Retrospective Theses and Dissertations

Iowa State University Capstones, Theses and
Dissertations

1992

Thermal analysis and modeling of a precision snapaction switch
Nien-Tsung Hsiao
Iowa State University

Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Mechanical Engineering Commons
Recommended Citation
Hsiao, Nien-Tsung, "Thermal analysis and modeling of a precision snap-action switch " (1992). Retrospective Theses and Dissertations.
11354.
https://lib.dr.iastate.edu/rtd/11354

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.

www.manaraa.com

INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be
from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted.

Also, if

unauthorized copyright material had to be removed, a note will indicate
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at the back of the book.
Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to
order.

UMI
A Bell & Howell Information Company
300 North Zeeb Road, Ann Aibor MI 48106-1346 USA
313/761-4700 800/521-0600

www.manaraa.com

www.manaraa.com

Thermal analysis and modeling of a precision snap-action switch
by
Nien-Tsung Hsiao

A Dissertation Submitted to the
Graduate Faculty in Partial Fulfillment of the
Requirements for the Degree of
DOCTOR OF PHILOSOPHY
Major:

Mechanical Engineering

Approved:
Signature was redacted for privacy.

In Charge of Major Work
Signature was redacted for privacy.

For the Major Department
Signature was redacted for privacy.

For the Graduate College

Iowa State University
Ames, Iowa
1992
Copyright @ Nien-Tsung Hsiao , 1992. All rights reserved.

www.manaraa.com

UMI Number: 9626083

UMI Microform 9626083
Copyright 1996, by UMI Company. All rights reserved.
This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103

www.manaraa.com

ii

TABLE OF CONTENTS

ACKNOWLEDGEMENTS
CHAPTER 1.

INTRODUCTION

xvi
1

About The Project

1

Description of Precision Switch

2

Definition

2

Characteristics

3

Application

4

Project Objective

5

Project Scope

5

Literature search

5

Experimental work

7

Computer model development

7

Project Overview
CHAPTER 2.

FORMULATION OF THE MODEL

Simplified Model

7
10
10

Heat generation rate

12

Outer switch case temperatures

13

Inner switch case temperatures

14

www.manaraa.com

iii

Terminal temperatures

15

Heat conducted through leads (1-D model)

16

Axisymmetrical Lead Wire Model

24

Background

24

Governing partial differential equation

24

Numerical modeling

25

Finite difference equation

27

Solution Approach

30

Secant Method

33

CHAPTER 3.

THE SECOND GENERATION MODEL

35

Background

35

Formation of Governing Equations

37

Finite Difference Formulation and Solution Technique

40

CHAPTER 4.

EXPERIMENTAL SETUPS

43

Terminal Temperature Rise Measurement

43

Test Chamber

45

Temperature Field Visualization

45

CHAPTER 5.

RESULTS AND DISCUSSION

47

Model Results

47

Results from the simplified model

47

Results from the second generation model

51

The comparison of the one- and axisymmetrical lead wire models
Experimental Results

. .

60
62

www.manaraa.com

iv

CHAPTER 6.

PARAMETRIC STUDY

76

Purpose

76

Thermal Conductivity

77

Switch case

77

Switch terminal

80

Lead wire insulation plastic

83

Geometric Specifications

83

Average thickness of switch case

86

Average gap between case and internal parts

89

Surface area of the internal parts

89

Average thickness of terminal

94

Convective Heat Transfer Coefficient

94

Horizontal plate

97

Vertical plate

97

Enclosure with its inner body

100

Cylinder

100

Summary
CHAPTER 7.

105
CONCLUSIONS

109

Summary of Literature Review

109

Summary of the Experimental Study

109

Summary of the Computer Simulation

110

Future Research Work

Ill

Model work

Ill

Experimental work

Ill

www.manaraa.com

V

BIBLIOGRAPHY

113

APPENDIX A. TRIDIAGONAL ALGORITHM

115

APPENDIX B.

119

COMPUTER MODEL VALIDATION

www.manaraa.com

vi

LIST OF TABLES

5.1

Heat loss rates comparison

B.l

Heat transfer rates comparison

52
122

www.manaraa.com

vii

LIST OF FIGURES

Figure 1.1:

Cutaway V7 precision switch

4

Figure 2.1:

Unfolded switch case and definitions of the switch sides ...

Figure 2.2:

Electrical analog of thermal resistance for simplified precision

11

switch model

11

Figure 2.3:

V7 precision switch equivalent circuit chart

12

Figure 2.4:

Lead wire bounded by fluids of fixed temperatures

16

Figure 2.5:

Different ways of connection between terminal and lead wire

21

Figure 2.6:

Energy conservation for a small element of the lead wire ...

25

Figure 2.7:

Geometrical layout of lead wire

26

Figure 2.8:

Grid structure for axisymmetrical model

27

Figure 3.1:

Energy conservation on a finite element

37

Figure 4.1:

Temperature rise comparison for the different lead wire sizes

44

Figure 5.1:

Terminal temperature comparison for the two models ....

48

Figure 5.2:

Temperature variation versus current for the simplified model

49

Figure 5.3:

Heat loss rate versus current for the first model

50

Figure 5.4:

Terminal temperature comparison between the second gener
ation model and the experimental data

53

www.manaraa.com

viii

Figure 5.5:

Heat loss rate versus current for the second model

54

Figure 5.6:

Total heat transfer rates through all sides of the casing

Figure 5.7:

Contact heat transfer rate through all sides of the casing

Figure 5.8:

Temperature field distribution on the switch case

58

Figure 5.9:

3-D temperature field distribution plot

59

...

56

. .

57

Figure 5.10: Lead wire heat loss rate comparison between 1-D and axisymmetrical model

61

Figure 5.11: Heat transfer processes and directions along the internal parts
of the switch using the TLC technique

63

Figure 5.12: Heat transfer processes and directions from the terminal based
on using TLC technique

64

Figure 5.13: Heat transfer processes and directions for the switch case
based on using TLC technique

65

Figure 5.14: Terminal temperature comparison for the different terminal
connection methods

67

Figure 5.15: Terminal temperature comparison (12 AWG): experiment and
model

69

Figure 5.16: Terminal temperature comparison (14 AWG): experiment and
model

70

Figure 5.17: Terminal temperature comparison (16 AWG): experiment and
model

71

Figure 5.18: Terminal temperature comparison for improved contact con
dition

72

Figure 5.19: Terminal temperature comparison for worse contact condition

73

www.manaraa.com

ix

Figure 5.20: Voltage drop versus current across the switch
Figure 6.1:

75

Parametric study: switch case thermal conductivity; the effect
on conduction heat transfer

Figure 6.2:

78

Parametric study: switch case thermal conductivity; the effect
on lead wire heat transfer

Figure 6.3:

78

Parametric study: switch case thermal conductivity; the effect
on convective heat transfer

Figure 6.4:

79

Parametric study: switch case thermal conductivity; the effect
On terminal temperature rise

Figure 6.5:

79

Parametric study; terminal thermal conductivity; the effect
on conduction heat transfer

Figure 6.6:

81

Parametric study: terminal thermal conductivity; the effect
on lead wire heat transfer

Figure 6.7:

81

Parametric study: terminal thermal conductivity; the effect
on convective heat transfer

Figure 6.8:

82

Parametric study: terminal thermal conductivity; the effect
on terminal temperature rise

Figure 6.9:

82

Parametric study: lead wire plastic thermal conductivity; the
effect on conduction heat transfer

84

Figure 6.10: Parametric study: lead wire plastic thermal conductivity; the
effect on lead wire heat transfer

84

Figure 6.11: Parametric study: lead wire plastic thermal conductivity; the
effect on convective heat transfer

85

www.manaraa.com

X

Figure 6.12: Parametric study: lead wire plastic thermal conductivity; the
eflFect on terminal temperature rise

85

Figure 6.13: Parametric study: average thickness of switch case; the effect
on conduction heat transfer

87

Figure 6.14: Parametric study: average thickness of switch case; the effect
on lead wire heat transfer

87

Figure 6.15: Parametric study: average thickness of switch case; the effect
on convective heat transfer

88

Figure 6.16: Parametric study: average thickness of switch case; the effect
on terminal temperature rise

88

Figure 6.17: Parametric study: average gap between case and internal
parts; the effect on conduction heat transfer

90

Figure 6.18: Parametric study: average gap between case and internal
parts; the effect on lead wire heat transfer

90

Figure 6.19: Parametric study: average gap between case and internal
parts; the effect on convective heat transfer

91

Figure 6.20: Parametric study: average gap between case and internal
parts; the effect on terminal temperature rise

91

Figure 6.21: Parametric study: surface area of internal parts; the effect on
conduction heat transfer

92

Figure 6.22: Parametric study: surface area of internal parts; the effect on
lead wire heat transfer

92

Figure 6.23: Parametric study: surface area of internal parts; the effect on
convective heat transfer

93

www.manaraa.com

xi

Figure 6.24: Parametric study: surface area of internal parts; the effect on
terminal temperature rise

93

Figure 6.25: Parametric study: average thickness of the terminal; the effect
on conduction heat transfer

95

Figure 6.26: Parametric study: average thickness of the terminal; the effect
on lead wire heat transfer

95

Figure 6.27: Parametric study: average thickness of the terminal; the eifect
on convective heat transfer

96

Figure 6.28: Parametric study: average thickness of the terminal; the effect
on terminal temperature rise

96

Figure 6.29: Parametric study: horizontal wall convective heat transfer co
efficient; the effect on conduction heat transfer

98

Figure 6.30: Parametric study: horizontal wall convective heat transfer co
efficient; the effect on lead wire heat transfer

98

Figure 6.31: Parametric study: horizontal wall convective heat transfer co
efficient; the effect on convective heat transfer

99

Figure 6.32: Parametric study: horizontal wall convective heat transfer co
efficient; the effect on terminal temperature rise

99

Figure 6.33: Parametric study: vertical wall convective heat transfer coef
ficient; The Effect On Conduction heat transfer

101

Figure 6.34: Parametric study: vertical wall convective heat transfer coef
ficient; the effect on lead wire heat transfer

101

Figure 6.35: Parametric study: vertical wall convective heat transfer coef
ficient; the effect on convective heat transfer

102

www.manaraa.com

xii

Figure 6.36: Parametric study: vertical wall convective heat transfer coef
ficient; the effect on terminal temperature rise

102

Figure 6.37: Parametric study: enclosure convective heat transfer coeffi
cient; the effect on conduction heat transfer

103

Figure 6.38: Parametric study: enclosure convective heat transfer coeffi
cient; the effect on lead wire heat transfer

103

Figure 6.39: Parametric study: enclosure convective heat transfer coeffi
cient; the effect on convective heat transfer

104

Figure 6.40: Parametric study: enclosure convective heat transfer coeffi
cient; the effect on terminal temperature rise

104

Figure 6.41: Parametric study: cylinder convective heat transfer coeffi
cient; the effect on conduction heat transfer

106

Figure 6.42: Parametric study: cylinder convective heat transfer coeffi
cient; the effect on lead wire heat transfer

106

Figure 6.43: Parametric study: cylinder convective heat transfer coeffi
cient; the effect on convective heat transfer

107

Figure 6.44: Parametric study: cylinder convective heat transfer coeffi
cient; the effect on terminal temperature rise
Figure B.l:

107

Temperature comparison between the exact solution (h con
stant) and numerical models

Figure B.2:

121

Temperature distribution on the switch case: when convection
heat transfer coefficient is large

Figure B.3:

123

Temperature distribution on the switch case: when the ther
mal conductivity of the switch case is large

123

www.manaraa.com

xiii

NOMENCLATURE

A

surface area, m^/s

D

diameter of a circular tube, m

dx

a finite distance in x direction, m

dy

a finite distance in y direction, m

dz

a finite distance in z direction, m

dt

a finite interval of time, second

g

acceleration of gravity, m/sec/sec

h
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CHAPTER 1.

