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ABSTRACT

The current carrying capacity, which is determined by the electrical-thermal behaviour, is
one of the main features of an electrical contact system.
The purpose of this study is to develop an analytical model which describes the electrical-
thermal behaviour of electrical contact systems.
Established mechanical, electrical, thermal and contact physical relations are combined
to design the analytical model. Differential equations with appropriate boundary
conditions are used to solve the heating problem.
The various parts of an electrical connector represent separate subsystems. The
geometry, the material properties and the heat transfer coefficients for the contact
system, the terminal clamp and the wire have been taken into account. These different
subsystems have been connected to obtain the overall temperature distribution.
In order to verify the analytical model, contact systems made of three copper alloys with
different electrical and thermal properties are investigated experimentally at various
current loads.
It was shown that the analytical model can predict the temperature rise for simple
geometry well.
Using the analytical model several parameters can be easily changed. Moreover, the
main influencing factors and their relationships can be identified directly on the equations.
Therefore, the physical - mathematical point of view of an analytical calculation can help
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to understand the model structure of a contact system.

Keywords: Analytical calculation; electrical contacts; contact physics; electric conductivity;
heating; thermal behaviour.

ABBREVIATIONS

Symbols Indices
A Area
a Radius of contact area

Parameters
b Location constant
d Diameter

Differential
E Young’s modulus
F Force
g Gravitational acceleration (9.81 m/s²)
Gr Grashof number
H Hardness
h Height
I Current
l Length
k Factor depending on the skin effect
L Lorenz coefficient (2.4*10-8 V²/K²)
n Number
Nu Nusselt number
P Power
Pr Prandtl number
Q ̇ Heat flux
r Radius
R Resistance
Ra Rayleigh number
Rm Tensile strength
Rp0,2 Yield strength
T Absolute temperature
t Time

Thickness
U Voltage

Perimeter
w Width
x Distance
α Heat transfer coefficient

Temperature coefficient
∆ Differenceϵ Emissivity
θ Super-temperatureϑ Temperature
λ Conductivity
ν Poisson’s ratio

Viscosity
ρ Specific electrical resistivity
σ Stefan-Bolzmann constant (5.669*10-8 W/(m²*K4))

Standard deviation

0,1,2 Variables
20 At reference-

temperature (20 °C)
b Bulk
C Constriction
calc Calculated
char Characteristic
cnd Conduction
conv Convection
cp Heat capacity
el Electrical

Elastic
env Environment
f Fluid
i Insulation
in In
K Contact Point
kin Kinematic
m Average
max Maximal
meas Measured
mech Mechanical
out Out
P Contact Pin
rad Radiation
S Spring
s Surface
T Terminal Clamp
th Thermal
U Perimeter
W Wire
x Variable

Distance
∞ At infinity
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1. INTRODUCTION

Numerical simulations by means of the Finite Element Analysis (FEA) are widely used to
carry out the analysis of the electrical-thermal behaviour of electrical contacts. This method
is very common in industry because it considers several physical effects [1]. It leads to an
accurate forecast of the performance, even for very complex systems with many parameters.
Several numerical studies were carried out using the Finite Element Analysis to analyse the
thermal behaviour of electrical connectors [2,3,4,5].

On the other hand, an analytical analysis can provide the relationship between the electrical-
thermal behaviour of an electrical contact system and the influencing parameters in a way
which clearly reveals the relevance of every parameter. This is an important basis for a
rational optimization of contact systems.

Once the structure of the analytical model is set with general solutions, the parameters can
be varied within a wide range.

This is not always possible in the case of a numerical calculation with the Finite Element
Analysis because not all the background and boundary conditions are known and therefore
the validity of the calculation is always limited to a certain range of parameters.

In order to calculate the electrical-thermal behaviour of a contact system, phenomena from
different physical fields have to be considered. Detailed studies in the physical fields of
mechanics, electrics, thermal and contact physics can be found in the literature for electrical
contacts [6,7,8,9].

Rudimental calculations have been conducted to calculate the temperature rise of a contact
system analytically. Holm [6] introduced an approach for calculating the temperature of a
bus-bar contact. Brenner [10] used the approach which was described in Holm and extended
the calculation by the insulation of the wire. The power dissipation of the constriction
resistance and the bulk resistance of the contact system were taken into account, however
only the temperature rise of the wire was given, without regarding the temperature profile at
the contact system.

These approaches were modified and combined in [11]. A contact system was set in a
model which included the relevant physical parameters and appropriate boundary
conditions.

In this study the contact system and the boundary conditions are explained in detail.
Additionally the super-temperature in the contact area is considered, the analytical model is
verified by the measured and calculated constriction resistance and a parameter variation is
conducted.

The temperature rise is calculated for steady-state conditions using direct current and it is
assumed that the contact point is the heat spot.

