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ABSTRACT

The Finite Element Analyses (FEA) method is used to perform coupled
Electrical — Thermal analyses of automotive electrical assemblies. An assembly
consisting of a fuse, terminal and electrical wires is evaluated in the study. A procedure
to conduct the analyses using the Patran 3 Finite Element Modeling software and the
ABAQUS FEA software is developed and used to perform the analyses. The analyses is
conducted on every component of the assembly individually and also on the complete
assembly. The analyses includes a representative finite element model for the electrical

as well as the thermal contact resistance between the terminal and the fuse blades.

The analyses procedure consists of three steps. The first step is to perform the
electrical analyses in order to obtain the electric current density and voltage potential.
The second step is to calculate the power distribution based on the current density. The
third step is the heat transfer analyses using the power distribution as input to obtain the

temperature distribution in the electrical assembly.

Experimental study for the components of the assembly as well as the assembly
itself is completed. Hand calculations are performed for the electrical wire in order to
validate the procedure. The results of the experimental work and the FEA analyses are
tabulated and compared. The FEA results correlates well with the experimental study
for the components and the assembly. The FEA results also correlate well with the hand

calculations in the case of the electrical wire analyses.
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INTRODUCTION

Automotive Electrical Systems have grown more complex than ever. One trend
has been towards Electrical Assemblies carrying more power devices and using smaller
spaces. The increased power concentration leads to higher temperatures in the
assemblies. Reliability of the Electrical Assemblies lessens when local/system
temperature increases significantly. Particularly, when several applications are placed in
such a hostile environment as an engine compartment, the Electrical Assemblies are

subject to catastrophic failures.

A typical Electrical Assembly consists of connections (wires, terminals,etc.),
devices (fuses, relays, etc.), plastic layers and housing. Before thermal analyses can be
conducted, the heat generation (primarily the Joule heat) in the connections and devices
due to electrical current needs to be determined. Given the applied current, the Joule heat
can be readily calculated if the conductor geometry is uniform. However, for a
non-uniform geometry, electrical analyses is required to determine the current /voltage
potential thus, the power (Joule heat) distribution. In addition to the power distribution
determination, the thermal analyses model needs to be constructed with proper

conduction, convection and radiation boundary conditions.

Thermal analyses can be conducted through either the analytical approach or the

numerical method. While the analytical approach is limited to some generic geometries,



the finite differencel, finite element2, and boundary element3# methods of the numerical
technique can provide solutions for problems with complex geometry. Due to the
complex geometric nature of Electrical Assemblies, the Finite Element Method will be
used. Patran3 and Abaqus software at Packard Electric is utilized. The proper boundary

conditions for Electrical Assemblies is also investigated in this thesis work.

13.A. Andrews, L. M. Mahalingam, and H.M. Berg, "Thermal Characteristics of
16—pin and 40—pin Plastic DIP’s,” Tran mponents, Hybri Manuf: -
ing Technology, CHMT-4, Dec. 1981, pp.455—461

2D.L. Waller, L.R. Fox and R.J. Hannemann, analyses of Surface Mount Thermal

and Thermal Stress Performance,” IEEE Trans. Components, Hybrids, and Manufac-
turing Technology, CHMT-6, Sept. 1983, pp.257-266

3c.c Lee, A.L. Palisoc, and J.M.W. Baynham, "Thermal Analysis of Solid State
Devices using Boundary Element Method,” IEEE Trans. Electron Devices, 35,
pp.1151-1153

4C.C. Lee and A.L. Palisoc, “Thermal Analysis of Semiconductor Devices,” Topics

in B Element R h, Ed. by C.A. Brebbia, Berlin, Germany: Springer-Ber-
lag, Vol. 7, 1990, pp.12-33



CHAPTER 1

ANALYSES APPROACH

In ion

Automotive electrical centers often contain sub-assemblies that consist of a
fuse, terminal and wire. The temperature distribution of the sub-assembly as a result of
applying a certain amount of current is of interest. In the following chapters, this
sub-assembly will be examined in detail to determine its temperature rise. The analyses
approach of this thesis is to model each component of the assembly separately then
assemble them together for a combined evaluation. The Finite Element Method (FEM)

is used for analyses.

The current passed through an electrical assembly produces heat. In an
automobile, if the heat generated is excessive, it can cause device failures and sometimes
fires. Thermal management considerations in the design of such products is important
not only for reliability, but also for safety. A traditional way of designing such
assemblies is based on a factor of safety and experience. After the preliminary design, a
prototype part is manufactured. This prototype is then tested and its temperature rise
determined. If the temperature rise falls within the design guidelines then the design
process is said to be complete. But in reality, many iterations are required to come up
with the final reliable and safe product. The problem is that this design approach takes
too long and is too costly. For a world as competitive as today’s this is simply,

unacceptable.



The designer requires a tool that can predict design faults quickly and with
reliability. If such tool exists, it can reduce the number of design iterations and prototype
cost. Most of the analyses performed today on such products starts by assuming a
uniform heat generation distribution in the conductive parts of the assembly and goes on
to predict the surface temperature. The inaccuracies in such analyses is due to the
uniform heat distribution load assumption used in the thermal analyses. The distribution
of the heat generated in a conductor is dependent on the geometry and thus the electrical
current distribution. In this thesis work the analyses starts at an earlier step. It
accurately determines the electric current distribution first and then computes the power
distribution for any given geometry. The analyses method is an iterating one that
couples both electrical and thermal finite element analyses using P3/PATRAN ™5 and

ABAQUS®6 software programs.

Approach

When a current is passed through a wire or a conductor it produces heat. An
explanation to this phenomena lies in the understanding of electric current. In an electric
field the electric charge is carried in metallic conductors by electrons. The movement of
these free electrons form the electric current. The electric field loses power in order to

move the free electrons. This power is converted into heat and is given by Joule’s law’:

P = PR M

5 P3/PATRAN is a trademark of PDA Engineering.
6 ABAQUS is a rigestered trademark of Hibitt, Karlsson, and Sorensen, Inc..
TYohn D. Kraus, Electromagnetics, (New York: McGraw-Hill, Inc., Fourth Edi-

tion, 1992), p. 185.



Where P is the Joule heating power,
1 is the electrical current, and,

R is the resistance in Q2

Determining such power requires the determination of the current density for
irregular geometry. The analyses approach used in this thesis applies the finite element
method in determining the current density, voltage potential and temperature distribution
of electrical assemblies. The finite element models presented are constructed using the
Patran 3 software. The heat transfer analyses capabilities in the ABAQUS Finite
Element analyses (FEA) software is used to perform both the electrical and thermal
analyses. The analogy between the thermal and electrical quantities are shown in Table
1. The output of the electric analyses is the voltage potential and current density. Once
the current density for the various elements in the model is determined, the power
distribution is calculated using equation (1). This power is used in a subsequent finite
element heat transfer analyses and applied as a thermal load. The result of the FEA is a
temperature distribution of the assembly being analyzed. The FEA results were obtained
starting with the electrical analyses using the electrical resistivity at an arbitrary
temperature. The maximum surface temperature obtained from the thermal analyses step
was used to calculate the new electrical resistivity and the analyses was reiterated. When
the difference between the final temperature and the temperature used for the electrical

resistivity was less than 1%, the solution was called to have converged.

In Chapter II, the analyses of an insulated wire is performed. The simple
geometry of the wire makes it a good candidate for proof of concept of the method used
in the analyses approach. An automotive fuse model is constructed and analyzed in
chapter III while an electrical terminal model is built and analyzed in chapter IV. In

chapter V, the complete assembly is considered for analyses including the interface



resistance between the terminal and the automotive fuse. All finite element results are
compared with experimental results. The experiments explained throughout the thesis
were performed at the Packard Electric Division of General Motors’ test facility in

Warren Ohio.

TABLE 1

ELECTRICAL - THERMAL ANALOGY

Electrical quantity Thermal quantity

Voltage, V Temperature, T
Electrical conductivity, ¢ Thermal conductivity, k
Current density, J Heat flux,—(k . VT)




CHAPTER 11

INSULATED WIRE ANALYSES
Introduction

Wires are very important components in an electrical assembly. They are the
carriers of the power and signal to many electrical devices in the automobile.
Understanding the thermal response of electrical wires in an automotive application is a
key to the integrity of the entire system as well as the safety of the automobile occupants.
The temperature distribution of the wire as a result of applying a certain current is of
interest. This chapter outlines the electrical and thermal modeling of a 10-gauge

electrical wire.

The Finite Element Analyses Method is used to model the electrical wire. A
three dimensional Finite Element Model is constructed. Electrical analyses is first
performed to obtain voltage potential, current density and power distribution. Thermal
analyses is then carried out to determine the temperature distribution of the wire surface.
Hand calculation is completed to obtain the power and temperature distribution of the

wire. An experiment to evaluate the thermal response of the wire is performed.