INTRODUCTION

About The Project
Heat transfer engineering plays an increasingly important role in the advance
ment of electronics technology. The most obvious example is that of large computers
where the incessant drive toward higher gate densities and greater functional capa
bility have led to near-order-of-magnitude increases in heat flux and heat density,
spawning numerous studies of thermal control techniques in laboratories. As elec
tronic devices performing a variety of functions find their way into factories, lab
oratories, transportation vehicles, offices, and homes, a multitude of heat transfer
problems arise that will affect their normal functioning and reliability.
An electrical switch, the research subject of this document, illustrates the heat
transfer problem which might occur when the temperature rise caused by electrical
heating is too large because of the poor thermal design. The undesired high tem
perature rise results in malfunctions, shorter switch life, and safety problems. This
research work is devoted to evaluating and improving the thermal design of both
existing and new switches. In electrical switch development, designers are aided by
experiments. But as a supplement to them, economical design and operation can be
greatly facilitated by the availability of temperature distribution predictions. This
availability may be accomplished using a mathematical model incorporating a nu
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merical finite difference approach procedure.
The present research work is concerned with complementary experimental and
theoretical studies. The problem being investigated is restricted to the study of the
temperature distribution of a switch under normal operating conditions with an em
phasis on the average terminal temperature rise. Particularly, the problem involves
a V7 type of precision switch exposed to a constant electrical current (AC or DC)
according to a MIL test set-up. Furthermore, efforts was directed to extend the ap
plicability of the model to other switch types. The main emphasis in the project is on
details of the computational solution procedure developed to perform the numerical
analysis of the switch just described. The resulting computer program written in
Fortran 77 is code-named MICR0V7. This document describes it in sufficient detail
for it to be used and amended by persons whose interest is confined more to the
results of the computations.

Description of Precision Switch
Definition
The National Electrical Manufacturer's Association gives the definition of the
precision snap-acting switch as [1]
A precision snap-acting switch is a mechanically operated electric switch
having predetermined and actually controlled characteristics, and having
contacts other than the blade and jaw, or mercury type, where the maxi
mum separation between any butting contacts is 0.125 inch. A precision
snap-acting switch consists of a basic switch used alone, a basic switch
used with actuator(s), or a basic switch used with actuator(s) and an
enclosure.
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Characteristics
The purposes of a switch are to close an electrical circuit, carry current, open
the circuit, and hold it open. When a voltage is applied between two non-connected
terminals of a switch, a feeble current flows through the insulation that separates and
supports the terminals. The applied voltage divided by the current is the insulation
resistance of the switch, measured between those terminals as shown in Figure 1.1.
Switch resistance is the total resistance of the conducting path between the wiring
terminals of the switch. This is the resistance "seen" by the circuit and is the value
usually specified and measured. This switch resistance is the sum of the bulk resis
tance of all parts that make up the conducting path through the switch, plus the
resistance of the joints or interfaces between these parts. The joints may be staked,
bolted or welded, and they may be bearings, such as knife-edge pivots through which
the current passes. The joint may be a contact interface, i.e., a connection that
is joined and separated by the switch mechanism, and the resistance of the pair of
closed contacts is the contact resistance. This resistance is typically of the order of
0.002 to 0.050 ohm, and depends upon the material and design of the switch.
Because of electrical heating, P =

R, all the parts of the switch have a temper

ature rise during operation. An ideal switch would be one whose electrical resistance
could be readily changed at will, from zero to infinity. An open, snap-acting switch
usually presents a circuit resistance of well over 100,000 megaohms, and closing the
switch reduces its resistance to a few milliohms (switch resistance). This represents
a resistance change of 13 orders of magnitude in a couple of milHseconds. Two im
portant electrical features of the switch, then, are its resistance when open and its
ability to conduct current when closed.
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1. case-switch
2. anchor-station
3. lever-switch
actuating

A. plunger
5. springsnap action
6. terminal
7. coverswitch case

i
Figure 1.1:

Cutaway V7 precision switch

Application
The introduction of the precision snap-action switch greatly simplified designs
and remedied problems of cost, weight and space. Complex mechanical linkages
were replaced with a precision switch and a solenoid. Because dimensions and move
ments of the order of 0.001 inch could be sensed rapidly and reliably without high
force, things were now possible that had not been possible before. Precision switches
perform important functions in such diverse applications as production machinery,
chicken brooders, submarines, computers, and medical instruments. As the preci
sion switch gained popularity, new needs arose. Each new application presented a
new combination of mechanical, electrical and environmental conditions and, thus,
resulted in new switch performance requirements.
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Project Objective
The project's major objective was to develop an accurate model (termed as
MICR0V7 computer code later) for the thermal performance of a V7 precision switch.
Accomplishing this objective will result in a computer-based thermal design model
of a basic switch that can be used to evaluate both existing switch designs, with
or without modifications, and new switch designs incorporating new technology. Of
special importance, the model will be able to predict temperature fields in any of the
components that make up a switch, with particular emphasis on predicting terminal
temperatures during"temperature rise tests.

Project Scope
The project scope can be divided into the four areas described below, namely a
literature search, experimental work, computer model development, and comparison
of results.

Literature search
The literature search investigated past work involving the thermal operation of
a V7 precision switch. However, there was a general lack of publications in this area,
with only one reported study available. This study was performed on a similar type
of switch, namely the V3 [2]. In the V3 type precision switch study, a qualitative
diagnosis of the high terminal temperature rise problem was conducted and presented.
Information in the form of experimental data such as switch resistance, lead wire heat
loss rate, and temperature measuring methods were reported.
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Another portion of the literature search was directed to heat transfer studies
of geometries similar to the basic precision switch. For example, convective heat
transfer occurs in the confined space inside the switch and, as a result, the literature
was searched for information on free convection heat transfer correlations applicable
to switches. Four areas of free convection that occur from one surface to another
surface or to the environment were searched with these four areas being vertical
plates, horizontal plates, enclosures with inner bodies, and cylinders. Heat transfer
correlations with geometries and boundary conditions most similar to switches were
considered. A summary of the results of this search include:
Vertical Plate. Equations and empirical correlations have been developed for the
vertical plate under various surface conditions, such as constant surface temperature
and uniform heat flux[3, 4].
Horizontal Plate. The specific form of the correlation for this geometry depends
on whether the plate is warmer or cooler than the surrounding fluid and on whether
it is facing up or down [5, 6]. The constants C and the exponent n used in the
correlations (Eq. 2.6) depend on the Rayleigh number range.
Enclosure With an Inner Body. A general heat transfer correlation is available
that predicts the natural convection heat transfer from spheres, cylinders, and cubes
to a spherical enclosure [7].
Long Horizontal Cylinder. This important geometry has been studied exten
sively. and many existing correlations were reviewed by Morgan [8]. Based on this
review, Morgan suggests using an expression of a form (Eq. 2.21) like the vertical
plate case with different sets of C and n value.
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Experimental work
The experimental phase of this project investigated the thermal phenomena of
the precision switch, evaluated heat transfer mechanisms, and provided verification
of the computer model results. This was accomplished by using several techniques
to measure the temperature distribution in a switch, especially in the terminal re
gion. These techniques include the conventional temperature measuring method using
thermocouples and the advanced method by liquid crystals. The experimental results
were used to verify the model results.

Computer model development
A computer model of a V7 precision switch was developed for a steady state
condition based on identifying and modeling heat transfer mechanisms, formulating
a numerical approach, incorporating the switch model into a computer program, and,
finally, verifying the model. Evaluating different types of switches, requires simply
inputting material properties and geometrical dimensions.

Project Overview
As a first step in developing a numerical model for a V7 precision switch, a
simple model was developed based on the principle of energy conservation and a
multi-lumped system approach. This model predicts temperatures at the terminals
along with heat transfer rates from the switch through its casing and the leads. In
addition to the above simplified model, a second generation model was also devel
oped based upon improvements suggested by the experimental observations. This
improved model was developed to calculate the temperature distribution on the sur
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face of the casing and the terminal temperature rise by taking into consideration
the heat loss through the contact spots between the terminal and casing (that was
ignored in the first model).
As part of the experimental work, a test cell was constructed for performing
terminal temperature rise tests under controlled conditions. Thermocouples and a
temperature indicating chemical, called liquid crystal, were used to show temperature
distributions both inside and outside the switch. Data measurements show good
agreement with those obtained from the numerical computer model when compared
under the same test conditions.
A detailed thermal analysis showing the effect of various switch parameters, such
as material properties, geometric specifications, and heat transfer coefficients, on the
temperature distributions is discussed. Specifically, the percentage changes of all the
heat loss rates and the terminal temperature versus the change rate of each variable
are presented.
Finally, an advanced two-dimensional lead wire model was developed and is out
lined. This model more closely simulates the actual lead wire heat transfer processes.
However, results indicate shows that the one-dimensional model introduced earlier
produces results not much different from the more complicated and sophisticated
axisymmetrical model.
The contents of this report are arranged as follows;
1. A simplified mathematical model and computer software package are described.
2. An improved second generation computer model is presented.
3. Temperature fields of the V7 type of microswitch versus rated currents (0~15
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amps) are plotted and presented.
4. Experimental work on the temperature field of a switch is presented using the
liquid crystal technique.
5. Terminal temperature rise measurements performed according to UL and MIL
test requirements are reported.
6. A comparison of the results from experiments and the numerical model is given.
7. The effects of the lead wire size and terminal connecting method on temperature
rise measurements are presented.
8. A parametric study of the influence of important variables on temperature rise
and heat transfer rate is discussed.
9. The axisymmetrical lead wire model and its comparison with the one-dimensional
model are presented.
10. Further developments and modifications to the present model and experimental
methods are outlined for future work.
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CHAPTER 2.

FORMULATION OF THE MODEL

Simplified Model
The simplified switch model was developed as a first step in the modeling pro
cess. It models the .top surface, side surface, bottom surface, and switch internals
as separate lumped systems (i.e., uniform temperature in each system). This model
applies the steady-state heat conduction equations to each side of the switch case and
assumes that the internal heat generation is uniformly distributed in internal parts
(composed of spring, lever, terminal, ... ,etc).
The heat dissipated out of the switch is through heat conduction down the lead
wires and heat convection to the surrounding through each side of the switch case as
shown in Figure 2.1. The electrical analog of thermal resistance is drawn in Figure 2.2.
Instead of calculating the complex flow field in the switch to determine convective
heat transfer coefficients, the nodal network concept treats the layer of air, switch
case, and outer air as thermal resistances. Based on an analog to electrical circuits,
heat transfer (i.e., current) is driven through the thermal resistance network (i.e.,
resistors) by the temperature difference (i.e., voltage) between the internal parts and
the environment. This model approach also assumes that the inner body temperature
is the same as the terminal temperature.
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Heat generation rate •
Figure 2.3 is an equivalent electrical circuit for the metal parts and Figure 1.1
shows the main components of the V7 precision switch. Since the heat generated in
the switch is the result of a current flowing through an electrical resistance, the heat
generation rate can be estimated as the product of electrical resistance and the rated
input current squared.

spring/anchor pivot

0.24 mohm

0.18 mohm

0.32 mohm
spring contact carrier

common
*

terminal

contacts
1.72 mohm
spring/lever
NO/NC

pivot

0.57 raohrf\^
lever/anchor
pivot

0.4 mohm
terminal

Figure 2.3:

V7 precision switch equivalent circuit chart

P = rR

(2.1)

where I is the rated current and R is the internal electrical resistance of the switch.
While the heat generation rate is calculated in Eq. 2.1, the switch resistance is as
sumed to be a constant regardless of the input current in the specified test range (0
~ 15 amps).
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Nu^ = 0.68 +

^2.5)
[1. + ( 0 . 4 9 2 / P r ) 9 / 1 6 ] 4 / 9

while h for the top surface of the switch was calculated from [6]

Nu^

(2.6)

where C = 0.54 and n = 0.25, and h for the bottom surface of the switch from [7]
Nu£ =

(2.7)

where C = 0.27 and n = 0.25. The known quantities of surface area, convection
heat transfer coefficient, environmental temperature, and assumed heat transfer rate
through different sides of the switch case lead to the solution of the outer casing
temperatures.