2. ANALYTICAL APPROACH

The analytical approach to calculate the temperature is based on the first law of
thermodynamics (conservation of energy). The balance equation considers the different
modes of the heat transfer (conduction, convection and radiation).
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Assuming a constant cross-section area for a volume element (see Appendix), the energy
balance yields to an ordinary differential equation of the second order [12]:

∂2ϑ
∂x2 - αconv_rad*U

λth*Ax
* ϑ(x)-ϑenv_∞ + k*I2

λel*λth*Ax
2 =0 (1)

where αconv_rad is the heat transfer coefficient (film coefficient) for convection and radiation, U
the perimeter of the volume element, ϑ(x) the temperature at a specific point x, λth the
thermal conductivity, λel the electrical conductivity, ϑenv_∞ the temperature of the fluid at
infinity, Ax the cross-section area, k a factor depending on the skin effect which can be
assumed as k = 1 because only direct current is regarded, and I the rated current.

The general solution of equation (1) describes the temperature distribution ϑ(x) along a
volume element [12]:

ϑ(x)=a1*e
x
b +a2*e - x

b +ϑenv_∞+ I2

αconv_rad*U*λel*Ax
(2)

where a1 and a2 are two parameters which have to be determined by appropriate boundary
conditions.

For an exponential function (first two terms in equation (2)), the location constant describes
the distance , where the temperature decreases to 1/e ≈ 36.8 %:

b= λth*Ax
αconv_rad*U

(3)

The heat transfer coefficient for radiation and convection αconv_rad is to be determined. The
calculation will be carried out separately in section 3.3.

The sum of the two last terms in equation (2) describes the offset temperature ϑb_∞ of the
volume element. This is the temperature of a sufficiently long volume element, if no axial
heat flux occurs. It is independent of the location x.

If an axial heat flux dQ̇cnd_in (e.g. power dissipation of the constriction resistance) is induced
on one side of the volume element, the temperature decreases according to an exponential
function with the increasing distance from the heat source [13].

The distribution of the temperature difference between the location x and the far end of the
cable which can be defined as the super-temperature θ(x) is described by:

θ(x)= ϑ(x)-ϑb_∞=a1*e
x
b +a2*e - x

b (4)

2.1 Boundary Conditions

In order to calculate the temperature distribution along the volume element, equation (4) has
to be solved by extracting the unknown parameters a1 and a2. Therefore, two boundary
conditions have to be defined.
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Two boundary conditions of second order (Neumann’s boundary conditions) [14] have been
used.

The first boundary condition defines the induced heat flux by conduction dQ̇cnd_in on one side
of the volume element (Appendix). This heat flux can be caused by the dissipative power of
the constriction resistance.

The second boundary condition defines the distance x from the heat source where the heat
flux is decayed. In this study it is assumed that the heat flux is decayed at the distance of
x = 5*b. The distance can also be increased, but the change in the result is negligible.

3. MODEL OF THE CONTACT SYSTEM

For calculating the temperature of the contact system, different parts of the connector have
to be considered.

The electrical connector consists of an electrical contact (two springs and a contact pin) and
two terminal clamps. A wire including the insulation is fixed at each side (Fig. 1).

At the end of the contact pin and at the tip of the springs measuring pins are designed to
measure the voltage drop on the contact point respectively, this being constriction
resistance.

Fig. 1. Components of a connector

The springs, the contact pin, the terminal clamp and the wire have different materials,
geometry and heat transfer coefficients. Hence, the location constant b must be calculated
separately for every single component. In order to determine the temperature of the
subsystems they have to be coupled by the heat flux Q̇x.

Fig. 2 shows the different subsystems. Each subsystem is represented by one volume
element. The dissipative power at the constriction resistance induces the heat flux Q̇C into
the contact pin. At the contact pin a specific temperature profile is built up which is defined
by the location constant bP. Due to heat conduction a heat flux Q̇P_cnd flows out of the
contact pin into the terminal clamp and the heat flux Q̇T_cnd flows into the wire. Additionally,
at every subsystem an individual heat flux (Q̇P_conv_rad, Q̇T_conv_rad, Q̇W_conv_rad) dissipates
due to convection and radiation.
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Fig. 2. Subsystems connected by the heat flux

According to Holm [6] superposition is valid to calculate the maximum temperature. Thus the
separate temperature profiles of the different components are summed up.

Fig. 3 illustrates the schematic temperature profile and the separate temperatures for one
side of the contact system (pin side). The temperature ϑC is the maximal temperature of the
contact system in the contact interface. Technically it is not possible to measure this
temperature at the contact system experimentally. ϑP_max is the maximal temperature on the
surface of the contact pin in the vicinity of the contact area which can be measured.