The approach taken is to model a long horizontal wire with its insulation
material. Hand calculations, experimental data and FEA results are compared and found

to be in good agreement. The analyses is conducted with the finite element method using

WILLIAM F. MAAC 1IRRARY

VIN OoITATE UNIVERDI



P3/PATRAN finite element modeling and ABAQUS FEA software programs on Hewlett

Packard model 735 engineering workstation.

The objective of the hand calculations is to determine the wire surface
temperature in order to compare with both the experimental and FEA results.
One-dimensional analyses can be considered for an infinite length specimen with no
temperature change expected in the axial direction. First, the power generated due to the
electric current passing through the wire is calculated. After calculating the power,
conduction, convection and radiation thermal resistances are calculated. Finally, the

surface temperature is determined.

Wire Geometry

In order to proceed with the hand calculations, the wire geometry is first
examined. The electrical wire considered has a length of a 910 mm with a cross
sectional area of 5 mm2. Such geometry can be considered to have an infinite length

with no temperature change expected in the axial direction.

A cross section of the wire which shows the wire core, insulation and its
geometric characteristics is shown in Figure 1 From the Figure, A. is the copper core
cross sectional area and is given to be 5 mm?, r,, is the wire insulation core radius found

to be 1.90 mm and r; the copper core radius found to be 1.26 mm.



Wire insulation

Wire core

Fig. 1. Wire cross section

Electrical Analyses Calculations

When analyzing the wire’s electrical characteristics we find that two parameters
are of interest, the electrical resistance and the power generation. The objective of
performing the electrical analyses calculations is to determine the above two parameters
in the given geometry. This power distribution equals the Joule heating which acts as a
heat source in the model. The Joule heating is later applied to the thermal analyses
model as boundary conditions. When we examine the wire geometry we find that it has a
constant cross sectional area. This means that the power distribution in the wire is
constant because of the regular geometry shape. The following equation yields the value

of the Joule heating power:

P =IR 2)
where P is the Joule heating power,

I is the electrical current, A and

R is the resistance, Q

In order to determine the electrical resistance R, we employ the following



10

equation®;

R = 3)

Where R is the electrical resistance, £
p is the electrical resistivity, Qmm,
! is the wire length, mm and

A is the wire core cross sectional area, mm?

The above two equations determine the power generated by the current passing
through the electric wire. The mathematical calculations are given in Appendix A ,

equations number (23) and (24). Table 15 outlines the results of the calculations.
Thermal Analyses

For one dimensional heat transfer, equation® (42) serves as the governing
equation. We calculate the equivalent thermal resistance then substitute in the equation

in order to determine Tij:

T,"'T,,
‘I—P—W 4

where gq is the heat transfer rate, W
P is the Joule heating power, W

T, is the temperature on the wire core surface, °C

8 John D. Kraus, Electromagnetics, p. 187.
9Frank P. Incropera and David P. DeWitt, Fundamentals of Heat Transfer (New

York: Wiley, 1981), p. 69.
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T. is the ambient temperature, °C and

>R, is the total thermal resistance in the radial direction, °C/W

TABLE 2

ELECTRICAL ANALYSES HAND CALCULATION RESULTS

Parameter Value
Electrical Resistance 0.04332Q
Power 38.9880W

Heat is transferred through the wire by three means, conduction through the
insulation material, free convection and radiation to the surrounding air. The total
thermal resistance consist of the conduction, convection and radiation resistances. Both
the convection and radiation resistances act in parallel while their equivalent resistance
act in series with the conduction resistance. Figure 41 illustrates the thermal resistance of

the wire.

Convection resistance

Rc
Conduction resistance MW\
Ry
—— M —
R,
AAA
\AAJ

Radiation resistance

Fig. 2. Thermal resistance representation of the wire model

The total thermal resistance of the wire can be found from the following

equation;



RR,
SR, = Ry + e (5)

where R, is the conduction resistance, °C/W,
R. is the convection resistance, °C/W and

R, 1s the radiation resistance, °C/W

Using equations (44), (45) and (46), the conduction!?, convection!! and
radiation!? resistances can be calculated. The values of the resistances can then be

substituted in equation (43) to compute the total thermal resistance.

)

Ry 5sp (6)

where R, is conduction resistance, °C/W
L is the wire length, mm
r, is the outer wire radius, mm
r; 1S the wire core or the inner insulation radius, mm and

k is the insulation material coefficient of thermal conductivity, W/mm°C

-1
By 2nLr h ™

where R, is the convection resistance, °C/W,
r, is the outer wire radius, mm and

h is the convection heat transfer coefficient, W/mm2°C

_ T,- T,
K. = oe2nLr, (Tt — T) ®)

where R, is the radiation resistance, °C/W,

T, is the wire outer surface temperature, °K,

1%ncropera, Fundamentals, p.81.
Uncropera, Fundamentals, p.80.
2Incropera, Fundamentals, p.10.

12
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T, is the ambient temperature, °K,
o is the Stephan-Bolzman constant,
¢ 1s the material emissivity, and

r, is the outer wire radius, mm

TABLE 3

VALUES OF WIRE THERMAL RESISTANCES

"~ Resistance Type Value °C/W
Conduction Resistance Ry 0.0399
Convection Resistance R, 0.4600
Radiation Resistance R, 1.8220
Total Resistance 2Ry, 0.4070

Next, the total thermal resistance is substituted in equation (42) to obtain T;.
After determining the value of T;, conduction across the insulation material is evaluated
and the insulation surface temperature T, is determined using equation (47). The results
of the wire temperature calculations are supplied in Table 17 while the calculations are

provided in Appendix A.

_ 23LKT, - T) )
o
where ¢ is the heat transfer rate, W
T, is the temperature on the wire core surface, °C and

T,is the wire outer insulation surface temperature, °C
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TABLE 4

TEMPERATURE DISTRIBUTION

Temperature Location Value °C
Wire core surface, T; 39.8
Insulation surface, T, 37.3
Wire Experiment
Description

The objective of the experiment is to obtain the surface temperature of the wire
to verify both hand calculations and FEA results. Surface temperature measurements of
a horizontal electrical wire isolated from air movements around it were obtained. The
wire ends were kept at a constant temperature while supplied by a steady current.
Temperature measurements of the wire ends are later applied to the FEA model as

boundary conditions.

A specimen 910 mm long of 10-gauge wire was prepared. To isolate the wire
from the surrounding air movements, it was placed inside a tube. The tube dimensions
were 900 mm long and 65 mm in diameter. Two heat sinks were connected to the wire
ends in order to keep them at a constant temperature. An ambient thermometer was
placed in the lab to measure the room temperature. An Inframatrics model 600 infrared

imaging camera was used for surface temperature measurements.




Preparation

A window 13 mm wide was cut along the tube length and was covered with
clear thin plastic wrap for visualization and temperature measurement. The tube was
fixed on a wooden board for portability. The wire was placed in the center of the tube
with its ends outside. The wire ends were soldered to the heat sinks. Two end wires
were soldered on the two heat sinks for power supply purposes. The infrared camera
was aimed at the wire in order to gather the sample data required. The photo picture in

Figure 42 shows the wire experiment set up.

Experiment Procedure and Results

Three different variations of the experiment were conducted using electrical
current values of 30, 45, and 55 A. After the set up was completed, the power supply
was turned on. The temperature of the wire stabilized after about twenty minutes

signaling that it has reached steady state. The heat sink temperature was monitored to

15

confirm constant temperature. The infrared camera was directed at the wire and focused.

Thirteen different data points on the wire were pre-marked and samples gathered. The
temperature of the two soldered wire ends and the two heat sinks were also recorded. A
set of three readings were taken for every data point. The average of the three readings
was calculated and reported in Table 7. While conducting the 30 A experiment, the
electrical resistance was measured and found to be 4.01 mQ . The device used to

measure the electrical resistance was the HP model 4328 A ohmmeter.



Infrared camera

Wire inside tube

Fig. 3 The wire experiment set up.

16

Heat sink
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The Finite Element Analyses

The procedure of conducting the FEA consists of two tasks. The first task is to
construct a finite element model using the Patran 3 finite element modeling software.
The second task is to analyze the model using the ABAQUS general purpose — non-linear
FEA software program. Constructing the finite element model consists of several steps.
A geometry model that represents the part being modeled is first prepared. A layer of a
finite number of smaller elements is created on top of the geometry model. The elements
that make up the layer are called the finite element mesh. Next, material properties of
the part are assigned to the Finite Element Mesh. While forces and boundary conditions
can be applied to either the mesh or the geometry, it is preferred to be applied to the
geometry. This saves modeling time later when a more refined mesh layer is required.
An input file that describes the model is then prepared by the modeling software and may
be edited by the user for specific parameters. This input file is then submitted to the

analyses software to be solved.