Inner switch case temperatures
Since the heat transfer from the outer casing surface must be transported through
the walls, the inner casing surface temperature can be determined by applying the
following steady-state heat conduction equations to each side of the case.

rc-

11

AAy

II

to

+ '^o,T
Kc
AXg
+ ^0,5
Ti.S = <35
Kc
AXb
+ ^o,B
Kc
Ti,T

(2.8)
(2.9)
(2.10)

where A'c is the casing thermal conductivity and AX is the average thickness of the
switch case.
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Terminal temperatures
Once the inner casing temperature is known, the terminal temperature is cal
culated from two equations based on an energy balance performed inside the switch
and from Newton's law of cooling inside the enclosure. The latter equation requires
knowledge of the enclosure heat transfer coefficient. For the present simplified model,
the total heat generated in the switch is assumed to be dissipated through both the
switch case and the lead wire attached to the terminals as follows

^total

''en /leg(2)er ~ ' ^ a v ) + Q/gacf

(2-11)

where the average inner casing temperature is

+ .45 + Ab

and

is the temperature of the switch's internal parts (that is also assumed equal

to the terminal temperature), Tav is the average internal surface temperature, Aeq
is the surface area of internal, heat generating parts.
Tfer

calculated because

and Aeq are known,

is calculated

from the lead wire heat transfer equation (it should be noted that it is assumed
zero on the first iteration), and hen is known from an empirical correlation. The
heat transfer from the internal parts to the inner wall inside the switch is called the

convection heat loss, qcvi and is equal to hen Aeq(Tf^er — Tav)- The convection
coefficient, hen, is the convection heat transfer coefficient between the enclosure and
its inner body and can be calculated using the following empirical correlation [7];

Nu^ = 0.295i2aJ-249[i.o + (f/Z)0-339](p^0.0217)

(2.1.3)
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where t is the average gap between the inner body and its closure and 1 is the
characteristic length of the inner body. In this case, the internal parts are treated as
a sphere with a radius of 1. This average casing temperature is used to calculate the
amount of heat transfer rate from internal parts to the switch casing by convection.

Heat conducted through leads (1-D model)
Figure 2.4 (a) depicts the cross-section of the lead wire and its electrical analog
when bounded by fluid of a fixed temperature. Layer 1 is the copper core, layer 2
is a thin layer of air (exaggerated in the figure), and layer 3 is the insulation plastic.
The surrounding fluid is air. All the layers can be treated as thermal resistances with
magnitudes as shown. T h e heat flow is driven by the temperature difference,

-T5.

The rate of heat flow per unit length through the various layers.of the configuration
shown in Figure 2.4 is
d
'?

Fluid

in
(a)

Figure 2.4:

In {rjr^)
^'34

1
r^hti

dq

(b)

Lead wire bounded by fluids of fixed temperatures
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a thin cylinder. Lead wire is assumed to be composed of the three layer described
above, no paint or liquid on the copper wire.
The heat transfer rate down the leads (this is later termed the lead wire heat
loss) can be determined using Eq. 2.19, the conduction heat transfer differential
equation for the lead wire.
The heat transfer coefficient for the outer surface, hcy^ can be calculated using
the following correlation [8];

(2.21)

This correlation is based on a horizontal cylinder with a constant and uniform
surface temperature. However, when a heated circular cylinder is inclined at an
angle a to the horizontal in still conditions, fluid flows by natural convection along
the wire and a thickening of the boundary layer results. This boundary layer suggests
a decrease in the convective heat transfer along the lead wire. This effect is small for
small inclinations, but as the axis of the cylinder approaches the vertical, then the
greatest decrease in heat transfer rate occurs along the wire. With fine wires, the
boundary layer is large in relation to the diameter, and it has been found that N u jj j
is independent of height[9]. Even though various correlations have been proposed,
the simplest correlations have the following form

( N u ) H j = A2 + B.2{Gr.Pr)'^^^

(2.22)

Experimental values for the constants A2, B2, and 77?2 are given in the literature [9].
It also can be shown that, except as a approaches QO'^, the ratio of ( . \ i i ) j j y for a
inclination a to that for a horizontal wire (a = O'^) is equal to ( co 5 q )' -^'"1 where
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ml is 1/4.

Since hey is also a function of temperature, Eq. 2.22 is a nonlinear ordinary
differential equation, and a finite difference method can be used to solve it iteratively.
The boundary conditions for the above set of differential equations are a constant
temperature, which is the same as the terminal temperature at one end, and either
a constant temperature or insulated condition at the other end.
A more precise model can be obtained if the bulk heat generation rate inside
the lead wire is considered. Taking this effect into consideration by putting the heat
generating term in the equation, the following equation results:

dx^

A,

where g is the bulk heat generating rate because of electrical resistance existing in
the wire. Its value is calculated by multiplying the experimentally determined
resistance of the wire, by the square of the current and then dividing the result by
the volume of the copper core (in this model, skin effect is neglected because of low
frequency of electrical power). The same finite difference method used previously can
be applied to solve the above equation.
In solving this non-linear equation, Eq. 2.23, an algorithm called TDM A (Tridiagonal Matrix Solver Algorithm) is used (see Appendix A). With proper boundary
conditions at the two ends of the lead wire, either a Dirichlet or a Neumann condition,
the temperature distribution can be solved. First, by applying a central difference to
the second order differential term, the following finite difference equation is obtained:

www.manaraa.com

20

+ l ~ 26'n +

^

_

On
KiAii
J
I ^^A{Di/r^nir)\IDi) , ln{DolD;)
' ' Dphw'^
21\. Q^j ^pTT
2Ar7r
(2.1

Regrouping the terms according to subindices, the above equation becomes

1,(

i

I

!•' l^DohufTT

'"[(g,+W.)l/g,:) , fa(Jo/A))'*"
'2K^ij,7r

2KrT^

(2.25)
Comparing the coefficients of 9 terms with the formula in the Appendix A, A(i), B(i),
C(i), D(i) needed in the TDMA subroutine are found;
.4(i) = 1

(2.26)

8x^

'^""^17

'

.H{Di+l„i,)]IDi)
IniDTTP;]2Kair^
+
2A>7r >
C{i) = 1

(2.28)

D(i) = -^Sx^

(2.29)

where i is an integer from 1 to n, the last point in the grid system. Using the two
boundary conditions assigned at the two ends of the lead wire, the temperature along
the lead wire is computed. After solving for temperature, the heat conducted through
leads to the environment can be estimated by

^lead

(2..30)
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where S x is the distance between two grid points.
In an actual switch, the lead wire is connected to the free end of the terminals
by soldering, see Figure 2.5 (b). Because the terminal and lead wire have different
thermal conductivities and geometries (i.e. the wire is similar to a cylinder and the
terminal to a plate), different g and h values exist in Eq. 2.25. Figure 2.5 illustrates
the possible ways of connecting the terminals and lead wires; the solution of Eq. 2.23
is for the case (a) in Figure 2.5 where no terminal is considered. In order to best
simulate the real situation, calculations are divided into two sections, one for the
terminal and another for the lead wire (this is case (b) in Figure 2.5). These two
sections have different grid systems and convective heat transfer coefficients.

r

lead wire
r V

b ,J
free end

lO

^

\

rfL^o^o {6\y

—"-'J*
(b)

Figure 2.5:

(c)

Different ways of connection between terminal and lead wire

The governing equation shown below for the terminal is different than that pre
sented earlier for the lead wire, which was Eq. 2.23

www.manaraa.com

22

d^e
Qf
hc ,
—;T + f^ = 7 ^ — ( 2 . 3 1 )
dx^
ht
A^.4^

where C is the perimeter of the terminal's cross-sectional area and gf is the bulk heat
generation rate in the terminal. The calculation is now from Eq. 2.31, the terminal
part and continuously followed by lead wire part, Eq. 2.23. A larger lead wire heat
loss is expected for case (b) in Figure 2.5 because more heat transfer area is provided.
Sometimes the lead wire is directly soldered to the dead end of the terminals
(where the terminal temperature is measured) as shown in case (c) in Figure 2.5. In
such a case, a different numerical consideration is needed. Taking the lead wire as a
thin cylinder with one boundary condition being the terminal temperature, Eq. 2.25
is used to calculate the heat transfer rate directly down the lead, q^, and the following
equation is used to calculate the heat transfer rate down the terminal,

d'^0

hC ,

where h is the convective heat transfer coefficient and C is the perimeter of the
terminal. Since the terminal itself is short (about 0.009 m), the convective heat
transfer coefficient can be assumed uniform and, therefore, the coefficient of the
second term is constant. Note that in this case, gf is zero because no current passes
through it. Letting

m

=

hC

then the governing equation is
d^e

m^e = 0

(2.34)

dx^
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with the solution being
+ De"'-"-'

d =

(2.35)

In the above equation, B and D are arbitrary constants determined by the boundary
conditions imposed at the ends of the terminal. For the present analysis, let the
conditions be an imposed constant temperature at the base and convection at the
free end. Then the conditions for determining B and D are at x=0

e = e^

(2..36)

- kf^ = hgO
ax

(2.37)

and at x=L

Application of these boundary conditions to the governing equation to determine the
constants B and D yields

!^m{L-x) ^ g-m(Z-.T)]

-h

he

^^m{L-x)

^-m{L~x)

(2.38)

re;7ji + e-mZ] ^ .^£_rgm.Z +
rtH/ e^ r 777'

or more compactly in hyperbolic fuiiction form,

where

L

0

cosh{L — x)m + Hsinh(L — x)m

$l

cosh(mL) + Hsinh(inL)

The rate of heat flow from the fin can be evaluated as the following,
k = -f^t'M^)x=0

(2-40)

which yields
«=

sinh{mL) + Hcosh(mL)
I ,+ HsinhimL]

In this case, the total heat losses through leads are the sum of

and <//.
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Axisyninietrical Lead Wire Model
Background
As discussed in the last section, because of some simplifications and assumptions
incorporated in the one-dimensional simulation, the lead wire heat loss model needs
further enhancement. This is especially true when one realizes that the heat source
term within the lead wire (Eq. 2.19) cannot be handled properly by a one-dimensional
model. The heat source in the lead wire exists only in the copper part of the wire
in the form of an electrical resistance. However, the one-dimensional model treats
the heat source as a uniform heating problem both in the copper wire and plastic
coating (in which no heat source exists). Thus, an axisyninietrical model making
these simplifications and assumptions unnecessary is desired.
Because the lead wire is composed of a copper core and a plastic insulation
coating with a very thin layer of air in between, it can be regarded as a composite
cylinder-like object. The existence of both a composite material and an uneven layer
requires special treatment when numerical modeling contact regions of the different
materials. A two-dimensional finite difference approach was, therefore, developed
to solve the problem. This model should provide a more realistic treatment of the
heat transfer process and can be used to verify the results from the one-dimensional
model.

