
CONTENTS

PRE~ACE

NOMENCLATURE

ix

xiii

Thermal-Process Representation

1
2
2
3
7
8

11

Mathematical Models
Simple Processes
Electrical Analogs
Basic Equations
Thermal Conductivity
Exponential Lag
Analogous Electrical and Thennal Networks

Thermal-Process Response

IS
21
24
28
32
34
37
37

41

2.1. Ramp Functions
2.2. Step Functions
2.3. Impulse Functions
2.4. Harmonic Response
2.5. Bode Diagrams
2.6. Nyquist Diagrams
2.7. Principle of Superposition
2.8. Response to Damped Harmonic Imputs
2.9. The s Plane and the Laplace Transform

3, Common Thermal Elements

47
58
60
62
68
75

3.1. Transit Delays
3.2. Cascade Lags
3.3. Thermometer Examples
3.4. Distributed Parameters
3.5. Liquid Heating (or Cooling) Processes
3.6. Common Thermal Processes

~



viii CONTENTS

4. Open-Loop Temperature Control

82Text

Closed-Loop Temperature Control5.

90

100

114

117

5.1,

5.2

5.3

5.4

Closed-Loop Control
Secondary Feedback
Cooling Processes
Overriding Commands

Dynamics of Discontinuous Temperature Control6.

120
124
131
148

6.1. Dynamics in the Phase Plane
6.2. Dynamics in the Time Domain
6.3. Dynamic Analysis
6.4. Heating-Cooling Processes

Quasi-Continuous and Continuous Temperature Control7.

163
167
172
174
178
180
182
184

Quasi-Continuous Control
Quasi-Continuous Systems
Continuous Control
Quasi-Continuously Controlled Process Behavior in the Time Domain
Quasi-Continuously Controlled Process Behavior in the Phase Plane
The Error ( Y.) Caused by the Calibration Interval ( P..)
Nonlinearities in the Control-Element Profile
Predicting System Performance

188

194

199

Appendices

A. Transducers for Temperature-Control Systems

B. Selected Bibliographies on Control Elements

C. Bimetallic Design

D. Historical Development of Discontinuous Temperature-
Control Literature 200

204Bibliography

209

213

AUTHOR INDEX

SUBJECT INDEX