The coupled electrical-thermal analyses is an iterative process that consist of
three steps. The first step is to determine the current density and the voltage potential.
This is done by performing an electrical FEA. Very few software programs on the
commercial market offer electrical current loading. Also, the programs that offer such
capabilities are very expensive. Hence, the method introduced in this thesis can serve as
an alternative tool for solution of the coupled electrical-thermal FEA problems. Here,
the analogy between electrical and thermal systems is utilized and the thermal FEA
software is used. The temperature-dependent electrical resistivity is calculated initially

based on an arbitrary temperature chosen by guessing the surface temperature. The



18

second step is to calculate the power distribution for every element in the FEA model
based on the electrical current distribution obtained from the first step and the electrical
resistivity. In the third step the temperature distribution is calculated using the thermal
FEA software based on the power distribution calculated in step two. The maximum
temperature in the model is compared to the initial temperature for convergence. The
convergence criteria used in this thesis is 1%. If convergence is not achieved, the
electrical resistivity is recalculated based on the new temperature distribution and the

analyses is repeated.

The Wire Geometry Model

The geometry is constructed using Patran 3 software. The type of element to
choose when creating the finite element model later has to be considered at this stage.
The wire core is represented by five solid geometric entities while the insulation is
represented by four solid geometric entities. Figure 4 shows a cross section in the
geometry model. The wire core has a square entity in the middle to prevent wedge
elements from forming during the meshing step. Each solid geometric entity has a length
of 910 mm. A wire core cross sectional area of 5 mm?2is modeled. The overall wire

diameter with insulation is 3.8 mm.

The Wire Finite Element Mesh Model

The geometry is meshed using three-dimensional, 20-noded hexahedral
elements. Uniform mesh is created throughout the wire length. Although 8-noded hex
elements are sufficient for many applications, the 20-noded element is chosen because it
follows the cylindrical nature of the wire surface better than the 8-noded element. The

copper core is modeled using 12 hexahedral elements per cross section while the plastic
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insulation is modeled using 8 hexahedral elements per cross section. The total number of

elements and nodes in the model is 180 and 915 respectively.

Wire insulation

V A Wire core

Fig. 4 The finite element geometry model

Wire insulation

Wire core

Fig. 5 Two dimensional view of the finite element wire mesh

Figure 5 illustrates a cross section of the finite element mesh model for both
the wire core and the insulation. After creating the mesh, it is necessary to clean the
duplicate nodes that lie on top of each other on the adjacent geometric solids boundaries.

Eliminating the duplicate nodes process is called equivalencing in the Patran 3 software.
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The absence of duplicate nodes prevent solver errors later during the analyses phase.
Next, the elements are given the material properties of both the wire core and plastic
insulation. The material properties are the electrical and the thermal conductivity for the
electrical and thermal analyses respectively. To ensure the correctness of assigning
material properties, an element attributes verification could be executed on a random

element.

Electrical Analyses Loads and Boundary Conditions

The electrical-thermal analogy is utilized to perform the electrical analyses
using the thermal analyses software. Electrical analyses is only performed on the
conductive part of the model, the wire core. From Ohm'’s law, if the current applied
equals 1 A, then the voltage drop equals the electric resistance. In order to verify the
finite element model, a unit current is applied and the resultant voltage potential across
the wire is compared to that of the measured resistance. The current is divided equally
and applied on 8 nodes. The current is applied as a concentrated heat flux with a value of
0.125 A on 8 nodes for a total of 1 A. The zero voltage potential is applied to the model
as zero temperature as shown in the Figure. 6 The loads and boundary conditions are

combined together under one load case.

The analyses input file is prepared using the Patran 3 software. The entire FEA
model is considered with the combined load case mentioned above. Several output
options can be specified. The solution method chosen is a linear static, steady state
solution. The results of interest are the heat flux at the element centroid and the nodal

temperatures which represent the current density and the voltage potential respectively.
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0.0 Volts B.C
Wire core applied on 8 back
nodes.
.125 A Current

applied on 8 front
nodes

Fig. 6 Electrical analyses loads and boundary conditions

Electrical Analyses Results

The voltage drop for the 30 A FEA run is found to be 0.0335 v as illustrated in
Table 5. This translates to a 16.46% difference from the measurement of 4.01 mv
obtained by the HP model 4328 A ohmmeter during the 30A experiment. The current
distribution is also obtained and is found to be a constant value of 0.2006 A/mm2. Fora
quick check, we multiply this value by the wire cross sectional area. This resultsin 1 A

which is the sum of the applied current at the nodes.

Power Distribution Calculation

When electric current flows through a resistance, the power developed is
proportional to the square of the current and directly proportional to the resistance.!3
The second step in the electrical thermal analyses procedure is to calculate the power

generated in the model due to the current passing through. The power per unit volume

3Theodore Baumeister, Eugene A. Avallone and Theodore Baumeister III,

Mark’s Standard Handbook for Mechanical Engineers (New York: McGraw-Hill, Inc.
1978), p. 15-10.
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can be applied as thermal loading on the hexahedral mesh elements created earlier. To
calculate the power per unit volume for each element, the current density for each
element is multiplied by the value of the current for the FEA run, 30, 45 or 55 A then
squared. The resultant value is then multiplied by the copper electrical resistivity. This
is done by using the current density values from the ABAQUS electrical analyses results
file. For the wire model, the power distribution is constant because of the constant wire
cross section. Table 6 shows the power distribution associated with each current value

used in the analyses.

TABLE 5

FEA ELECTRICAL ANALYSES WIRE RESULTS

Parameter Value -
Voltage potential at 30A 0.0335 v
Voltage potential 45A 0.0350 v
Voltage potential at 55A 0.0362 v
Current Density for 30, 45 and 55 amps 0.2006 A/mm?
TABLE 6

WIRE POWER DISTRIBUTION RESULTS

Power distribution, Watts

Current, ampere 3
per mm
30 0.666380E-3
45 0.156454E-2

55 0.241020E-2
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Thermal Analyses Loads and Boundary Conditions

The third and final step in the procedure is the heat transfer analyses. In this
step, the original finite element model used during the electrical analyses step is utilized.
However, the loads, boundary conditions and material properties are modified. While in
the electrical analyses step only the electrically conductive part in the model was used,
in the heat transfer step the entire model including insulation is used. The boundary
conditions on the opposite ends of the wire core are defined as constant temperatures.
The constant temperatures are obtained from experimental results and are given in Table
7 as sold. 1 and sold. 2 temperatures. Convection and radiation boundary conditions are
applied to the wire insulation surface. The temperature dependent convective heat

transfer coefficient is defined according to the following equationl4:

h = 132(47)" (10)

where A, is the convective heat transfer coefficient, W/mmZ2°C and

d is the wire insulation outer diameter, mm

The radiation boundary conditions are defined on the outer surface of the
insulation by specifying the radiation heat transfer coefficient using the following

equation!S:

_ 0e(Tt = T4)
h, = T =T (11)

where 4, is the radiation heat transfer coefficient, W/mmZ2°C,
0 is the Stephan-Bolzman constant,

€ is the material emissivity,

14].P. Holman, Heat Transfer (New York: McGraw-Hill, 1976), p. 253
BIncropera, Fundamentals, p.25
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Ts is the surface temperature,°K, and

T is the ambient temperature, °’K

The power generation per unit volume obtained during the power generation
calculation step is applied to each element of the wire core part of the model. Finally, the
thermal conductivity of both the copper core and that of the insulation is assigned to the
geometry model. The temperature dependency of the thermal conductivity is taken into
consideration. After making all the necessary changes for the model, the ABAQUS heat
transfer input file is generated using the Patran 3 software and then submitted to

ABAQUS for analyses.

Thermal Analyses Results

The ABAQUS results file is brought into the Patran 3 for post-processing. The
temperature distribution of the wire insulation is shown in Table 7. The highest
temperature measured was 36.56, 48.65, 57.95 °C for 30, 45 and 55 A currents
respectively. There is a consistent agreement between this temperature and the
temperaturé measured with the Infrared camera during the experiment. The temperature
of the hottest region during the test had average measurements of 36.8, 52.6, and 65.9 °C
for currents of 30, 45 and 55 amps respectively. The finite element analyses temperature
results had a maximum difference of 12.23% of the experiment results. The maximum
temperature obtained from the hand calculations was 37.3 °C at 30 A current. The FEA

model has a difference of 1.98% with reference to hand calculations.

Discussion

The FEA results were obtained starting with the electrical analyses using the
copper resistivity at an arbitrary temperature. The surface temperature obtained from the

thermal analyses step was used to calculate the new electrical resistivity and the analyses
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was reiterated. When the difference between the final temperature and the temperature
used for the electrical resistivity was less than 1%, the solution was said to have
converged. In most cases convergence required only two steps. Narrowing the
convergence criteria can produce better results, but not significantly better. The electrical
analyses results shown in Table 5 show good correlation with the measured results of
4.01 m.Q2. Examining the thermal analyses results in Table 7 shows that the higher the
temperature, the lower the accuracy of the solution. The results obtained from the FEA
analyses show good correlation with experimental results and hand calculations. The
convection coefficient of heat transfer used is in a general form for a cylinder, using the

localized convection heat transfer coefficient would produce better results.