Governing partial differential equation
The governing equation, derived from the conservation of energy over a small
element of the lead wire shown in Figure 2.6 is as follows:
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q2T
idT
d^T
S
"TTT H
S (• -T-o +
+77 = 0
9^2 ^ r d r ^ dx^
K

(2.42)

with the same end boundary conditions as used in the one-dimensional case being
used here, and a convective boundary condition at r = Do/2 being
(2.43)
q

r 4-5 r

'ix-rSx

Figure 2.6:

Energy conservation for a small element of the lead wire

Numerical modeling
Before developing the numerical scheme used to solve the above partial differen
tial equations (Eq. 2.42 and 2.43), it is well to note some relevant difficulties. First,
the complicated geometry necessitates the use of a variable grid spacing. A very fine
grid size is necessary for accuracy in the vicinity of x = 0 where temperature gra
dients are steep. However, for computations toward the end of the lead wire, larger
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grid sizes are preferred so that computational time can be reduced. In addition, since
the lead wire length is about 1 meter with a diameter of only 0.00319 meters, the
variable grid size in both the x and r directions should be used so that an efficient
computation is achieved in the x direction.
Second, the lead wire is composed of three kinds of material: copper, plastic, and
a thin film of air between them (see Figure 2.7). This material combination (especially
at the contacts of different materials) requires extra attention in the modeling process.
In other words, another finite difference approach is required.

"WIRE SURFACE

•air flln

PMSTIC

COPPER

"L^
"X

Figure 2.7:

SYHHETRICAL LINE

Geometrical layout of lead wire

Among the many finite difference methods, the combined control-volume integral
method best serves the purposes mentioned. To apply this method, Eq. 2.42 is
rewritten in its transient form.

dT

Id

/

^

o
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Figure 2.8:

•6x

Grid structure for axisymmetrical model

Finite difference equation
The discretization equation is derived by integrating Eq. 2.43 over the control
volume shown in Figure 2.8 and over the time interval from t to t + ^ t. Thus,

re rn rt+6t

+

Jt

dT

,

ft+St

re rn d

f""
^(^rK^)dxdrdt +
Js Jw ox
ox
Jt

/ / rSdtdrdx
Js Jw

(2.45)

where the order of integration is chosen according to the nature of the term. For the
representation of the term

it is assumed that the grid point value of T prevails

throughout the control volume. Then,
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re rri
^'^.IwJs Jt

QT
i
n
''-^dtdrdx = pcrpArAx(Tp - Tp)

(2.46)

and the first term on the right hand side becomes

rt+St rekejTe - Tp) _ rwkw(Tp - Tiy)

Jt

A.re

Axw

and the second term on the right hand side becomes

ft+St r M T „ - T p } _ ' • M T p - T s )
Jt
Arn
Ars

Finally, the source term becomes
(2.49)

PpArAxAtS

where rp is the radius of point p. After the last integral of time in Eq. 2.48 and
rearranging of terms are carried out, Eq. 2.44 has form

A A /-rl
rrO\
^nkrfAr{Tn - Tp)
pcrj,ArA.{Tp - Ty ) =
rekeAx(Te — Tp)
_^_e — le
PI _
A.re

A.r(Tp —
\ p
A.Tu-

rsksAr(Tp - Ts)
^
)

^ r^ArAxAtS
^

2.50

If the following variables (see Figure 2.8 for their equivalents) are defined as
g
pcrAxAr
''PAt

(2.51)

S a j + Op — S p A V

(2.52)

kereAx
Axe

(2.5.3)

'E=

ktnr^nAx
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f^'nrn^r
aiy=—
orn
^srs^r
a c = ———
drs

(2.5o)
(2.56)

b = ScM'+ a^pT^

(2.57)

then linearization of the source term yields

5 = 5c + SpT

(2.58)

In this problem. 5c is the volumetric heat generation rate arising from electrical
resistance. Its value-is 0 outside of the copper part, and 5p = 0 everywhere because
the heat source term is independent of temperature.
Eq. 2.50 can be now rewritten in the convenient form of

+

(2.59)

+b

Various forms of the above f.d.e (finite difference equation), namely, fully implicit,
semi-implicit, and explicit, lead to different solution approaches. The fully implicit
form, which has all a' and T'in Eq. 2.59 on the n+1 time level, ends up with a block
tridiagonal matrix; whereas the semi-implicit form, which has either the i direction
on the n

-I-

1 time level and j direction on the n time level, or vice versa, comes out

as a tridiagonal matrix for each line. The explicit form has only ap on the n

-t-

1 time

level and can be solved straightforwardly by the Gauss-Seidel method. A discussion
concerning the advantages and disadvantages of the stated solution schemes in various
writings can be found in references [10, 11, 12].
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As a compromise for convenience and efficiency, the semi-implicit form of the
modified version was adopted in the current program. In the modified version is that
at time n + 1/2, the i direction sweep is used to initiate the calculation

.

„?2-|-1/2

c-

..„n-|-l/2

+ a^(i,

.

rr^n-\-ll'2

+b

(2.60)

Similarly, at time n+l, the j direction sweep follows (Eq. 2.61) to end this one timestep calculation (in order to take advantage of the semi-implicit algorithm, the one
time-step calculation is split to two substeps as shown in Eq. 2.60 and Eq. 2.61) to

=

+ <>

(2-61)

Because the steady-state, solution is targeted, the calculation is terminated when
the absolute difference of

— T" at each grid point is smaller than a preset

criterion. Finally, the heat transfer rate through the lead wire is calculated either by
the temperature gradient method, by Eq. 2.42, or by calculation of the convective
heat transfer from its surface.

Solution Approach
The principle of energy conservation requires that the heat generated in the
internal parts of the switch should be equal to the total energy dissipated from
the switch to the atmosphere, either through the casing or down the lead wires,
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when steady-state conditions are reached. Nonetheless, since there is no knowledge
available about the ratio of heat conducted down the leads versus heat convected
through the casing to the environment, the first guess simply assumes that the heat
is totally lost through casing convection heat transfer. This makes the calculation of
the terminal temperature possible for the first iteration.
During the same iteration, the heat conducted down the leads from the terminals
can then be calculated from this terminal temperature. After the first iteration in the
solution process, the terminal temperature as well as various heat transfer rates are
continuously calculated based on the information from the previous iteration. By this
procedure, iterations continue until a converged solution is obtained. Convergence
occurs when the difi'erence of either the terminal temperature or heat conducted down
the lead remains less than a preset tolerance (e.g., 0.000001) between two consecutive
iterations.
The above mathematical model was written into a computer program in Fortran
77 computer language in order to solve the thermal problem for a V7 type of precision
switch. The results for this model are presented in a later section. The algorithm of
this model can be summarized as follows,
1. Calculate heat generated in the precision switch by P = I ^ R .
2. Make an initial guess of the convection heat loss rate.
3. Perform energy balance consisting of internal heat generation and heat con
vected to the environment to determine average outer casing temperature.
4. Determine the temperature of the internal casing by solving the steady-state
heat conduction equation.
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5. Determine the temperature of the internal heat generating parts.(i.e., terminal
temperature)
6. Evaluate heat conducted through the leads.
7. Subtract heat conducted from the total heaf generated and get the following
value for heat convection loss rate.
8. Go back to step 2.
9. Repeat until convergence is obtained.
An alternative procedure in solving the same problem is to directly assume a
terminal temperature. Then, with knowledge of the convective heat transfer coeffi
cient inside and outside the switch, both the inner casing and outer casing average
temperature can be found. The algorithm is as follows,
1. Calculate heat generated in the switch by P = I^R.
2. Assume the first terminal temperature to determine the average switch case
temperature with the knowledge of the convective heat transfer coefficients.
3. Calculate the convection heat loss.
4. Evaluate heat conducted through the leads.
5. Subtract lead wire heat loss from the total heat generated and get the next
terminal temperature.
6. Go back to step 2.
7. Repeat until convergence is obtained.
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A detailed comparison of the two approaches shows that the latter procedure is more
efficient and thus saves computation time.

Secant Method
The method to decide the convective heat loss rate in step 7 (for the first ap
proach in the above section) or the terminal temperature in step 5 (for the second
approach) is simple. However, it usually takes more that 25 iterations to obtain the
converged solution. The variable secant procedure, which is a generalization of New
ton's method for finding the root of F(x) = 0, is best for this problem. Expanding
F(x) = 0 in a Taylor series about a reference point Xji:

+ S x ) = F ( x n ) + F ' { x n ) 6 x + ....

(2.62)

One then truncates the series after the first derivative term and computes the value
of 6x required to establish F(.rn+^x)=0. For Newton's method this gives

.T„+i - x n = 6 x =

(2-63)

Newton's method is a simple and effective procedure, however, its use requires that

F '( x ) be evaluated analytically. When this is not possible, the variable secant gen
eralization of the Newton procedure represents a reasonable alternative.
In the variable secant procedure, the derivative is replaced by a secant line
approximation through two points
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,

F [xn) =

F(xn)- F{xj^_l)

(2.64)

•Tn - .r „_i

After two initial guesses for x, a third approximation to the root is obtained from

In this project, F(x) is a function of total heat generation rate minus the sum
of the convective heat transfer rate and the heat transfer rate down the lead wire,
where x is the terminal temperature. To obtain the correct terminal temperature, it
then requires that F(x) = 0. From the first two guessed x values, the next starting x
is calculated from Eq 2.65 as follows;

21?? +1 __ rpu

ter

- ter

HTG

QLn

QCn

.rpn

—

HTG - QLn - QC'n - {HTG - Q L ^ _ i - Q C n - l V ^
(2.66)

where HTG is the total heat generation rate, QL the heat transfer rate down the
lead, and QC the convective heat transfer rate through the casing. Later when the
conduction contact heat loss path is added, F(x) needs to further subtract Q^t-

www.manaraa.com

CHAPTER 3.

THE SECOND GENERATION MODEL

Background
From experimental observations of a switch's thermal behavior (described in the
next section), it was determined that heat is also transferred from the terminal to
the switch case by conduction in the region where the terminal and switch case make
contacts (hereafter referred to as conduction contact heat loss). It should be
noted that there are other contacts between metal parts and the switch case which
also contribute to this heat transfer path. However, the largest contact region is
the terminal region, and as a result only terminal contacts are considered in this
model. The discovery of this heat transfer path in the contact region necessitated
the development of the second generation model presented in this chapter.
This second generation model is derived from the first model by relaxing the
lumped assumption for the switch case, which was treated as a simple nodal-point
in a grid system in the first model. The casing is divided into a nodal system and
a two-dimensional model is formed. The second generation model is based on incor
porating another calculation step into the first model immediately after the terminal
temperature is determined at each iteration (step 5 in the last paragraph of the pre
vious chapter). In this new calculation step, the calculated terminal temperature is
used as a constant temperature boundary condition in the region where the termi
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nals are located. Then, considering the other boundary conditions, the temperature
distribution in the switch case and the heat transfer rate from the switch case to
the atmosphere can be solved from its governing equation. This heat transfer rate
includes the convection and radiation heat transfer from the internal parts to the
switch case plus the conduction contact heat transfer.
If the conduction contact heat loss is taken into consideration, the next guess
of the heat transfer rate from the terminals to the switch case by convection for the
next iteration (see the step 7 in the solution approach in the last chapter) will be
the total heat generated minus the sum of the lead wire heat losses and conduction
contact heat losses. Following the same algorithm as the first model to return to step
2, a convergent solution of the terminal temperature is expected.
Because of the complicated nature of three-dimensional heat transfer, it was
necessary to treat the three-dimensional rectangular switch case as a two-dimensional
domain. To do this, the switch case is "unfolded" so that the top casing is in the
middle with the four side casings attached to it as shown in Figure 2.1. As long as the
appropriate convection coefficients are used for each side, the "unfolding" does not
affect the accuracy of the results. Another simplification is that the average thickness
of the switch case is assumed to be uniform. The reason for these two simplifications
is to reduce the computational time and to make the complicated geometrical shape
of the switch easier to handle. The other assumptions are the same as they were for
the first model.
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Formation of Governing Equations
The governing conduction heat transfer equation for the switch case is derived
by applying the conservation of energy principle to a small element of the switch
case as shown in Figure 3.1. A steady-state energy balance requires that the heat
conducted in and out through the four sides of the element (x and y direction) equals
the heat convected into and away from the upper and lower sides (z direction), no
heat transfer from surrounding to the switch. The heat conduction in the x direction