Fig. 3. Schematic temperature distribution in the electrical system for the pin side

∆ϑW_∞ is the temperature rise of the wire in infinity, ϑW_∞ the temperature of the wire in
infinity, ∆ϑW the change in temperature at the wire due to the axial heat flow, ϑW_max the
maximal temperature of the wire at the interface to the terminal clamp at the point xT, ϑT_max
the maximal temperature of the terminal clamp at the interface to the contact pin at the point
xP, ∆ϑT the change in temperature at the terminal clamp, ∆ϑP the change in temperature at
the contact pin, and ∆ϑC the super-temperature in the contact area, according to Kohlrausch
[18].
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3.1 Temperature Rise of the Wire

As shown in equation (2) the offset temperature ϑb_∞ of the volume element can be
calculated separately. In equation (2) the insulation is not considered. Therefore, the
temperature of a wire with insulation is calculated separately. The temperature rise on the
outer side of the insulation ∆ϑi_∞ can be calculated as [14]:

∆ϑi_∞=Rw*I2* 1
αconv_rad_i*Ai

(5)

where Rw is the electrical resistance of the bulk material and Ai the heat emitting surface of
the insulation.

The temperature rise at the internal side of the insulation is set as the temperature rise of the
wire ∆ϑw_∞:

∆ϑw_∞=∆ϑi_∞+Rw*I2*
ln

ri
rW

λth_i*2*π*lW
(6)

where ri is the outer radius of the insulation, rW the radius of the wire, λth_i the thermal
conductivity of the insulation and lW the length of the wire.

A linear relation can be assumed up to 100°C to calculate the temperature dependent
electrical resistance for the bulk material [15]:

R(ϑ)=R20*(1+αth*∆T) (7)

where R20 is the electrical resistance at reference temperature (20 °C), αth the temperature
coefficient of resistance and ∆T the temperature rise of the bulk material.

3.2 Calculation of the Dissipative Power at the Constriction Resistance

In order to determine the temperature distribution in the contact pin the axial heat flux Q̇C,
which is induced into the contact pin and the springs, has to be calculated. This axial heat
flux is induced by the power loss of the constriction resistance between the contact spring
and the contact pin.

The spring can be abstracted as a beam in bending with constant cross-section. In order to
calculate the normal force FK at the contact point, the geometric dimensions, material
properties and the deflection of the spring xS1 have to be considered [16]:

FK= ES*wS*hS
3

4*lS
3 *xS1 (8)

where ES is the Young’s modulus of the spring, wS the width of the spring and hS the height
of the spring. The mechanical length of the spring lS is measured from the middle of the
fixture point to the contact point (Fig. X2 in the Appendix).
The surface around the contact area of the contact system can be simplified as a contact of
a sphere with the diameter dK on a plane.
The radius of the contact area ael can be calculated by the Hertz’s contact theory [17]:
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ael=
3*FK* 1-ν2 *dK

4*ES

3
(9)

where ν is the Poisson’s ratio and ES the Young’s modulus of the bulk material.

Some restrictions have to be made in order to be able to use equation (9). The contact point
should only be elastically deformed and the roughness of the surface is neglected.

The current has to flow through the contact area at the contact point when passing from the
contact pin to the contact spring. A constriction of the current lines occurs in the contact
zone. For clean metal contacts the contact resistance for a semi-infinite solid can be
described by the ellipsoid model of Holm [6].

The constriction resistance RC for one contact point is calculated by:

RC= ρ
2*ael

(10)

where ρ is the specific electrical resistivity of the base material.

The dissipative power of the constriction resistance RC leads to the axial heat flux Q̇C.

Due to symmetry, the constriction resistance and the heat flux are the same for both springs
and the contact pin.

The number of springs nS influences the number of contact points. Hence, the number of
springs must be considered for calculating the heat flux:

Q̇C= 1
2*nS

*RC*I2 (11)

Fig. 4 shows the different analytical models and their parameters of influence.

Fig. 4. Models for calculating the heat flux

The temperature in the contact interface ϑC is higher than the surface temperature of the
bulk material (Fig. 3). The super-temperature ∆ϑC is the deviation of the temperature in the
contact interface ϑC from the bulk temperature ϑP_max. It can be calculated by the voltage-
temperature relationship according to Kohlrausch [18]:

∆ϑC= Uc
2

8*ρ*λth
= RC

2I2

8*ρ*λth
(12)
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UC is the contact voltage due to the constriction resistance.

This equation is valid for monometallic electrical contacts and under the assumption that the
heat within the contact area only dissipates by conduction.

The temperature decrease to that of the bulk over a distance of only several constriction
diameters [8].