TABLE 7

WIRE TEMPERATURE DISTRIBUTION CORRELATION

cur- |Method Temperature, °C

o Solder | TL | T3 | T4 | T6 | ™™ | T7 | T | T10 | T12 | Solder |Sink 1 [Sink 2 | ambi-

Amps. 1 2 ent

30 |Test 247 | 323 351 | 363 | 365|368 | 364 | 36.1 | 353 324 | 247 | 23 | 23 | 245
FEA 247 |33.07] 35.6 |36.34 [36.54 | 36.56 | 36.54 | 36.34 | 35.6 |33.07| 247 245
dift. % 0 |238|142 011011065011 011 |085]207| o

45 |Test 276 | 447 | 498 | 517 | 52.4 | 525 | 526 | 523 | 508 | 459 | 266 | 24 | 24 | 242
FEA 276 |42.96 |47.22 |48.35 [48.62 | 48.65 | 48.62 |48.33 |47.15 | 427 | 266 24.2
dift. % 0 |389 518|648 721733757 759|581 61| o

55 | Test 288 | 543 | 61.9 | 64.9 | 655 | 658 | 659 | 656 | 634 | 560 | 28.1 | 25 | 24 | 23.1
FEA 28.8 |50.46 | 56.18 |57.59 | 57.92 [57.95 |57.92 | 57.58 | 56.14 [ 50.30 | 28.1 23.1
dif % 0 |7.07|924 11261157 |11.93 |12.11 [12.23 |11.45 | 10.18| 0

Tsoldert T1 T2 T3 T4 T™ TS5 T6 T7 T8 Tsolder 2

L |
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CHAPTER 1II

AUTOMOTIVE FUSE ANALYSES

In ion

Fuses are the primary circuit protection devices in automobiles. They are
usually located inside the automobile fuse block or electrical center. The temperature
rise of a fuse is an important design characteristic for the fuse block or the electrical
center. This temperature rise must be determined during the design phase in order to
assure that their integrity and reliability are not compromised. Fuse temperature rises
because of the electrical current passing through. Sometimes, the thermal effects reach
the maximum limit when the fuse current rating is reached. The fuse rated current has a
value slightly lower than the fusing current.16 After a period of time at the rated current,
the fuse element melts causing the circuit to disconnect, thus, protecting other valuable

elements such as motors and devices.

This chapter outlines the modeling and analyses of a 30 A automotive fuse
without plastic housing. The finite element method is used to model the fuse. A
two-dimensional finite element model is constructed. Electrical analyses is first
performed to obtain voltage potential, current density and power distribution. Thermal
analyses is then carried out to determine the temperature distribution. An experiment is
performed to measure the temperature distribution of the fuse. The results of both the

experimental work and the FEA are compared. The analyses is conducted utilizing the

15 for Automoti lications (The Netherlands: Littelfuse Tracor B.V.,
Utrecht), p. 8.
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P3/PATRAN finite element modeling and ABAQUS FEA software programs on

Hewelett Packard model 735 engineering workstation.

Electri i n

TABLE 8

AUTOMOBILE FUSE RESISTANCE MEASUREMENTS

Sample # Value Fuse Sample
1 0.0019 Q ,& 292 —1
2 0.0019 Q
3 0.00192€2 i 1, 343
4 0.00192Q ;k pd i
5 0.00185€2 | points of contacts
Average 0.00189€2

The electric resistance across the fuse blades is measured using a calibrated
Hewlett Packard ohmmeter model number 4328A. Several samples were considered and
readings were taken at room temperature. The measurements and their averages are
shown in Table 8. The resistance is measured from the points of contacts between the
fuse blade and the terminal and the average is found to be 1.89 m€. The location of the

points of contacts is depicted in Table 8.
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Fuse Experiment

Description

The objective of the experiment is to obtain the surface temperature of the fuse
to verify the FEA results. Surface temperature measurements of a vertical fuse isolated
from air movements around it were obtained. The fuse ends were kept at a constant
temperature while supplied with a steady current. Temperature measurements of the fuse

blades were later applied to the FEA model as boundary conditions.

The 30 A fuse was tested at 10, 20 and 30 A currents. To isolate the fuse from
the surrounding air movements, it was placed in a small boaster board box. A window
was cut in one side of the box for temperature readings. Plastic wrap was used to cover

the window.

Sink
T4

Sink]
T3

Fig. 7 Fuse temperature measurement locations
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Two heat sinks were connected to the fuse in order to keep the two blades’ ends
at a constant temperature. The current was kept steady by manually adjusting the power
supply while measuring the current across a shunt resistor throughout the experiment.
An ambient thermometer was placed in the lab to measure the room temperature. For
fuse temperature measurement, the inframatrics model 600 infrared imaging camera was

used.

Preparation

The experiment components were assembled on a wooden board for portability.
The board and the experiment set up is shown in Figure 8. First, the heat sinks were
fixed to the board at such a distance so that the fuse would fit vertically with its two
blades each fixed to a heat sink. The fuse ends were soldered to the heat sinks so that the
fuse will stand vertically. Two end wires were soldered on the two heat sinks for power
supply purposes. The boaster board box was placed on top of the fuse. The test
assembly was placed on a counter and the power supply was connected. The infrared
camera was turned on and aimed at the window opening in order to gather the sample

data required.

iment Pr. Resul

Three different currents were passed through the fuse, 10, 20 and 30 A. After
about 5 minutes, the temperature of the fuse stabilized and reached a steady state. The
heat sink temperature was monitored using the infrared camera to confirm constant
temperature. The infrared camera was directed at the fuse and focused. The different
data points on the fuse were measured and sample readings gathered. The temperature of

the two soldered fuse blades ends and the two heat sinks were also recorded. A set of




31

three readings were taken for every data point. The average of the three readings was

calculated and reported in Table 9.

Fuse

Infrared camera Heat sink

Box to
cover
fuse

Fig. 8 The Fuse Experiment Set Up

The Finite Element Geometry Model

The metal conductor part of the fuse consists of three different regions. The
first region consists of the two fuse blades where the fuse connects to the electrical
terminal. The second area is a thickness transition area between the blades and the fuse
element. The third area is the fuse element area. The geometry is constructed using
Patran 3. A three-dimensional model is constructed. First, surfaces that make up the
geometry is created and then thickness is assigned to complete the three dimensional
model. Areas around the circles are constructed carefully for later mesh refinement.
Figure 9 illustrates the geometric entities representing the fuse. The fuse material is
assumed to be Zinc. The geometric entities are assigned electrical and thermal material

Properties for the electrical and thermal analyses respectively.
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The Finite Element M Model

The geometry is meshed as two dimensional shell elements. Finer mesh is
created for areas of complex geometry than for areas of simple geometry. Because the
material properties and model thickness are assigned to the geometry underlying the
elements, it is automatically associated with the mesh in Patran 3 software. This saves
valuable analyses time when the need to further refine the mesh arises. The finite

element mesh model is shown in Figure 10.

Fuse Element £
Transition Area

Fuse Element

Fuse Blade

Fig. 9 Fuse geometry model
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=<

Fig. 10 Finite element mesh for 30 A fuse

Electrical Anal n ndition

The Electrical-Thermal analogy is utilized to perform the electrical analyses
using the thermal analyses software. According to Ohm’s law, if the current supplied
equals one ampere, then the resultant voltage drop is equal to the electric resistance.
This allows for comparing the FEA voltage potential results with the fuse resistance
measurements shown in Table 8. The boundary conditions applied to the model is a 1A
current and a grounded point representing zero voltage. The current is applied on two
nodes with a value of 0.5A as concentrated heat flux. The grounded points are specified

as zero temperatures.

Electrical Analyses Results

The FEA voltage potential difference is found to be 2.0 mQ at room
temperature. This translates to a 5.82% difference from the measurement obtained by

the Hewlett Packard ohm meter. Voltage potential is illustrated on figures 11, 14, and 17
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for 10, 20 and 30 A respectively. The current density is also obtained and used to
calculate the power distribution generated in the model. The power distribution for the

different currents are shown in Figures 12, 15 and 18.
Thermal An Boun ndition

The boundary conditions applied are constant temperature, convection and
radiation. The convection and radiation boundary conditions are applied to the front and
back faces of the elements. The temperature dependent convective heat transfer!”

coefficient taken to be:

he = 1.42("{)]/4 (12)

where . is the convective heat transfer coefficient, W/mm?2°C and

L is the vertical dimension, mm

The radiation boundary conditions are defined on the outer surface of the
insulation by specifying the radiation heat transfer coefficient using the following

equation!8:

_0e(Tt = T%)
K = T =T (13)

where 4, is the convective heat transfer coefficient, W/mm?2°C and
o is the Stephan-Bolzman constant,

€ is the material emissivity,

"Holman, Heat Transfer, p. 253
18Incropera, Fundamentals, p.25
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Ts is the surface temperature, °K,

T is the ambient temperature, °K

A constant temperature is applied to both the left and right blade edges. This
temperature is obtained from the experimental procedure results. Table 9 shows the
value of the temperature applied as sold. 1 and sold. 2 for the left and right blade edges
respectively. The thermal load applied to the model is that of the joule power generated
in the model due to the current density. The heat generation in watts per unit volume is

applied to each element of the model.