/
qx
>

/
Figure 3.1:

(ly

Energy conservation on a finite element

+

+

(3-1)

while the net heat flow in the x direction is
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The heat conduction in the y direction is,
1y+6y =

+ 0{dy^)

(3.3)

while the net heat flow in the y direction is
Sqy = q y ^ ^ y - q y = ^ d y + 0{dy^)

(3.4)

As mentioned earlier, the energy conservation law requires that
Sqx + Sqy + ho{T - T-^^)dxdy - hen[Ti^r " T)dxdy = 0

(3..5)

^-^dx + ^dy + ho{T- T-^f)dxdy - heniTter - T)dxdy = 0

(3.6)

or

Fourier's law in a specific direction s is,
dT

(3.7)

By applying Eq 3.7 to both the x and y directions and then inserting them into
Eq 3.6, the following equation results
—( - K d y 6 Z — )dx + — { - K d x S Z — )dy = hen[Tter ~ T)dxdy
ox
ox
oy
oy

-ho{T-T-^^f)dxdy

(3.8)

whereupon, rearranging terms

IS ^ S=
where K is the thermal conductivity of the switch case, 6 Z is the average thickness
of the casing, Tf-gy, is the terminal temperature, hen is the convective heat transfer
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coefficient between the casing and terminal, and ho is the convective heat transfer
coefficient between the casing and environment.
If it is desired to take radiation effects into consideration, then the above equation
becomes
Q2T

q2J>

y

+ EcaBhiT-^ - Tf^j) - Ei„Bh{T^„ - r-t)]
where Eca and

(3.10)

are emissivities for the internal parts and the switch case, and

Biz is the Boltzman constant. In the actual heat transfer process in the switch, heat
is convected as well as radiated from internal parts to the switch case. In Eq. 3.10,
E^^ is estimated to be about 0.1. a typical value for aluminum, and Eca is close to
unity because of black body emission. The last four terms on the right hand side of
Eq. 3.10 are called source terms. (Note that the heat radiated from the internal parts
of the switch to the casing is called radiation heat loss in this document). The
above form appears to be a Laplace equation plus source terms. In order to solve this
2-D partial differential equation, a finite difference scheme is used. Before applying a
numerical technique to solve the equation, a time-dependent term

is added in the

governing equation, Eq. 3.10, to account for the rate of change in thermal storage,
so that it becomes the following equation;

1 dT

d'^T

d^T

1

,

+ EcaBlziT'^ - Tf„f) - E i „ B m f „ - T*)]

(3.11)

The same solution will be obtained for both Eqs 3.10 and 3.11 as steady state is
reached (i.e., as time goes to infinity.)
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As was pointed out previously, as soon as the temperature distribution is ob
tained, the heat transfer rate can be calculated at every side of the casing surface.
Integrating the terms,

= hen{Tter - T)Sx8y

(3.12)

for convective heat transfer and
6q,j = Ei„(4^,-T'^)SxSy

(.3.13)

for radiation heat transfer, the convective and radiation heat transfer rate from the
terminal to the casing is found for all the points in the calculation domain. Similarly,
integrating the term

^qc,o = ho(T - Ti^j)6x5y

(3.14)

6qr,o = EcaiT'^ - 4 ^ f ) S x S y

(3.15)

and

the conduction contact heat loss,

from the terminal to the casing is calculated as

^ct = 1c,o -

+ (lr,o -

(3.16)

Finite Difference Formulation and Solution Technique
A finite difference procedure called Richardson's method is used in the com
puter program to solve the above differential equations. Applying FTC'S (forward
differencing in time and center differencing in space) to Eq. 3.11, the following finite
difference equation is obtained
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jiH + 1 -rll
i j _ 6^T"
'J
6t
6x'^

+

S'^T"
6y'^

(3.17)

If we let 6 x = ^y, then Eq 3.17 gives

+ ^";+i +

"" l*2(r/:j - T;,./) - Alir,,, - r/Jj. + EcaBUlTl"] - 4,f]
K6Z
-EinBh{4er~Tl'j)]

(3.18)

where 5 x , S y are the grid distances in the x, y direction, and t*it is the time step
size. Applying the Fourier stability analysis to Eq. .3.18, the stability restriction on
Eq 3.18 is

aSt
,
— < 1/4
ox

(3.19)

Boundary conditions used in solving the above finite difference equations are consis
tent with the actual operation of a switch and the experimental set-up. For example,
the switch is placed on a nonconductive surface so that there is no heat flow out of
the bottom casing. Numerically, the temperature at the boundary is determined by

(9T
the following formula (from ^=0);

^6 = ^^6-1-^^6-2

(3-20)

where b stands for boundary, b-1 means the adjacent point in the calculation domain,
and b-2 is the point next to b-1. A simpler approach is to set

however,

a larger round-off error results.
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As was pointed out previously, as soon as the temperature distribution is ob
tained, the heat transfer rate can be calculated at every casing surface. Integrating
the term, Sq — ho( Tfer — T)6x6y, for all the points on the calculation domain, the
convective heat loss rate from the terminal to the casing is found. Similarly, inte
grating the term 6q = hen{T — T^jjj:)Sx8y, the conduction contact heat loss from
the terminal to the casing is calculated. The above model has been evaluated by
comparing the results to experimental data (to be presented in a later chapter).
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CHAPTER 4.

EXPERIMENTAL SETUPS

Terminal Temperature Rise Measurement
Temperature rise tests were performed using the procedures, conditions and
hardware specified by UL 1054 and MIL-S-8805D. The switch terminal temperature
was measured by using a thermocouple, while the switch continuously carried its
maximum rated current. These tests were performed with the switch mounted in
still air at a temperature of 25° C ± 5°C'. During these temperature rise tests,
the switch was placed on a flat, horizontal, nonconductive surface and temperaturemeasuring thermocouples were attached to the dead end of the normally-open or the
normally-closed terminals, depending on the terminal that was carrying the current
during the endurance test.
Temperatures were measured by using thermocouples consisting of Nos. 28 ~ 32
AWG (0.08 '^O.OS mm'^) iron-constantan wires. The test current was passed through
the switch without interruption, and the terminal temperature was considered stable
when three successive readings taken at 5 minute intervals indicated no change in
temperature. The ambient temperature was measured during the same period at a
point sufficiently far from any heat source so as to obtain a representative temperature
value for the air reaching the switch by convection. Temperature measurements were
made on the terminals as close as possible to the switch enclosure. Figure 4.1 shows
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Figure 4.1:

Temperature rise comparison for the different lead wire sizes
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the experimental measurements of the terminal temperature rises for three different
sizes of lead wire (explanation and comments in the next chapter).
In order to study the thermal phenomenon of the switch in more detail, further
measurements on the temperature inside the switch (internal parts) were made. For
this purpose, iron-constantan thermocouples of 0.001 in were inserted into the switch
and fixed to internal components at various points. Temperatures up to 72° C were
observed during the tests. This high temperature occurred for the case of a terminal
temperature of 51.8° C.

Test Chamber
A test bed for performing thermal studies under controlled test conditions (e.g.,
the temperature rise tests) was designed and built. This 2'x2'x2' cubic foot cell is
made of plexiglass, and it prevents surrounding air-flow disturbances (for example,
air conditioner drafts) from affecting the thermal operation of the switch. On the
floor of the cell, a nonconductive surface is installed for the switch to be mounted on,
as per UL 1054 and MIL-S-8805D test requirements. The rated current to the switch
under test is regulated to a maximum current of 20 amps by a power supply. Holes
drilled on all side walls provide for ventilating heat and allow for necessary electrical
connections.

Temperature Field Visualization
Because of the irregular and complicated geometry of the switch, an advanced
technique called thermochromic liquid crystals, which can make temperature 'visible',
was used to better evaluate the temperature field in the switch. Thermochromic
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liquid crystals (TLCs) react to changes in temperature by changing color, or more
specifically TCLs show colors by selectively reflecting incident white light.
Conventional temperature-sensitive TLC mixtures turn from colorless (black)
against a black background to red at a given temperature. As the temperature is
increased, the TLC cycle through the other colors of the visible spectrum in sequence
(orange, yellow, green, blue, violet) before turning colorless (black) again at a higher
temperature. TLCs have a characteristic red start and color-play bandwidth (blue
start temperature minus the red start temperature).
Among the many forms of TLC products available, sprayable coatings are the
most suitable for this study. As discussed in the next chapter, TLC studies to date in
our laboratory have revealed thermal transients, including the hot spots inside and
outside the switch, after the switch is energized.
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CHAPTER 5.

RESULTS AND DISCUSSION

Model Results
Results from the simplified model
Figure 5.1 is a plot of terminal temperature versus input current as per UL
1054 and MIL-S-8805D test. This plot shows that the terminal temperature steadily
increases with current and exceeds 70° C at about 15 amps. The results from this
model show that the terminal temperature will stay lower than that allowed by UL
and MIL-S test requirements up to a current of 13 amps.
Using the simplified model and the resulting computer program, the thermal
operation of a V7 precision switch was simulated for various rated currents (.3

15

amps). The terminal temperature and heat transfer rates (e.g. heat convected and
conducted) are plotted in Figures 5.2 through 5.3.
Figure 5.2 is a plot of terminal temperature versus the input current, and a weak
parabolic functional relationship between them (linear for temperature versus power)
is observed. This relationship is expected because, based on Newton's law of cooling,
the heat transfer rate is proportional to the product of the convection heat transfer
coefficient and the AT. The convection heat transfer coefficient is also a function of
temperature to the power of 0.2 or 0.25 (depending on heat flow type). Figure 5.2
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also shows that the bottom casing has the highest temperature rise. The top casing
has the lowest temperature rise while the side casings lie in between for all input
currents. This behavior is the result of the top casing having the largest convection
heat transfer coefficient and the bottom casing having a lower value.
Figure 5.3 is a plot of heat transfer rates versus input current. Approximately
two-thirds of the heat generated is conducted through the leads, while the remain
ing heat is convected through the casing. This indicates that the leads provide an
important path for heat to be dissipated out of the switch.
It should be noted that several areas are not covered by the above model, in
cluding the radiation heat transfer mode, contact thermal resistance, and conduction
contact heat transfer. As indicated earlier, some of the areas described above are
considered in the second generation model. Each of the above factors is expected
to reduce the terminal temperature rise. For example, radiation will contribute, es
pecially at higher temperatures, to transferring the heat generated in the switch to
the atmosphere. Of course, this depends on the magnitude of the emissivity of the
material in the switch.

