relations
The Significance of Circular Frequency
Complex Relations
Special Waveforms
Harmonic or Fourier Analysis
Analytical Procedure
Harmonic or Fourier Analysis by Machine
Final Remarks

23
23
23
25
25
32
37
39
41
46

vii



viii

34
3.2
3.3
3.4
35
3.6
3.7
3.8
3.9

340
3.4

3.12
343
3.14
3.15
3.6
317
3.18
3.19
3.20

41
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

410
4.1
442
413
414
415
416
417

Contents

mMeasuring system 3
response

Introduction
Amplitude Response
Frequency Response
Phase Response
Predicting Performance for Complex Waveforms
Delay, Rise Time, and Slew Rate
Simplified Physical Systems
Mechanical Elements
An Example of a Simple Mechanical System
The Importance of Damping
Dynamic Characteristics of Simplified Mechanical
Systems
Single-Degree, Spring-Mass-Damper Systems
The Zero-Order System
Characteristics of First-Order Systems
Characteristics of Second-Order Systems
Electrical Elements
First-Order Electrical System
Simple Second-Order Electrical System
Experimental Determination of System Response
Final Remarks Regarding Theoretical Studies of

Response
SEeNnsors 4

Introduction

Loading of the Signal Source

The Secondary Transducer

Classification of First-Stage Devices
Variable-Resistance Transducer Elements
Sliding-Contact Devices

The Resistance Strain Gage

Thermistors

The Thermocouple

Variable-Inductance Transducer Elements
The Differential Transformer
Variable-Reluctance Transducers
Capacitive Transducers

Piezo-Type Sensors

Photoelectric Transducers

Some Design-Related Problems
Concluding Remarks

49
49
49
50
50
51
54
54
54
57
59

59
60
61
61
68
75
79
82

82

91
91
91
92
93
96
97
98
99
99
99

103

104

104

106

109

112

121



5.4
5.2

5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.1
5.12
513
5.14
5.15
5.16
547
5.18
5.19
5.20
5.21
5.22
5.23
5.24
5.25

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8

signal 5

conditioning
Introduction
Advantages of Electrical Signal Conditioning
Devices
Modulated and Unmodulated Signals
Input Circuitry
The Simple Current-Sensitive Circuit
The Ballast Circuit
The Voltage-Dividing Potentiometer Circuit
The Voltage-Balancing Potentiometer Circuit
Resistance Bridges
Reactance or Impedance Bridges
Resonant Circuits
Electrical Amplification or Gain
Electronic Amplifiers
Vacuum-Tube Amplifiers
Solid-State Amplifiers
Integrated Circuits
Operational Amplifiers
Special Amplifiers
Additional IC Devices
Filters
Some Filter Theory
More Complex Filtering
Differentiation and Integration
Component Coupling Methods
Concluding Remarks

application of 6
digital technigues
to mechanical
measurements
Introduction
Why Use Digital Methods?
Digitizing Mechanical Inputs
Fundamental Digital Circuit Elements
Number Systems
Binary Codes
Some Simple Digital Circuitry
The Digital Computer as a Measurements System
Tool

Contents ix

123
123

124
125
126
126
128
130
133
134
142
143
145
147
148
148
149
150
156
158
158
159
163
164
165
167

173
173
175
176
177
185
187
190

196



X

Contents

6.9

6.10
6.1
6.12

613
6.14
6.15

74
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9

7.10
71
712

8.1
8.2

8.3
8.4
8.5
8.6
8.7

94
9.2

Data Processors, Computers, Microcomputers: the
Computer Hierarchy

The Microprocessor

The Microcomputer

Analog to Digital (A/D) and Digital to Analog
(D/A) Conversion

Buses

Getting It All Together

Final Remarks

readout and 7
data processing
Introduction
The Electronic Counter
Analog Electric Meter Indicators
Meters with Electronic Amplification
Digital Read-Out Meters
The Cathode-Ray Oscilloscope
Additional CRO Features
CRO Recording Techniques
Oscillographs
Galvanometer Theory
X-Y Plotters
The Spectrum Analyzer

standards 8
of measurement
Introduction
Legal Status of the Standards of Measurement in
the United States
The Metric System
The Standard of Length
The Standard of Mass
Time and Frequency Standards
Temperature Standards
Electrical Units

freatment of 9
uncertainties
Introduction
Nomenclature

197
198
201

204
207
208
209

213
213
214
216
220
220
222
227
229
229
231
237
238

243
243

243
245
247

249
253
256

261
261
261



9.3
9.4

9.5

9.6
9.7
9.8
9.9
9.10
9.4

104
10.2
10.3
10.4

10.5

10.6
10.7

10.8

141
11.2
13
1.4
1.5
1.6
1.7
1.8
1.9

Error Classification

Data Characteristics Dictated by the Nature of the
Test

Treatment of Systematic and Single-Sample
Uncertainties

Propagation of Uncertainty

An Example of Systematic Error Analysis
Treatment of Random Error

Theoretical Relationships

Goodness of Fit

Curve Fitting

applied mechanical “
measurements

determination of 1 0
count, events per
unit time, and
time interval
Introduction
Use of Counters
The Stroboscope
Direct Application of Frequency Standards by
Comparative Methods
Use of Lissajous Diagrams for Determination of
Frequency and Phase Relations
Calibration of Frequency Sources
The Heterodyne Method of Frequency
Measurement
Measurement of Angular Motion

displacement and 11
dimensional measurement
Introduction
A Problem in Dimensional Measurement
Gage Blocks
Assembling Gage-Block Stacks
Surface Plates
Temperature Problems
Use of Gage Blocks with Special Accessories
Use of Comparators
Optical Methods