Thermal An Resul

The temperature distribution of the fuse is depicted on Figures 13, 16 and 19 for
10, 20 and 30 A respectively. The FEA results are tabulated in Table 9 for the various
current values. Table 9 also shows a comparison between the experimental and FEA
results for approximately the same locations and currents. The accuracy of the FEA is
calculated and depicted in the same Table. The accuracy of the finite element analyses is
in good agreement with the the experimental results at low current rating. At high

temperature the FEA results have values much higher than the experimental results.

Di .

The difference in the FEA and experimental results can be attributed to several
reasons. One of the reasons is that the location of infrared measurement is not exactly
the same location as the FEA node. The measurement location falls only in the
proximity of the node. Another reason is that the fuse is modeled with shell elements.
Although the shell element takes a thickness property and the analyses is carried out as a

solid model, the convection and radiation cannot be specified in ABAQUS off the side of



the fuse 2-D shell elements. A model with 3-D solid elements would produce better

results.
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TABLE 9

RESULTS COMPARISON OF 30 A FUSE

Current | Meth- Temperature °C / Node number

°C ry [t [ 13 [ 14 | T3/ | To/ | T2/ | T8/ | T/ | T10/ | sold.1 | Soldz | Sinkl | Sink2 | Am-

2380 | 1751 | 1543 | 2540 | 2557 | 2570 | 2583 | 719 | 916 | 1447 bient

10 | Test | 243 [ 253 | 255 [ 279 [ 27.0 [ 276 [ 270 [ 251 [25.1 [ 243 | 252 [ 251 [ 254 [ 251 | 234
AMPS | eea |25.50 [26.23 |26.62 |30.13 | 30.19 [ 30.02 [ 30.23 | 26.15 | 26.14 [ 25.53
% diff | 5.31 | 3.68 | 439 | 7.99 [11.81 | 877 [11.96 | 4.18 | 4.14 | 5.06

20 | Test | 28.0 | 317 | 333 | 44.4 [ 399 [ 415 [ 39.7 [ 30.8 | 31.5 [ 285 | 26.8 | 275 | 260 | 255 | 246
AMPS | era 12878 [31.59 |33.22 |47.54 |47.88 | 47.2 |47.99 |31.91 [31.84 2035
% diff | 279 | 035 | 024 | 7.07 | 20.0 [13.73|20.88 | 3.60 | 1.08 | 2.98

30 | Test | 350 | 44.3 | 480 | 77.1 [ 65.8 | 70.0 | 66.9 | 42.6 | 440 | 363 | 29.4 | 302 | 259 | 255 | 23.1
AMPS | eea |33.93 [40.27 |43.96 | 77.44 [ 78.28 | 76.64 | 78.56 | 40.60 | 40.49 [ 34.67
% diff | 3.06 | 9.10 | 8.42 | 0.44 |18.97 | 9.49 [17.43 | 4.69 | 7.98 | 4.49

LE



Fuse with 10 A current

Fig. 11 Voltage potential for 30 A fuse with 10 A current
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Fuse with 10 A current

Fig. 12 Power distribution for 30 A fuse with 10 A current
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Fuse with 10 A current

Fig. 13 Temperature distribution for 30 A fuse with 10 A current
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Fuse with 20 A current

Fig. 14 Voltage potential for 30 A fuse with 20 A current
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Fuse with 20 A current

Fig. 15 Power distribution for 30 A fuse with 20 A current
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Fuse with 20 A current

Fig. 16 Temperature distribution for 30 A fuse with 20 A current
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Fuse with 30 A current

Fig. 17 Voltage potential for 30 A fuse with 30 A current passing through
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Fuse with 30 A current

Fig. 18 Power distribution for 30 A fuse with 30 A current
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Fuse with 30 A current

Fig. 19 Temperature distribution for 30 A fuse with 30 A current
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CHAPTER 1V
TERMINAL ANALYSES

In ion

Terminals are the primary connectors to devices in automotive electrical
systems. In many applications, the connection system is only as good as the connection
the terminal can provide. The interface of a terminal is carefully designed and
manufactured in order to provide the lowest electrical interface resistance. In this chapter
a terminal is examined as a stand-alone device while modeling its interface resistance is
presented in the next chapter. An experiment is performed with the objective of
measuring the surface temperature of an electrical terminal. A FEA model is constructed
and electrical-thermal analyses is carried out. Voltage potential, power and temperature
distribution are determined. A comparison between the experimental and FEA results is

provided.

Electrical Resi M men

The electrical resistance across the terminal is measured using a calibrated
Hewlett Packard Milliohmmeter model number 4328A. Five samples were considered
and readings were taken at room temperature. The measurements and their average are

shown in Table 10. The resistance is measured from the points of contacts between the
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fuse blade and the terminal and the average is found to be .44 m€2. The locations of the

points of measurements are shown in Table 10.

TABLE 10

TERMINAL RESISTANCE MEASUREMENTS

Sample # R Value Fuse Sample
1 0.00041 Q2 C : 3
2 0.00043 2
3 0.00045 €2 Spring Terminal
4 0.00044 Q |
U v
5 0.00047 Q2
— —
Average 0.00044 Q Contact Crimg
area
Terminal Experiment
Description

The objective of the experiment is to obtain the surface temperature of the
terminal in order to verify the FEA results. Surface temperature measurements of a
horizontal terminal isolated from air movements around it were obtained. The terminal

contact points were kept at a constant temperature while supplied by a steady current.
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Temperature measurements of the location of the contact points were later applied to the

FEA model as boundary conditions.

The terminal was tested at 10, 30 and 50 A currents. Temperature
measurement locations are shown in Figure 7. To isolate the terminal from the
surrounding air movements, it was placed in a small boaster board box. Since the
Infrared camera cannot capture the image through the box, a window was cut in one side

of the box for temperature readings. Plastic wrap was used to cover the window.

LTl  }—— HeatsSink

T2
T3 T4

TS5

T6 T Terminal

T9
[T T10 F— HeatSink

Fig. 20 Temperature measurement locations for the terminal experiment

The terminal was placed in a horizontal orientation. Two heat sinks were }
connected to the terminal in order to keep the contact point locations at a constant \
temperature. The current was kept steady by manually adjusting the power supply while
measuring the current across a shunt resistor throughout the experiment. Ambient

thermometer was placed in the lab near the experiment set up to measure the room
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temperature. The Inframatrics model 600 infrared imaging camera was used for the

terminal temperature measurements.

Preparation

The experiment components were assembled on a wooden board. The board
and the experiment set up is shown in Figure 21. First, the heat sinks were fixed to the
board at such a distance that the terminal and the copper strips would fit horizontally
between the heat sinks. The terminal contact points shown in Table 10 were soldered to
the copper strips which in turn were soldered to the heat sinks so that the terminal would
lie in a horizontal position. Two end wires were soldered on the two heat sinks for power
supply purposes. The boaster board box was placed on top of the fuse. The test
assembly was placed on a counter and the power supply was connected. The infrared
camera was turned on and aimed at the window opening in order to gather the sample

data required.

Experiment Procedure and Result

The power supply was turned on and adjusted for a 10 A steady current to pass
through the terminal. After about 10 minutes, the temperature of the terminal stabilized
and reached a steady state. The heat sink temperature was monitored to confirm constant
temperature. The infrared camera was directed at the terminal and focused. The
different data points on the fuse were measured and sample readings gathered. The
temperature of the two heat sinks were also recorded. A set of three readings was taken

for every data point. The average of the three readings was calculated and reported in
Table 11.
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Terminal

Infrared camera Heat sink

Box to
cover
terminal

Fig. 21 The Terminal Experiment Set Up

The Finite Element Geometry Model

The actual terminal geometry has many fine details, shown in Figure 22. A
finite element model that has all the details would be too large and would require a great
deal of computer resources. As with any finite element modeling problem,
simplifications should be made in order to minimize the modeling process as long as the
model integrity is maintained. A simplified geometry is computed for the terminal
model. First the terminal was weighted out and its volume calculated using its material
density. The simplified model shown in Figure 22 preserves those of the terminal
geometric characteristics that are important for heat transfer process. The length of the
model is kept the same for conduction and its surface area is calculated and kept the same

for both radiation and convection. The various surfaces of the terminal model were
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given thickness so that its volume is modeled accurately. A three-dimensional model is
constructed. First, surfaces that make up the geometry are created and then thickness is
assigned to complete the three-dimensional model. Figure 22 illustrates the geometric
entities representing the terminal. The geometric entities are assigned electrical and

thermal material properties for the electrical and thermal analyses respectively.