Results from the second generation model
The second generation model further develops the first model, primarily by im
plementing another heat loss path in the contact region between the switch case and
terminals. As such it was expected that the terminal temperature rise would be less
for the second model compared to the first model.
The results of these two models are plotted together in Figure 5.1 for a compar
ison. It can be seen that the terminal temperature is reduced about 28% because of
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incorporating the conduction contact heat loss path from the terminal to the switch
case.
Figure 5.4 compares the terminal temperature predictions from the second model
with those measured from experiments (detailed experimental results are presented
in the next section). Reasonably good agreement between them is observed at various
input currents. For example, the computer model predicts 50.2° C at 15 amps for
14 AWG wire while the experimental results show 52.1° C. This comparison verifies
the accuracy of the second generation model.
Relative to the the simplified model, the second generation model also has the
ability to provide additional useful information, such as the heat transfer rate and the
heat flux through different sides of the casing along with a comparison of convection
and radiation heat transfer rates. The breakdown of heat transfer by different heat
loss paths and/or modes is presented in Figure 5.5. As a percentage of total heat
loss, as shown in Figure 5.5, the breakdown of losses are lead losses 45%, conduction
contact losses .32%, convection losses 20% (heat convected from the internal parts to
the switch case), and radiation losses 3% (heat radiated from the internal parts to
the switch case) for all input currents.
Table 5.1:

Heat loss rates comparison

Qlead

Qcontact

Qconvection Qradiation

45%

32%

20%

3%

This indicates that the convection heat transfer from the internal parts to the
inside of the switch case is not as important as the other two paths (both of which are
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based on conduction heat transfer mechanisms) in lowering the terminal temperature.
Therefore, conduction heat transfer dominates the heat transfer processes in the
switch. This could be an important area of focus for improving the design of a switch
from the standpoint of thermal performance .
Regardless of what path the heat transfer follows (i.e., inside convection heat
transfer or contact between the terminal and the casing), eventually the energy is
convected to the environment, either from the switch case or from the leads. Heat
losses through each side of the case are shown in Figures 5.6 and 5.7. Since the
center casing has a larger surface area, it transfers the largest amount of heat out of
the switch (see Figure 2.1). However, the sides where the terminals are located have
higher heat fluxes because of the higher temperatures around the terminals.
Finally, Figures 5.8 and 5.9 depict the temperature distribution on the switch
case, whereas Figure 5.8 shows constant temperature lines on the surface and Fig
ure 5.9 presents a three-dimensional temperature distribution. Two hot spots in the
regions where the two terminals are located can be seen in these figures. In addition,
the high temperatures centered on these two hot spots can be seen spreading to the
other parts of the case. The intense temperature contour lines in the region around
the dead ends of the terminals shows that conduction heat transfer is high. There
fore, this is an important heat transfer path for switches. As such, a lower terminal
temperature rise is expected if a higher thermal conductivity material is used for the
switch case or if the contact area between the internal components and the case can
be increased.
Heat transfer through radiation occurs in two areas; (1) as heat is radiated from
internal components to the inside surface of the switch case and, (2) as heat is radiated
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Figure 5.8:

Temperature field distribution on the switch case
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Figure 5.9:

3-D temperature field distribution plot
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from the outside surface of the case to the environment.

Several simplifications

were made concerning radiation heat transfer effects in the model because of the
complicated geometry of the switch and the lack of knowledge regarding radiative
properties. For example, the internal components made of aluminum alloy have a
low emissivity, less than 0.1, and the black casing has a high emissivity, approaching
unity. A study of radiation effects (from the internal parts to the switch case) was
performed by using the model and it can be seen from Figure 5.5 that radiation
has little effect; about .3% of the total heat generated is removed by radiation heat
transfer.

The comparison of the one- and axisymmetrical lead wire models
The purpose of the two-dimensional lead wire model is to offer a reliable solution
to the lead wire heat transfer problem so that the results of the one-dimensional
simplified model can be compared and adjusted. According to the results from these
two models, the heat loss rate of the lead wire calculated from the two-dimensional
model is less than that calculated from the one-dimensional model. Figure 5.10 shows
the difference of calculated lead wire heat loss rates between these two models. This
was accomplished by inputting the terminal temperature computed from the onedimensional model as one boundary of the two-dimensional model and running the
program under the same conditions as was done with the one-dimensional model.
Taking a current of 15 amps as an example, a lead wire heat loss rate of 0.215 W was
calculated from the two-dimensional model compared to 0.227 W calculated from the
one-dimensional model; a 6% lower lead wire heat loss results from the axisymmetrical
model.
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Although the 2-D lead wire model gives a more reliable solution, it usually takes
more than ten times as much computational time as that required by the 1-D model.
Furthermore, the portion of the terminal that connects the lead wire and internal
parts is hard to model in the two-dimensional model, whereas it is easily handled
with the one-dimensional model. If that portion of the terminal, between the dead
end and free end, is taken into consideration in the 2-D model, the resulting lead
wire heat loss rate will be larger [see case (b) in Figure 2.5 and the discussion of the
one-dimensional model in Chapter 3].

Experimental Results
Terminal temperature rise experiments were conducted on the V7 type precision
switch in the test cell for various input currents from 0 to 15 amps. The data recorded
in the experiments were presented in detail in the previous section describing the
computer model results.
To show the heat dissipation process from the switch to the environment, black
paint and liquid crystal were also sprayed on the casings and internal parts of the
switch. Photographs taken during these tests are shown in Figures 5.11 through
5.13. They illustrate how heat flows from two hot spots to every corner of the switch.
These pictures showed that the interface contacts (pivots or joints) of the internal
parts, which contribute most of the electrical resistance, are the hottest points in the
switch. Evidence of this is indicated by the fact that it was the first region to turn
red after power was applied. Afterwards, the red region moved along the internal
parts until it reached the dead end of the terminals.
Next, the region where the terminals and the switch case make contact turned
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Figure 5.11:

Heat transfer processes and directions along the internal parts of the
switch using the TLC technique
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Figure 5.13:

Heat transfer processes and directions for the switch ca,se based on
using TLC technicjue
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red as the heat flow moved toward the remaining areas. This phenomenon indicates
that in addition to convection heat transfer from internal parts to the case, heat
is also conducted from the terminals to the switch case in the regions where the
casing and the terminals make contact. As a result, conduction contact heat transfer
to the switch case should be taken into account in the simplified model described
earlier. This conclusion led directly to the development of the second generation
model described in a previous section.
Photographs of the temperature field visualized by liquid crystals were taken in
order to compare the results with the numerical model. Close agreement between
the two temperature distributions on the switch case can be observed as seen in
Figures -5.8, 5.12 and 5.13.
An important assumption made in developing the computer models is that heat
generation takes place only inside the switch. In reality, another type of electrical
resistance, and hence a heat source, exists where the switch and lead wires are con
nected. (This contact resistance, both electrical and thermal resistance, occurs when
two objects are put together). If the switch terminals are soldered to the lead wires,
then this contact resistance is significantly reduced. Figure 5.14 shows that the ter
minal temperature rise is lower when soldering is applied. Taking an input current
of 15 amps as an example, the terminal temperature rise is lowered 5 to 8° C' when
it is soldered.
The modeling data indicates that heat losses from the lead wire are approximatedly 45% of the heat generated for a wire of 14 AWG (neglecting the skin effect).
This indicates that the lead wire size affects the terminal temperature rise. For ex
ample, a larger lead wire will transport more heat to the environment, thus lowering
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the terminal temperature rise. Figure 4.1 shows the temperature measurements for
three different sizes of lead wires and the above conclusions are verified. At a rated
input current of 15 amps, the terminal temperature rise is about 56.5° C for the lead
wire of 16 AWG, 52.1° C for 14 AWG, and 46.4° C for 12 AWG.
As a further comparison between the experimental test results and the numerical
model results, cases for different sizes of lead wires have been run in the numerical
model and tested in the experimental setup. Figures 5.15, 5.16, and 5.17, which
correspond to AWG 12, 14, and 16 lead wires, show good agreement between the
model and the experimental test data. These results further verify the accuracy of
the model and also demonstrate the usefulness of the model for engineering design.
The computer simulation used to compute the heat loss through the contacts
between the terminals and switch case assumes perfect contact (i.e., negligible contact
resistance). However, a closer inspection of the switch shows a gap. From the heat
transfer point of view, a thermal contact resistance is created. Since the heat loss
through this contact region is significant, it was concluded that if improvements can
be made for the contact condition, then the terminal temperature rise can be lowered.
Two contact conditions were tested to show this effect. Specifically, the precision
switch similar to the V7 that appears to have a closer fit between the terminal and
casing was tested. At the other extreme, less contact area was created by removing
some contacting plastic on a V7 switch, thus the contacting condition was made
worse. Figures 5.18 and 5.19 show the effect on the temperature under the two test
conditions. These two figures show that the switch with the better contact condition
has a lower terminal temperature rise, while the one with poor contact condition has
a higher terminal temperature rise.
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To determine whether the switch electrical resistance is constant or a function of
the input currents, the voltage drop across the switch was measured. As Figure 5.20
shows for three different cases, approximately constant resistance exists since the
slopes which represent electrical resistances are nearly constant.
As shown previously, about 55% of the heat, including contact heat loss, convective heat loss, and radiative heat loss, is dissipated through the switch case where the
terminals have good contact with the casing and 45% is dissipated down the leads.
Therefore, if the thermal contact area is small, then higher temperatures will occur
at the terminals. On the other hand, if more contact area is provided between the
internal parts and the switch case, then a lower terminal temperature rise is expected
as the contact heat loss is increased.
The effect of using a higher thermal conduction casing material was also investi
gated. For example, a test case of 15 amps with a higher casing thermal conductivity,
1.875 W/mK instead of the original 1.25 W/mK, was evaluated by using this model.
The results show that the terminal temperature drops from 50.2 to 49.5 ° C and the
heat transfer rate increases from 0.147 to 0.201 watts.
Another test run was by performed to show the effect of lead wire heat transfer
area. If the width of the two terminals was changed to 0.0009 m (currently about
0.00045 m), the heat transfer area is doubled. The results from the model show that
terminal temperature drops from 50.2 to 46.5 ° C and the heat transfer rate increases
from 0.251 to 0.286 watts.
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CHAPTER 6.

PARAMETRIC STUDY

Purpose
Among the many switch variables, either geometry- or material property-related,
some influence terminal temperature rise more than others. Concentrating on the
heat transfer processes in the switch, one can identify those variables have the largest
effect on terminal temperature rise. Before heat can be removed from any external
surface, it must be transported to the various surfaces by means of thermal conduc
tion. Consequently, only variables that affect conduction heat transfer are impor
tant. Examples include, property-related variables, such as the thermal conductivity
of the switch material and geometry related variables, such as cross-sectional areas
and characteristic lengths. Other factors that affect heat transfer from the external
surface of the switch to the surrounding area are environmental factors, such as room
temperature and convective heat transfer coefficients.
Variables analyzed in detail as part of the parametric study are property pa
rameters, (i.e., the thermal conductivity of the casing, terminal, and lead wires) and
geometric parameters (i.e., terminal thickness, average gap spacing between internal
parts and the casing, surface area of internal parts, and average casing thickness).
In addition, convective heat transfer coefficients are also included in the parametric
study. Specifically, coefficients for a vertical wall, horizontal wall, cylinder surface.
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and enclosure body are evaluated. In regard to radiation effects both inside and
outside of the switch, emissivity will not be studied because calculations have shown
that it makes an insignificant contribution to heat removal.
As part of the analysis procedure, a standard case based upon actual V7 switch
specifications was chosen and its heat transfer rates and terminal temperature rises
were determined. The variables in the parametric study were subsequentially varied
one at a time (e.g., increased or decreased by 2.5%, 50%, 75%...., etc). Holding the
other variables constant, changes in the terminal temperature rise and various heat
transfer rates changed were determined. Because of conservation of energy, the sum
of all heat losses must be equal to the heat generated in the switch. Therefore,
whenever a parameter is varied, a redistribution of the heat loss rate for each path
consequently occur.