Contents

xi

265
267

268
269
270
274
275
281
285

295
295
296
298

301

304
309

310
310

313
313
313
316
317
318
319
321
321
324



xii Contents

1.10
1“1
142

143

1.4
145
1146
147
11418
149
11.20

124
12.2
12.3
124
12.5
12.6

12.7
12.8
12.9
12.10

12.11
1212
1243

1214

1215
1216
1247
1218
1219
12.20
12.2

Monochromatic Light

Optical Flats

Applications of Monochromatic Light and Optical
Flats

Use of Optical Flats and Monochromatic Light for
Dimensional Comparison

The Interferometer

Measuring Microscopes

Optical Tooling and Long-Path Interferometry
Whole-Field Displacement Measurement
Displacement Transducers

The Differential Transformer

Surface Roughness

sfrain and 1 2

stress. medasurement
and analysis
Introduction
Strain Measurement
Electrical-Type Strain Gages
The Electrical Resistance Strain Gage
The Metallic Resistance Strain Gage
Selection and Installation Factors for Bonded
Metallic Strain Gages
Circuitry for the Metallic Strain Gage
The Strain-Gage Ballast. Circuit
The Strain-Gage Bridge Circuit
The Simple Constant-Current Strain-Gage
Circuit
Temperature Compensation
Calibration
The Semiconductor, or Piezoresistive-Type,
Strain Gage
Commercially Available Strain Measuring
Systems
Strain-Gage Switching
Use of Strain Gages on Rotating Shafts
Stress—Strain Relationships
Gage Orientation and Interpretation of Results
Special Problems
Whole-Field Methods
Concluding Remarks

324
325

326

329
330
331
336
339
339
340
344

353
353
356
356
356
359

362
368
368
370

373
374
375

377

379
381
384
385
391
396
399
405



1341
13.2
13.3
134
13.5
13.6
13.7
13.8
13.9

13.10
1341

144
14.2
14.3
14.4
14.5
14.6
14.7
14.8
14.9
1410
1441
1442

1413
14.14

154
15.2
15.3
15.4
16.5
15.6
15.7

nmeasurement 1 3
of force and torque
Introduction
Measuring Methods
Mechanical Weighing Systems
Elastic Transducers
Strain-Gage L.oad Cells
Piezo-Type Load Cells
Ballistic Weighing
Hydraulic and Pneumatic Systems
Torque Measurement
Transmission Dynamometers
Combined Force and Moment Measurement

measurement 1 4
of pressure
Introduction
Static and Dynamic Pressures
Pressure-Measuring Systems
Pressure-Measuring Transducers
Gravitational-Type Transducers
Elastic-Type Transducers
Elastic Diaphragms
Secondary Transducers Used with Diaphragms
Strain-Gage Pressure Cells
Measurement of High Pressures
Measurement of Low Pressures
Dynamic Characteristics of Pressure-Measuring
Systems
Calibration Methods
Concluding Remarks

measurement 1 5
of fluid flow
Introduction
Flow Characteristics
Obstruction Meters
Obstruction Meters for Compressible Fluids
The Variable-Area Meter
Measurement of Fluid Velocities
Pressure Probes

Contents xiii

413
413
415
416
421
427
431
431
432
436
441
442

445
445
446
447
449
449
454
455
457
460
462
464

468
472
477

483
483
484
486
494
497
499
499



xiv

16.8
15.9
15.10

161
16.2
16.3
16.4
16.5
16.6
16.7
16.8
16.9

16.10
16.11
16.12

174
17.2
17.3
17.4
17.5
17.6
12.7
17.8
17.9

17.10
1741
17142

1743
1714

1745
1746
1747
1718
1719

Contents

Special Flow-Measuring Methods and Devices
Predictability of Flow-Meter Performance
Calibration of Flow-Measuring Devices

temperature 1 6
medasurements
Introduction
Use of Bimaterials
Pressure Thermometers
Thermoelectric Thermometry
Thermoresistive Elements
Thermocouples
The Linear-Quartz Thermometer
Pyrometry
Other Methods of Temperature Indication
Special Problems
Measurement of Heat Flux
Calibration of Temperature-Measuring Devices

measurement 1 7
of motion
Introduction
Vibrometers and Accelerometers
Elementary Vibrometers and Vibration Detectors
Elementary Accelerometers
The Seismic Instrument
General Theory of the Seismic Instrument
The Seismic Accelerometer
Practical Accelerometers
Calibration
Calibration of Vibrometers
Calibration of Accelerometers
Determination of Natural Frequency and Damping
Ratio in a Seismic Instrument
Response of the Seismic Instrument to Transients
Measurement of Velocity with Seismic
Instruments
Vibration and Shock Testing
Exciter Systems
Vibration Test Methods
Shock Testing
Shock Rigs

506
512
512

519
519
520
526
528
528
536
549
549
558
559
571
574

583
583
583
584
586
586
587
594
596
598
599
601

604
606

608
608
609
614
616
617



17.20
17.2

1841
18.2
18.3
18.4
18.5
18.6
18.7

18.8

18.9
18.10

An Example
Elementary Shock-Testing Theory

acoustical 1 8

megsurements
Introduction
Characterization of Sound (Noise)
Basic Acoustical Parameters
Psychoacoustic Relationships
Sound-Measuring Apparatus and Techniques
Applied Spectrum Analysis
Measurement and Interpretation of Random Noise
Measurement
Notes on Some Practical Aspects of Sound
Measurement
Calibration Methods
Final Remarks

appendixes

sfandards and A
conversion equations

theoretical basis B
for Fourier analysis

number C

systems

some D

useful data

sfress E

and strain
relationships

Contents XV

621
623

631
631
632
634
639
641
649

652

657
660
661

665

667

671

677

683



xvi

Contents

further F
consideration of class
infervals and
goodness of fit

references

answers to
selected problems

index

699

707

721

725