/

P
e

/
X

Simplified geometry Actual geometry

Fig. 22 Terminal geometry model

The Finite Element Mesh Model

The geometry is meshed as two-dimensional shell elements. Because the
material properties and model thickness are assigned to the geometry underlying the
elements, it is automatically associated with the mesh in Patran 3 software. This saves
valuable analyses time when the need to further refine the mesh arises. The finite

element mesh model is shown in Figure 23.
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Zero voltage

One A. current

\

Fig. 23 Finite element mesh for the terminal

El ical An L Boun ndition

The electrical-thermal analogy is utilized for performing the electrical analyses
using the thermal analyses software. Only 1 A current is applied to the model so the
voltage drop resulting from the analyses would equal the resistance value which is then
compared with the terminal resistance measurement shown in Table 10. The boundary
conditions applied to the model is a 1 A current and a grounded point represented as zero
voltage. The current is applied on four nodes with a value of .25 as concentrated heat
flux at the bottom of the terminal. The grounded points are specified as zero

temperatures applied at the contact points as shown in Figure 23.

1 An 1

The voltage potential difference is found to be 0.00042 v at room temperature.

This translates to a 4.55% difference from the measurement obtained by the Hewlett
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Packard Milliohmmeter. Voltage potential is illustrated on Figures 24, 27, and 30 for 10,
30 and 50 A respectively. The current density is also obtained and used to calculate the
power distribution generated in the model. The power distribution for the different

current densities is shown in Figures 25, 28 and 31.

Th L B ndition

The boundary conditions applied are constant temperature, convection and
radiation. The convection and radiation boundary conditions are applied to the outer
faces of the terminal with the temperature dependant convective heat transfer

coefficient!® taken to be:

b= 061(42)” (14)

where . is the convective heat transfer coefficient, W/mm? and

L is the horizontal dimension, mm

The radiation boundary conditions are defined on the outer surface of the
insulation by specifying the radiation heat transfer coefficient using the following

equation20;

_ 0e(Tt — T4)
M T o

where 4, is the convective heat transfer coefficient, W/mm?2°C and

0 is the Stephan-Bolzman constant,

"Holman, Heat Transfer, p. 253
Incropera, Fundamentals, p.25
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€ is the material emissivity,
Ts is the surface temperature,°K,

T is the ambient temperature,°K

A constant temperature is applied to both the terminal bottom crimp area and
the contact points. This temperature is obtained from the experimental procedure results.
Table 11 shows the value of the temperature applied as sink 1 and sink 2 for the crimp
and contact area respectively. The thermal load applied to the model is that of the joule
power generated due to the current passing through. The heat generation in watts per

unit volume is applied to each element of the model.

The temperature distribution of the fuse blades and element are depicted on
Figures 26, 29 and 32 for 10, 30 and 50 A respectively. The FEA results are shown in
Table 11 for the various current density values. Table 11 also shows a comparison
between the experimental and FEA results for the same locations. The accuracy of the
FEA is calculated and depicted in the same Table. The finite element model results are

in good agreement with the experimental results.

The comparison in Table 11 shows better correlation of Tg, T7, Tg and Ty than
the rest of the temperatures. The reason for the difference in temperatures could be
attributed to the upper FEA boundary conditions locations. The boundary conditions are

imposed at the area close to Ty, T3, T4, and Ts. These boundary conditions are applied
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with the temperature value of T; which is the heat sink temperature. The boundary
condition locations are the same as the points of zero voltage shown on Figure 23. This
can explain the low temperatures in the locations around the boundary conditions points.
A better boundary conditions location could be the temperature of T, applied at its

location shown on Figure 20.




TABLE 11

TERMINAL RESULTS COMPARISON

Current Method Temperature °C / Node number
TL | T2 | T3 | T4 | TS | T6 | T7 | T8 | T9 | TI0 | Sinkl Sink2 | Ambient
10 Amps Test 22.6 | 23.6 | 23.5023.54-233 ] 23.7 | 23.7 | 23.6 | 23.7 | 23.3 22.6 233 23.1
FEA B.C. | 22.7 122.69 |22.69 22.68 |22.84 |22.84 | 23.56 |23.47 | B.C
% diff 3.81 | 3.40 | 3.45 | 2.66 | 3.63 | 3.63 | 0.17 | 0.97
30 Amps Test 239 1263 | 263 | 263 | 266 | 268 | 27.0 | 27.1 | 27.1 | 24.1 239 24.1 225
FEA B.C |24.22124.21 |24.21 |24.27 |25.25 | 25.25 | 28.79 | 26.28 | B.C
% diff 791 | 7951795 |876 | 578 | 648 | 6.24 | 3.03
50 Amps Test 249 |1 32.0 | 32.0 | 32.2 | 32.0 | 32.8 | 33.0 | 34.0 | 33.1 | 25.6 24.9 25.6 234
FEA B.C |25.69 |25.69 [25.69 [25.87 | 28.52 |28.52 |138.22 | 314 | B.C
% diff 19.72 119.72 120.22 1 19.16 | 13.05 | 13.58 [ 12.41 | 5.14

LS



Fig. 24 Voltage potential for terminal with 10 A current
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Fig. 25 Power distribution for terminal with 10 A current
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Fig. 26 Temperature distribution for terminal with 10 A current
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Fig. 27 Voltage potential for terminal with 30 A current
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Fig. 28 Power distribution for terminal with 30 A current
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Fig. 29 Temperature distribution for terminal with 30 A current
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Fig. 31 Power distribution for terminal with 50 A current
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Fig. 32 Temperature distribution for terminal 50 A current
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CHAPTER V

THE CONNECTION SYSTEM MODEL

In i0n

This chapter outlines the temperature distribution evaluation of an electrical
system subassembly. The subassembly consists of a fuse, terminal and a wire. The
individual analyses of the fuse, the terminal and the wire has been documented in the
previous chapters. The analyses of the subassembly is a combined evaluation of the
entire connection system. An experiment was conducted in order to measure the surface
temperature of the entire connection system. The temperature boundary conditions for a
3-D finite element model is taken from the experiment results. The calculations to
incorporate the contact resistance in the FEA model is performed. The FEA is completed

and its results are compared with the experiment results.

After evaluating each component of the electrical system in a sub-analyses case,
the entire connection system is now being evaluated. The results of this connection
system analyses will provide the designer with the temperature distribution of the system
placed in a given environment. The analyses takes into consideration the electrical and
thermal interface resistance by incorporating a representative model between the terminal
and fuse blades. Temperature dependent material properties are incorporated for the
various components of the finite element model. First, the experiment is performed to

gather the data for comparison and boundary conditions.
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Th nnection m Experimen

Description

The objective of the experiment is to obtain the surface temperatures of the
connection system to verify the FEA results. The connection system is an electrical
subassembly that consist of a fuse, two terminals and two wires. Current is passed
through the assembly from one wire and out through the second wire. The two wire ends
were kept at a constant temperature while the connection system is supplied by a steady
current. The connection system components were kept isolated from air movements
around it to only allow the natural convection effects to take place. Temperature
measurements of the various points of the subassembly were measured for 30 A current
value. Temperature measurements of the soldered ends of the wires were later applied to

the FEA model as boundary conditions.

Experiment Preparation

To ensure integrity of experiment, new and unused parts are used to assemble
the connection system. The terminals are crimped onto the wires using a hand crimping
tool then soldered to maximize the contact interface at the junction. The two terminals
were then connected to the blades of a 30 A automotive fuse. The wires were soldered
on two heat sinks. Two other wires were soldered to the other end of the heat sink for
power supply. The fuse plastic housing is cut open using a razor blade. The housing is

then removed with the help of a screw driver. The housing is taped back onto the fuse

terminal and blades until the time the experiment is performed to prevent any damage to

the thin fuse element.
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Fuse

Terminal Box to

cover
fuse

Wire

Infrared camera

Tube to
cover
box

Heat sink

Fig. 33 Connection system experiment set up

The subassembly was tested at 10, 20 and 30 A currents. To isolate the fuse and
the terminals from the surrounding air movements, it was placed in a small boaster board
box. A window was cut in one side of the box for temperature readings. Plastic wrap
was used to cover the window. To isolate the wire from the surrounding air movements,
it was placed inside a tube. A window 13 mm wide was cut along the tube length and
was covered with clear thin plastic wrap for visualization and temperature measurement.
The tube was fixed on a wooden board for portability. The wire was placed in the center

of the tube with it’s ends outside.
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Fuse
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™ 10 Gage wires
T4

T3
Tsoldcrl T2 Tsolder 2

Power supply J J )

Sink 1 Sink2l

Fig. 34 Connection system temperature measurements locations

Two heat sinks were connected to the wires in order to keep their ends at a
constant temperature. The current was kept steady by manually adjusting the power
supply while measuring the current across a shunt resistor throughout the experiment.
An ambient thermometer was placed in the lab to measure the room temperature. The
Inframatrics model 600 infrared imaging camera was used to measure the surface

temperatures of the assembly. A picture for the experiment set up is shown in Figure 33.
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Experiment Pr r Resul

The experiment was conducted at a 30 A current. After the set up was
completed, the power supply was turned on. The temperature of the wire stabilized after
about twenty minutes signaling that it has reached steady state. The heat sink
temperature was monitored using the infrared camera to confirm constant temperature.
The infrared camera was directed at the subassembly and focused. The different data
points on the subassembly were pre-marked and samples gathered. The temperature of
the two soldered wire ends and the two heat sinks were also recorded. A set of three
readings was taken for every data point. The average of the three readings was
calculated and reported in Table 14. The temperature measurement locations are shown

in Figure 34.