Thermal Conductivity
Switch case
The thermal conductivity effects of the switch case, A'c, were evaluated. By
increasing by Kc 25%, 50%, and 75%, Figures 6.1 through 6.4 demonstrate the effect
of thermal conductivity on conduction contact heat transfer, lead wire heat transfer,
convection heat transfer, and terminal temperature rise, respectively. The main effect
of switch case thermal conductivity is on the conduction contact heat transfer rate,
which is calculated from
(6.1)
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where At is the average thickness of the switch case. Eq. 6.1 shows that the heat
transfer rate is directly proportional to A'c, At, and the integral term.
As seen in Figure 6.1, increases of 2.5%, .50%, and 75% in A'c result in approxi
mately 12.5%, 24%, and .35% increases, respectively, in

(conduction contact heat

transfer). The increased Q^f causes the terminal temperature to drop less than 0.7°
C as shown in Figure 6.4. This terminal temperature drop, in turn, reduces <5/^
(lead wire heat transfer) and Qcv (convective heat transfer) in order to compensate
for the increased Q(.f . Since Q^f- is not the primary heat transfer path, the variation
of terminal temperature rise is small (e.g., 0.7°C') even though a 75% increase of A'c
occurs. This indicates that K q is not a major factor in switch design, unless it can
be increased tremendously. The results also indicate that the terminal temperature
rise is not sensitive to inaccuracies which may occur in A'c.

Switch terminal
The thermal conductivity of the terminal, A'^, was examined by increasing A'^
by 2.5%, 50

%i,

and 75%. The equation used to calculate the heat loss rate is,
Qlr = 'H§Al

which indicates that the larger the value of Kf then the larger

(6.2)
will be. When

A'^ increases, the terminal temperature, Tf-j,, and likewise the term
because only a smaller

are lowered

is now needed to maintain the same Qi^. The net effect

of the increased Kf and lowered

shown in Figures 6.5 through 6.8, is that

a 12..5% increase in (J/r results when

is made 7.5% larger. Because

largest contribution to heat losses, the resulting maximum decrease in

is the
in the

three cases is about 2.7° (see Figure 6.8).
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Lead wire insulation plastic
The effect of the thermal conductivity of lead wire plastic insulation, AV, was
evaluated in Figures 6.9 through 6.12. As shown in these figures, it seems to have
very little influence on either heat transfer rates or terminal temperature rise. The
reason can be found in Eq. 2.19. The three terms in the numerator on the righthand side of Eq. 2.19 are three thermal resistances which hinder heat transfer to the
environment. The three terms are

~

+

2AV=r

The magnitude of the three terms on the right-hand side of Eq. 6..3 is about 98.3,
0.1, and 1.15 niK/W, respectively. In other words, the thermal resistance of the lead
wire insulation is only about 1% of the total thermal resistance. So even with a 75%
increase in its value, little difference, a 0.36° C decrease in the terminal temperature
rise, is seen in Figure 6.12.
The thermal conductivity of the terminal,

has a greater effect on the thermal

performance of a switch than that of A'c and Kr-

Geometric Specifications
The geometrical variables includes the average thickness of the switch case, av
erage gap between the case and internal parts (including spring, anchor, lever, and
contacts), surface area of the internal parts, and the thickness of the terminal. When
the average thickness of the switch case is increased, the switch volume also increased
while the internal parts are assumed to occupy the same volume. Conversely, when
the average gap between the switch case and internal parts is increased, the switch
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volume remains the same but the volume of internal parts is decreased.
The increase of the surface area of internal parts is accomplished by thinning the
internal parts without changing their volume. Therefore, the average thickness of the
switch case and average gap between the case and internal parts remains constant.
Although increasing the surface area of internal parts is desirable in lowering the
terminal temperature rise, the structural arrangement of the internal parts within
the switch is also an important consideration.

Average thickness of switch case
The average thickness of the switch case, At, is an artificial parameter designed
to simplify the .3-D real case by transferring it to a 2-D planar calculation. This is
important since the thickness of the switch case varies considerably because of the
many complicated contours on the inner casing surface. This study evaluates Ai's
sensitivity with respect to both heat transfer rates and terminal temperature rise.
Equation 6.1 showed that the conduction heat transfer,

equals Kcl

f}T

At plays much the same role as does Kci except increases in At not only increases

Q^f- by providing a larger conduction heat transfer area, but it also hinders heat
transfer from the inside to the outside surface of the case. This inside heat transfer
arrives at the inside case surface from internal parts by convection in the enclosure.
Figures 6.13 through 6.16 indicate trends similar to that seen in Figures 6.L through
6.4, previously. For example, both show similar heat transfer rates and terminal
temperature rises. Although the average thickness of switch case increases 75%, the
terminal temperature rise has a maximum decrease of 0.7° C.
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Average gap between case and internal parts
The average gap between the switch case and internal parts, (like the average
thickness of the switch case, At), is an estimated parameter to make the calculation
of the convective heat loss rate easier (see Eq. 2.13). The average gap is obtained
by subtracting the equivalent sphere radius of the internal parts from the equivalent
sphere radius of the switch. Increasing the average gap will enhance the convective
heat loss rate effect as suggested by the heat transfer correlations (like I in Eq. 2.13).
Because the convective heat transfer has only a minor rate in heat removal, no sig
nificant change in terminal temperature rise is expected.
From Figures 6.17 through 6.20, it can be seen that a 75% increase in the average
gap causes a 16% increase in the convective heat transfer, but only a 3.15% reduction
in lead wire heat transfer, a 3.1% reduction in conduction contact heat transfer, and
a 0.17° C reduction in the terminal temperature rise.

Surface area of the internal parts
The surface area of internal parts affects convection heat transfer to the inside
of switch case. Therefore, increases in surface areas provide increases in internal
convection heat transfer between internal parts and the switch case. As shown in
Figures 6.21 through 6.24, increasing the surface area greatly enhances the convective
heat transfer effect, but only moderately reduces the other two heat loss rates. This
in turn slightly lowers the terminal temperature rise, with a maximum decrease being
0.6° C.
Compared with the previous parameter, namely the average gap between the
case and internal parts, the internal surface area is more influential. The reason
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for this greater effect is that increasing the internal surface area, not only provides
an additional convection heat transfer area, but also shortens the convective heat
transfer characteristic length which increases hen in the enclosure (Eq. 2.13).

Average thickness of terminal
The heat transferred through the leads must first pass through the terminal so
that the cross-sectional area of the terminal serves as a heat transfer area for the lead
wire heat transfer path. Again, the equation calculating the lead wire heat transfer
f)T
rate,
predicts that Kf and ,4^, the terminal's thermal conductivity and
area, will have similar effects for both heat transfer rates and terminal temperature
rises. Indeed, this was observed when the two groups of plots in Figures 6.1 through
6.4 and in Figures 6.25 through 6.28 were compared.
Terminal cross-sectional area plays a role similar to that of lead wire size when
the results obtained here are compared with the results presented earlier in Chapter
5 for different lead wire sizes. The results predicted are a terminal temperature rise
of 52.1° for 14 AWG wire, 56.5° C forl6 AWG, and 46.4° C for 12 AWG. Figure 6.28
shows the terminal temperature lowered 2.8° C when the thickness of the terminal
increases 75%.

Convective Heat Transfer Coefficient
As discussed in the literature view, the convection heat transfer coefficients of
geometries similar to the basic precision switch are used in the model. This, of course,
affects the solutions obtained from the numerical model. The study of the following
convection heat transfer coefficients will help to see the extent of influence on the
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model results.

Horizontal plate

Very small changes are found in all heat loss rates and the terminal temperature
rise when

, the convective heat transfer coefficient for a horizontal plate, was varied

by ± 25%. When

was increased by 25%, the conduction contact heat transfer

rate which can be calculated from the following equation,
Qct = Qcv,o + Qrad.o ~ Qcv,i ~ Qrad^i

increased 1.8%i. This increase is because of the larger heat removal rate by convection
from the switch case as indicated by the first term on the right hand side of Eq. 6.4.
Consequently, the increase in
rate, Q^

lowers

Therefore, the convective heat loss

— Tease), and lead wire heat loss rate, Qij,, become smaller

because of the decreased terminal temperature. As can be seen from Figures 6.29
through 6.32,

decreases about 1.6%, Qi^ decreases 1.7% and

0.1° C decrease. When

has about a

decreases 25%, then the reverse results occur.

Vertical plate

As for the heat transfer coefficient for a vertical plate, it has similar effect on
the heat loss rates and the terminal temperature as the horizontal plate case. This
is indicated in Eq. 6.4. The first term on the right hand side of Eq. 6.4 is the
heat transfer rates from the switch case to the environment by convection and is
composed of the horizontal plate (top casing) and vertical plate (side casing), Qcv,o =
Qcv o h ^ Qcv,o,v- The previous variable,

deals with horizontal plate part of the

switch case and the present variable, hy, takes care of the vertical plate part.
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Similar curves for heat loss rates and terminal temperature are shown as the
previous hf^ variable, except that now greater changes in the heat transfer rates and
the terminal temperature rise are observed. For example, Figures 6.33 through 6.36
show a 0.75° drop for

1.8% decrease for Qdi 2.4% decrease for Q ij ,, and 3.4%

for Qcv The reason for this change is that hi< is not only used in convection heat
loss path but also used in the lead wire heat loss path for the terminal part as shown
in Figure 2.5 case (b).

Enclosure with its inner body

The convective heat transfer coefficient between the enclosure and its inner body,
/ien, affects Qcv according to hen-'^iiTfer ~Tc)- A 25% increase in hen yields a 19%
increase in Qcv find brings Tj-gj. down approximately 0.2° C. In turn, this decreased
T iq - p results in a smaller Q ^-i and Qi^ as shown in Figures 6.37 through 6.40.
The above results for

/if., and hen demonstrate that moderate inaccuracies

in the three heat transfer coefficient correlations will cause minimal change in Tj-ev
Therefore, the simplifying assumption that was made to make them applicable to the
model will only have small impact on the terminal temperature rise.

Cylinder

Because the convective heat transfer coefficients are all related to minor heat loss
nonconductive paths, none of them have a significant impact on terminal temperature
rise. However, in contrast, the heat transfer coefficient on the outside surface of the
lead wire have an effect. In other words, hcy^ which is intimately related to hj^^, is
expected to have more influence on

This is indicated in Figure 6.43 in which
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a maximum terminal temperature decrease of 1.7° is shown when hey increases by
25% for a current of 15 amps. Also, shown in the fact that
a 10% drop, and

has a 7.5% drop, Qcv

a 8% rise in Figures 6.41 through 6.42.

Of the four convective heat transfer coefficients just discussed, h e y is the most
critical one because of its large effect on

Therefore, each factor that affects hey

should be carefully taken into consideration, for example the inclination angle of the
lead wire in Eq. 2.22, so that it may be as accurate as possible.

Summary

It has been shown that variables related to the lead wire, such as the terminal
thermal conductivity, cross-sectional area, and convection coefficient on the outside
of lead wire, have greatest potential to change the terminal temperature rise. Next
in importance are those variables related to conduction contact heat transfer, such
as casing thermal conductivity and thickness. Finally, variables related to convective
heat transfer inside the switch have the least influence. The following points provide
a guide to designing a thermally well-behaved precision switch.
1. Electrical resistances in the switch provide heat sources, and, therefore, should
always be minimized. Locations such as pivot joints, contact interfaces, and
lead wire connections, or wherever two parts connect, should be well designed
(including choice of material, contact geometry, and contact force), and manu
factured and maintained free of foreign particles and contamination.
2. Always make sure the leads of the switch have the best possible ventilation.
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3. The arrangement of internal parts (lever, spring, contacts, terminal, etc.) inside
the switch, as far as heat transfer is concerned, should be guided by the principle
of increasing the thermal contact area with the switch case. This arrangement
enhances conduction contact heat transfer.
4. Once the internal parts are assembled and switch resistance is determined,
attention should be directed to the material selection and geometric design for
casing and lead wire connection. Material selection is determined by factors
such as thermal conductivity (which should be as large as possible), density,
and cost.
5. Consider adjustment of geometrical variables under allowable conditions. For
example, increasing the surface area of internal parts or the average casing
thickness will help to lower the terminal temperature rise.
6. The last item, the compactness of all the places where the internal parts make
contact with the switch case, especially the terminal, deserves attention so that
a smooth heat flow path from internal parts to the switch case can be achieved
by minimizing thermal contact resistance.
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CHAPTER 7.