The experiment results are the surface temperature readings at the desired
locations. These results will be compared later with the FEA results. The average values

for each measurement point are listed in Table 14.

ntact Resi Representative Model

When electric current passes through two members in contact with each other, a
constriction resistance occurs. This resistance is due to the area where the current flows
being constricted. Although the apparent contact area A may look relatively large, the
contact actually occurs in a much smaller area, about 1% of the apparent area. This
small area is called the contact area A, and physically consists of many very small contact
spots. The difference between the apparent area and the contact area is occupied by the
fluid between the two surfaces and is called the void area A,. It is imperative to

determine the characteristics of such contact in order to build a finite element model that



represents it. Specifically, the electrical resistivity, thermal conductivity as well as a

representative volume should be determined.

72

Figure 35 shows two solid bars in contact with each other through a cylindrical

contact spot. This shape will be used in the calculation of the contact spot model used in

the FEA. Consider material g, in the Figure, to represent the fuse blade, while material b

represents the terminal. If we know the electrical resistance R, between the two surfaces,

the radius of the cylinder cross section can be determined from equation?! (16). The

electrical resistance between the two surfaces was measured for 5 samples. The

measurements and their average are given in Table 12.

TABLE 12

CONTACT RESISTANCE MEASUREMENTS

Sample # R Value
1 0.00009 Q
2 0.00007 Q
3 0.00006 €2
4 0.00007 €2
5 0.00008 €2
Average 0.000074 Q

Rlo

(16)

21Ragnar Holm, Electric Contacts Theory and Application, (New York: Reprint,
Springer-Verlag Berlin Heidelberg, Fourth Edition, 1981), p.16
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where R, is the contact spot electrical resistance, €2
p is the contacting surfaces electrical resistivity, 2mm,

a is the contact spot radius, mm

After determining the radius of a cylindrical contact spot, equation (17) can be
used to calculate the equivalent electrical resistivity of the contact spot. The length of the
contact spot can be determined from the material roughness factor. Assuming that both

contact surfaces have the same coating made out of silver, this factor equals 0.000063mm

for each surface.

R=pr (17)

na?

Where R, is the contact spot electrical resistance, €
p is the equivalent electrical resistivity of the contact spot, 2mm,
L is the cylindrical spot length, mm and

a is'the contact spot radius, mm

Material a
Contact spot ——————+77 74 I Lg (Thickness of the void area)
Contact spot radius —— | a+a+

Material b

Fig. 35 Representation of a cylindrical contact spot
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The only other quantity left to determine is the contact spot thermal
conductivity. First the contact coefficient of heat transfer is calculated using equation

(18)22,

_ 1 (A 2k A
= L,(A K+ kT Akf) (18)

where &, is the contact coefficient, W/mm2°C
L, is the thickness of the void space, mm,
k, is the thermal conductivity of material a, W/mm°C,
k, 1s the thermal conductivity of material b, W/mm°C,
k,is the thermal conductivity of fluid in void, W/mm°C,
A is the apparent contact area, mm?2,
A, is the solid to solid contact area, mm?2,

A, is the void area, mm?2,

This coefficient is used in equation (19)23 in order to determine the thermal

resistance R,,.

—_
Ra = 7 19)

where R, is the contact thermal resistance, °C/W,
h, is the contact coefficient, W/mm?2°C

A is the apparent contact area, mm?

The thermal resistance?* is used next in equation (20) to calculate the contact

spot thermal conductivity. Figure 36 illustrates the representative cylindrical model and

22Holman, Heat Transfer, p. 47
Z3Holman, Heat Transfer, p. 48
24Holman, Heat Transfer, p. 48
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it’s equivalent cube for FEA purposes. The contact spot calculations are derived in
appendix A and the results are provided in Table 13.

Ry = 20)

where L, is the thickness of the void space, mm,
R, is the contact thermal resistance, °C/W,
k. 1s the contact thermal conductivity, W/mm°C

A, is the solid to solid contact area, mm?2

I’ 0.00126mm r 0.00126mm
a=0.101351mm

0.17964mm
cylindrical Rectangular (FEA)

Fig. 36 Contact spot representation model
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TABLE 13

CONTACT SPOT CALCULATION RESULTS

Characteristic Value
radius, a 0.101351 mm
Contact area, Ac 0.032271 mm?
Electrical resistivity, p 0.001895 Q2 mm
Contact coefficient, he 0.725538 W/mm?°C
Thermal resistance, Ry, 0.060009 °C/W
Thermal conductivity, k¢ 0.651000 W/mm°C

The Finite Element Model

The various subassembly components were combined together to build the

complete subassembly. This was done by importing the various files constructed in

chapters VII, III and IV into one using the Patran 3 software. After combining the files

together, some geometry functions might be needed in order to clear any interference

between the different geometric entities. Connecting the various subassembly

components together was done by using the ABAQUS multi-point constraint (MPC)

feature. This feature allows for connecting any number of nodes to each other through

connecting their degrees of freedom. In thermal analyses, this degree of freedom is the

temperature. Once the subassembly component models are connected together, the

model is ready to be assigned the new loads and boundary conditions.
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Electrical Analyses

As was done in the previous chapters, the electrical-thermal analogy is utilized
to perform the electrical analyses using the thermal analyses software. Electrical
analyses is only performed on the conductive part of the model. A unit current is
applied as a concentrated heat flux with a value of 0.25 on 4 nodes. The zero voltage
potential is applied to the model as zero temperature. The loads and boundary conditions

are combined together under one load case.

The analyses input file is prepared using the Patran 3 software. The entire FEA
model is considered with the combined load case mentioned above. Several output
options can be specified. The solution method chosen is a linear static, steady state
solution. The results of interest are the heat flux at the element centroid and the nodal
temperatures which represent the current density and the voltage potential respectively.
The voltage potential is shown in Figure 37, while the Current distribution is shown in

Figure 38.

Thermal Analyses

The final step in the procedure is the heat transfer analyses. Here the original
finite element model used during the electrical analyses step is utilized. The loads,
boundary conditions and material properties of the model are modified to reflect the
thermal loads, boundary conditions and material properties. While in the electrical
analyses step, only the electrically conductive part in the model is used; in the heat
transfer step, the entire model including wire insulation is considered. The boundary
conditions on the soldered ends of the wires is defined as a constant temperature. The

constant temperature is obtained from experimental results and is given in Table 14 as the
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solder temperatures for the left and right wires. Convection and radiation boundary
conditions are applied to the wire insulation surface. The temperature dependant

convective heat transfer coefficient is defined according to the following equation®:

b = 1a2(42)" @D

where 4. is the convective heat transfer coefficient, W/mm?2°C and

L is the vertical dimension, mm

The radiation boundary conditions are defined on the outer surface of the
insulation by specifying the radiation heat transfer coefficient using the following

equation26:

_ ioe(Ts — TL)
b TwoTS e

where A, is the convective heat transfer coefficient, W/mm?2°C and
0 is the Stephan-Bolzman constant,
€ is the material emissivity,
Ts is the surface temperature, °K,

T 1s the ambient temperature, °K

The power generation per unit volume calculated earlier is applied to each
element of the model. Finally, the thermal conductivities of the different materials are
assigned to the geometry model. The temperature dependency of the thermal
conductivity is taken into consideration automatically by the abaqus software. After

making all the necessary changes for the model, the ABAQUS heat transfer input file is

25 Holman, Heat Transfer, p. 253
26Incropera, Fundamentals, p.25
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generated using the Patran 3 software and then submitted to ABAQUS for analyses. The

temperature distribution of the connection system is shown on Figure 39.

Discussion

A comparison between the experimental and FEA results is shown in Table 14.
The table shows the temperatures for both the right and left hand side wires. It also
shows the temperature distribution for the fuse and the terminal. The FEA results show
general consistent agreement with the experimental results except for T4, Ts and Ts, In
this area, the FEA temperatures have a significantly higher values than the experimental
results. The difference can be attributed to several factors. The point of measurement of
the infrared camera is not the same point exactly as the node in FEA. The measurement
is taken only in the proximity of the node. A better convective heat transfer coefficient
correlation than equation (21) could also improve the FEA results. Also, temperature
loss through the plastic wrap film covering the connection system could account for some
of the differences. However, the FEA results are within 10% accuracy. This difference
is within the uncertainty normally associated with using heat transfer coefficient

correlations.



TABLE 14

FUSE ASSEMBLY TEMPERATURE DISTRIBUTION CORRELATION

current, | Method Temperature, °C
Amps. Tl T2 | T3 | T4 | TS | T6 | T7 | T8 | T9 | T10 | T12 | Solder | Sink |ambient
Left |Test 355 38.8 | 40.6 41.7 | 423 425 | 445 | 488 | 237 243 23.1
Wire |FEA 34.3 38.25|39.54 40.02 |40.22 40.39 140.76 | 44.78
diff. % 3.38 1.42 | 2.61 4.03 | 4.92 496 | 84 | 8.24
Right |Test 353 38.96 | 40.4 41.7 | 41.9 4277 | 44.1 | 486 | 244 234 23.1
Wire |FEA 34.87 38.96 140.36 40.88 | 41.11 41.3 |41.69 |45.76
diff. % 1.22 0.0 N | 1.97 | 1.89 328 | 546 | 5.84
Fuse |Test 80.3 | 83.7 111 | 108 | 94.2 | 80 79 23.1
FEA 82.45 186.97 128.3 1126.9 [129.2 | 81.57 | 81.02
diff. % 2.68 | 3.91 15.59 | 17.5 |37.15| 1.96 | 2.56
Term | Test 59.6 | 71.4 | 69.4 | 70.6 | 70.2 | 60.1 23.1
FEA 59.47 169.57 170.63 | 70.4 |69.88 |60.21
diff % 0.22 2_5_6 1.77 | 0.28 | 0.46 | 0.18

08
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Fig. 37 Voltage potential for subassembly with 30 A current
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Fig. 38 Current distribution for subassembly with 30 A current
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Fig. 39 Temperature distribution for subassembly with 30 A current
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CHAPTER VI

SUMMARY
Findings

Coupled electrical-thermal analyses using the finite element analyses method
was successfully applied to individual electrical subassembly components. The
procedure was also successful in evaluating the entire sub-assembly with its components
connected together. Although transient analyses capabilities exist in the ABAQUS FEA
software, only steady state analyses has been investigated. The cases of the insulated
wire model, the automotive fuse, and the electrical terminal were considered. The
voltage potential determined by the FEA correlated well with results measured using the
HP model 4328A ohmmeter. Also, the electrical current density results for the above
components agreed with hand calculations. The temperature distribution computed using
hand calculations, in the case of the insulated wire, and FEA method in all cases
correlated well with test results using the Inframetrics model 600 infrared imaging
camera. Results were found to be within 0 — 15% of the measured temperatures for

electrical currents below 55 A.

Conclusions

It has always been a challenge to accurately measure the surface temperatures of
objects with relatively small surface areas. One example is the automotive fuse where
attachment of a thermocouple could affect its thermal characteristics. The use of the

infrared imaging camera successfully determined the surface temperatures of the
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electrical subassembly and the components investigated. Also, the established
Electrical-Thermal analyses approach using general purpose finite element analyses

software produced results that correlated well with test and hand calculation results.

The difference between the experimental and the FEA results can be attributed
to two areas. The first area is the updated electrical resistivity during an analyses
iteration. At the beginning of the analyses the electrical resistivity is computed at an
arbitrary temperature. The analyses method uses a convergence check between that
temperature and the maximum calculated temperature for the model. The updated
electrical resistivity for every subsequent iteration is based on the maximum temperatures
found in the model for the various components. This electrical resistivity is applied to
every element within the component regardless of the different temperatures of each
element. The expected consequence of such application is to have more power generated
at the lower temperature elements. Further research needs to be done to apply the
temperature-dependent electrical resistivity for each element of the model. Finding a
method within the ABAQUS software application to calculate the updated electrical
resistivity for each element based on its resultant temperature from the previous thermal

analyses step would help improve the accuracy of the results.

The second area is the calculation of the convection heat transfer coefficient. In
this thesis work, an average temperature dependent heat transfer coefficient has been
applied for the various areas of the model. The application of the local heat transfer
coefficient has the potential of greatly improving the accuracy of the results. The
prediction of the local heat transfer coefficients requires an additional analyses step using
a computational fluid dynamics software. The resultant heat transfer coefficients would

then be applied as boundary conditions for the thermal analyses ABAQUS model.
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Recommendations

Finite element electrical analyses can be performed for complex geometry to
determine current distribution and voltage drop using the ABAQUS software. In
applications that require accurate prediction of power generated in its geometry due to
electric current, this procedure proves successful. The coupled electrical-thermal
analyses approach outlined in this thesis can be used to predict the surface temperature of
electrical subassemblies. Innovative use of general purpose FEA software can help in
solving many engineering problems. The coupled electrical-thermal analyses is a good

example of such application.
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APPENDIX A

MATHEMATICAL CALCULATIONS

ire Electrical Analysi lation

From equation (41) :
p =2.28¢™ Qmm,
! =950 mm and

A =5 mm?

R = 2:28 X 1075 X 950 _ (3 0433200

2 (23)
And from equation (40) :
P = (30)% x 0.04332 = 38.9880W (24)

ire Thermal Analysi Iculation
Conduction:

From equation (44):
L =910 mm
r,=1.9 mm
r;, = 1.26 mm and

k =1.8e4W/mm°C

nf3)

1.26

Re = 557910 x 180 x 10=F — 0-0399°C/W (25)




nvection;

From equation (45):
r, = 1.9 mm and

Assuming & = .2e~* W/mm?°C

_ 1 _ %
R = A =X O10x 190 x 2 x T0=% _ 046°C/W

Radiation:

Assuming T;, = 40 °C, from equation (46):

_ (313.16 — 296.16)
T 5669 X 1071 x 2 X & X 910 x 0.8 x 1.9 x ((313.16)* — (296.16)*)

Rr
From equation (43):

3R, = 0.0399 + 346 X L7932 _  4060c /W

0.46 + 1.7932
From equation (47):
38.988 = 0406

= T; = (0.406 x 38.988) + 23.0 = 38.8°C

Substituting back into equation (47):

o)

2nLk

38.988 x In(iX

T XA X910 X 1.80 x 10— _ 212°C

T,=T; - = 38.8

We now iterate starting equation (27) to find out the new 7j,.

Assuming T, = 37.2 °C, from equation (46):

(310.36 — 296.16)

R, = 5.669 X 10~ x 2 X & X 910 X 0.8 X 1.9 X ((310.36)* — (296.16)*)

From equation (43):

= 1.7932°C/W

= 1.8184°C/W

88

(26)

@7

(28)

(29)

(30)

@31
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= 0.46 x 1.8184 _ 0 32
R i 250 X 1.6164 _
2R, = 0.0399 + 0.46 + 18184 0.407°C/wW (32)

From equation (47):

T 23
38.988 = ~{7=—
= T, = (0.407 x 38.988) + 23.0 = 38.9°C (33)

Substituting back into equation (47):

) 255 o 38.988 x In(-%)

- o 34
2Lk ) 2Xmx910 X 1.80 x 104 ST 4

This temperature is within 0.27% of the temperature at the beginning of the iteration. The

solution has converged.

radius

To calculate the contact spot radius the following values are used in equation (16):
R, =0.000074 Q

p = 1.5¢= Qmm,

_ 15e-53
0.000074 = ~5Z— 35)

a= 0.101351 mm
Electrical resistivity

Substituting the following values into equation (17) :
R, =0.000074 €,
L =0.00063 mm and
a =0.101351 mm
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_p x.00126
0.000074 = =5 1013512 (36)

p = 0.001895 Qmm,

Contact Coefficient

Substituting the following values into equation (18) :
L,=0.00126 mm,
k,=0.428 W/mm°C,
k,=0.428 W/mm°C,
k,=0.031326 W/mm°C,
A=22.968 mm?,
A, =0.032271 mm?,
Ay =22.935729 mm?,

- o (S R A o) O
h.=0.725538 W/mm?2°C

Thermal Resistance

From equation (19):
R, 1 = 0.060009°C/W, (38)

~ 0.725538 x 22.968

Therm n ivi

From equation (20):
L,=0.00126 mm,
R, =0.06009 °C/W,
A, =0.032271 mm?
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060009 — —0.00126 _
0 " k. x 0.032271 39)

k.=0.651 W/mm°C
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