CONCLUSIONS

In this study, a computer model (called MICR0V7) which simulated the thermal
behavior of V7 precision switch was developed through a literature review, formula
tion of a mathematical model, a numerical solution method, and experimental veri
fication. The conclusions drawn from each area of the present study are summarized
in the following sections.

Summary of Literature Review

The literature review reveals that the available information pertaining to preci
sion switch modeling work is scarce. However, the literature concerning convective
heat transfer coefficients for various geometries under different boundary conditions
is abundant. Careful utilization of this information will improve the modeling work.

Summary of the Experimental Study

Terminal temperature rise test facilities were constructed and instrumented ac
cording to UL 1054 and MIL-S-8805D in order to study the thermal operation of the
V7 precision switch. The thermochromic liquid crystals technique was used to show
the temperature distributions inside and outside the switch. Three heat transfer
paths, namely convection heat transfer path, conduction contact heat transfer path,
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and lead wire heat transfer path, were identified for the heat generated inside the
switch to be dissipated to the environment. Also, good comparisons between the ex
perimental and numerical results for the terminal temperature rises and temperature
distribution were found.

Summary of the Computer Simulation

A computer model employing a finite difference method was developed to solve
the partial differential equations describing the thermal phenomena of the V7 preci
sion switch. Convection heat transfer was modeled utilizing empirical convective heat
transfer coefficients and Newton's law of cooling. Conduction contact heat transfer
was modeled according to Fourier's law and the energy conservation law. All the
equations are solved by finite difference numerical techniques.
The simulation study modeled the three main heat transfer paths found in the
experimental study of the V7 precision switch. The results showed that the lead wire
heat transfer path is the most crucial one for the removal of the heat generated in the
switch (about 45%). However, the conduction contact heat transfer path could not be
neglected because it involves as much as 35% of total heat losses; this is particularly
true when the lead wire heat loss path is restricted. The convection heat transfer
path dissipates about 20% of total heat generated.
The parametric study reveals the influence on the heat loss rates and terminal
temperature rise of all the important variables of the V7 switch. The study showed
that the thermal conductivity and heat transfer area (average thickness) of the ter
minal are the most critical variables. For example, double the thermal conductivity
or the heat transfer area will lower the terminal temperature rise by as much as .3°

www.manaraa.com

Ill

to 4° C.

Future Research Work
Model work

1. Computational time of the program:
Each run of the second generation model takes about 100 minutes CPU time
on a Vax machine. Therefore, efforts to shorten computational time would be
useful.
2. Third generation of switch model:
The second generation model has taken many important features of the switch
into consideration and has shown reasonable results. However, two important
assumptions were made for the model. First, the internal parts were lumped
together to simplify the problem. The second assumption was that the three
heat loss paths are independent, which allows separating the calculation of the
three heat loss paths without consideration of the coupling effect of heat transfer
among them. However, mutual influence does exist among the three paths. The
temperatures used to calculate convection heat losses, conduction heat losses,
and lead wire heat losses are each different. However, these temperatures are
treated as if they were the same in the present model. Thus, a scheme which
more realistically models the switch needs to be developed.

Experimental work

1. The thermal contact resistance between two or more contacting parts should
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be experimentally determined for input to the model.
2. The liquid crystal technique can be utilized to make further comparisons be
tween experimental and numerical results. Specifically, liquid crystal can be
applied to the ends where the terminal temperature data are taken, and the
power supply can be fine-tuned to obtain the terminal temperature precisely
at the liquid crystal's color change temperature. In this way, the temperature
gradient of the terminal can be accurately measured and the heat transfer rate
through the lead wire can be precisely obtained.
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APPENDIX A.

TRIDIAGONAL ALGORITHM

The following is a method of solving a tridiagonal matrix problem. The interiorpoint equation is written as

— -•l7?7WV?7 + l +

m

^

1 — ^rn

(A.l)

For example, the one-dimensional Poisson equation

d^O
^ = /(y)

(A.2)

+

(A.3)

gives
Sy-

or
-477? —

— +2, Cm — +I,i5777 — ~fni^y'^

(A.4)

To reduce the size of the round-off errors, Richtmyer and Morton [13] show that it is
sufficient that
.4777 > 0,Bm > 0,C'm > 0

(A.5)

Bm > -4777 + ^'m

(A.6)

where m ranges from m=l to m=M, with various combinations of boundary condi
tions at either end.
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If two vectors E and F exist such that, for any W
= £"777 H'+ Fm

(A. 7)

The existence of such E and F will become evident. Now if Eq. A.7 is indexed down
in m to obtain
+ Fj-,-^-1
Substituting for

(A.8)

from Eq. A.8 into Eq. A.7 and solving for Wni gives
rrr

- "B

'47n
r —P

, Dm.+CniFm-l
'^77? + l + "B" r< P

,

Comparing Eqs. A.9 and A.7 and noting that both equations must hold for all W, it
must have
En, = -B
Jjm —

(A.IO)

m-C'777 — 1

Dm+CmFm-l
~ •077?
R "" r m •C'777
P — 1T

,

for m > 1. The left-hand boundary condition will determine E i and F i , after which
the recursion relations can be used to calculate all E and F up to m=M - 1. Then
Wis set from the right-hand boundary, and Eq. A.IO and A.11 are used with the
known A, B, C, D, and the calculated E and F to solve recursively for ^'^777 from
marching down from m=M-l to m=l.
The left-hand boundary conditions are used to determine Ei and

as follows.

Eq. A.9 at m=l gives
Wi = EiW2 + Fi
For a Dirichlet condition

(A.12)

= aj^, the relation above must hold for all possible

values of W2\ thus,
El = 1

(A.13)
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(A. 14)

for
= ai

(A.15)

For a Neumann boundary condition, as in
do
- = .1
dy

(A.16)

e2-0i = si8y

(A.17)

El = 1

(A.18)

Fi = -siSy

(A.19)

it has

then

for
(A-20)

dy

For a mixed (Robbin's) boundary condition, as in
do
0 + PI— = qi
dy

(A.21)

Wr. - W^
1 '-i
t -+
m
II VV
p i—
-^^- = qi
8y

(A.22)

which gives
-

then

so, it is seen
E, =

1 - pilSy

,A.24)
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_

qilSy
1-Pll6y

The right-hand boundary conditions are used to determine
Dirichlet condition 9 = a

as follows. For a

obviously
W'm =

(A. 26)

For a Neumann condition d O / d y =
^^M-l =

M ~

(A.27)

so

For a mixed condition
,

^ L±PJ^^V2 -

(A.29)

then
IT.
Set

_ ^M~l+lM^ylPM
l +hlPM-^M-l

and F-^ from left-hand boundary conditions, using Eqs. A. 13 to A.15,

Eqs. A.18 and A.19. or Eqs. A.24 and A.25. March out and store the vectors Em
and F/77, according to the recursion relations Eqs. A.10 and A.11, up to m = M-l. Set
W m from right-hand boundary condition, using Eqs. A.26, A.28, and A.30. Finally,

calculate the solution vector Wm by the recursion relation Eq. A.7, stepping down
from m=M-l to m=l.
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APPENDIX B.

COMPUTER MODEL VALIDATION

To show that the numerical model gives reasonable output, the following sections
present a few illustrations used to validate MICR0V7 code.
One-dimensional lead wire model
To validate the one-dimensional lead wire model formed in chapter 2, the exact
solution of Eq. 2.23 (keep h as a constant) was compared with the result from the
one-dimensional lead wire model. To do this, Eq. 2.23 was rewritten as the following
form.

d^d

g

e

where

r< —

^

I

^

I

+

'air

21^

+

(R

2Krn

^

If hio is a constant, then Eq. B.l is a linear ordinary differential equation, and its
exact solution is

0(x)='-^
-2/[JCL ^ ^

- + C^
Kl

(B.3)
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Using the same hw as used in the one-dimensional model in Eq. B.3, the exact solution
of the temperature distribution along the lead wire was obtained. The comparison
of the temperature distributions along the lead wire calculated from both the onedimensional model and Eq. B..3 is presented in Figure B.l, and very good match is
seen.
Axisymmetrical lead wire model
The lead wire heat loss rate can be obtained by either of two ways. The first
is to multiply the temperature gradient at x = 0 by heat transfer area and thermal
conductivity as the following equation:

Qlrl = -^^V/|^l(.T=0)

The second is to integrate the heat dissipated from the outer surface of the wire and
minus the heat generated in the lead wire as the following equation,

^lr'2 ~ j "9^'copper
The results show that Qij^i has a value of 0.1.3384 W and <5/^2

(B.5)
0.13273 W. The

temperature distribution along the copper core of the wire from axisymmetrical model
was compared with the results from the one-dimensional model shown in Figure B.l.

Conduction contact heat loss model: energy balance check
There are also two ways to account for the conduction contact heat loss rate in
this model. The first is to calculate the sum of convection and radiation heat transfer
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rate from the switch case to the environment and then subtract the sum of convection
and radiation heat transfer rate from the internal parts to the switch case.

^ c t l ~ Qconv^o + Qrad,o " Qconv^i ~ Qrad,{

(B.6)

The second uses the following formula to calculate

Qct'l = I'^case

r dT
—dwAt

(B.7)

where A t is the average thickness of the switch case, s is the direction perpendicular
to the terminal, and w is the direction parallel to the terminal. Qconv.oi Qrad o'
Qconv p Qrad r

were calculated from the model and from a

Qctl

simple hand calculation using .36° C for the average switch case temperature. The
results are listed in the following table:
Table B.l:

Qct\

Heat transfer rates comparison

Qconv,o

Qrad.o

Qconv,i

Qrad,i

Qct

0.1300
0.1311

0.1150
0.1047

0.0899
0.0754

0.0085
0.0074

0.1465 W model
0.1530 W hand calculation

calculated from Eq. B.6 and Qct2

calculated from Eq. B.7 are 0.163

and 0.1605 VV respectively.
Conduction contact heat loss model: limiting cases
To check the validity of conduction contact heat loss model, two cases were stud
ied. The first was to input a large convection heat transfer coefficient outside the
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Trrr"

Figure B 2:

Temperature distribution on the switch case: when con
vection heat transfer coefficient is large

52. 2~

Figure B.3:

Temperature distribution on the switch case: when the
thermal conductivity of the switch case is large
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switch case, the second was to use a large thermal conductivity for the switch case.
When the convection heat transfer coefficient approaches infinity, the temperature of
the switch case should approach the room temperature. When the thermal conduc
tivity of the switch case becomes large, the temperature distribution on the switch
case should be uniform and very close to the terminal temperature.
As shown in Figure B.2 and Figure B..3, the conduction contact heat loss model
presented the constant temperature lines on the switch case for both cases. For a large
thermal conductivity of the switch case, the largest temperature difference between
the terminal and switch case is about 2° C. Figure B.3 shows that the temperature on
the switch case is almost uniform and is very close the terminal temperature because
of high thermal conductivity. For a large convection heat transfer coefficient, the
temperature on the switch case decreased sharply from the terminal temperature to
the environmental temperature as shown in Figure B.2. Before the heat is conducted
further down the casing, strong convection removes heat quickly to the atmosphere.
The previous case shows the reverse effect.
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