3.3 Calculation of the Heat Transfer Coefficients

The heat transfer rate Q̇conv_rad is related to the temperature difference between the
component ϑ1 and the fluid ϑenv_∞ and the surface area As. It is described by Newton’s law of
cooling [19]:

Q̇conv_rad=αconv_rad*As*(ϑ1-ϑenv_∞) (13)

Convection and radiation are caused by different physical mechanisms. If they occur at the
same surface they can be calculated separately and summed up [20].

So the total heat transfer coefficient αconv_rad is the sum of the heat transfer coefficient for
convection αconv and the heat transfer coefficient for radiation αrad:

αconv_rad=αconv+αrad (14)

3.3.1 Convective heat transfer coefficient

Natural, or free, convection is observed as a result of motion of the fluid due to density
changes arising from the heating process [19].

The convective heat transfer coefficient is not a physical material data [14]. It is also not
always possible to obtain analytical solutions to convective problems [19]. For natural
convection in particular, empirical relations are necessary to calculate the average
convective heat transfer coefficient.

The convective heat transfer coefficient αconv is calculated using the Nusselt number Nu, the
characteristic length lchar and the thermal conductivity of the fluid λth_f [20]:

αconv=
λth_f*Nu

lchar
(15)

The Nusselt number depends on the geometry. Table 1 illustrates the equations employed to
calculate the Nusselt number for a vertical plane and a vertical cylinder.

Thereby the validity of the equations is restricted to a specific range of the Rayleigh number
under consideration.
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Table 1. Nusselt number for free convection [14,20]

where Pr is the Prandtl number, h the vertical length of the plane, d the cross-section
diameter of the cylinder, TF_∞ the absolute temperature of the fluid in infinity, νkin the
kinematic viscosity of the fluid and g the gravitational acceleration.

The material properties for the fluid are temperature dependent (Table X1 in Appendix).
They have to be used for the average temperature ϑm [20]:ϑm= 1

2
* ϑ1+ϑF_∞ (25)

where ϑ1 is the temperature of the object

3.3.2 Heat transfer coefficient for radiation

Thermal radiation is that electromagnetic radiation emitted by a body as a result of its
temperature [19].

In order to calculate the heat flux, a small convex object enclosed by a very large concave
surface is assumed. This corresponds to the test setup, since the tested components are
enclosed by the test cabinet which is much larger than the size of the tested components
[21]. Under these conditions the heat flux due to radiation can be calculated by [19]:

Q̇rad=As*σ*ϵ1*(T1
4-T2

4) (26)

where σ is the Stefan-Bolzmann constant (5.669*10-8 W/(m²*K4)), T1 the temperature of the
object, T2 the temperature of the large concave surface and ϵ1 the emissivity of the
component.

In order to place the convection and radiation on a common basis (equation (13)) it is
convenient to define a radiation heat transfer coefficient which is strongly temperature
dependent [19]:
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αrad=σ*ε1*(T1+T2)*(T1
2+T2

2) (27)

3.4 Energy Conservation at the Contact System

The offset temperature ϑW_∞ is only calculated for the wire. For the other components in the
system the temperature distribution is calculated according to equation (4).

In the calculation different electrical conductivities for the contact pin and the contact spring
are intended. Accordingly, different power losses are generated in the bulk materials. These
losses are still not under consideration.

In order to improve the analytical model, conservation of energy is done separately at the
contact pin and the terminal clamp.

The heat flux is generated by the constriction resistance, the bulk resistance of the contact
pin and the spring and by the bulk resistance of the terminal clamps. The heat flux can
dissipate by convection and radiation leaving the surface. In addition the heat flux Q̇T_cnd
dissipates by conduction into the wire (Fig. 2). So the accurate heat flux induced in the wire
can be calculated separately.

If only axial heat flux from the constriction resistance is regarded, the heat flux into the wire
becomes too low.

4. EXPERIMENTS

In order to verify the analytical calculations and to investigate the influence of the bulk
material on the temperature rise of the contact system, contact systems with three different
materials were investigated.

The different models were validated step by step. At first, the temperature of a quasi-infinite
undisturbed wire without a contact system was investigated.

After calculating the temperature of the quasi-infinite wire, the temperature of a wire with a
contact system was investigated. The same test setup was used.

The test setup is designed according to the DIN EN 60512-5-2 norm [21]. The temperature is
measured by thermocouples of the type K. Only the stationary temperature is measured.

4.1 Test Wire

In the experiments a harmonised wire type H07V-K 35 mm² according to the DIN VDE 0281
norm [22] is used. The geometric data and the material properties are listed in Table X2
(Appendix)

The tests were conducted with direct current at three different current levels of 54 A, 98 A
and 158 A.

The temperature T_w was measured at the bulk material in the inner side of the insulation
and the temperature T_i was measured on the outer side of the insulation (Fig. 5).
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Fig. 5. Test setup for the wire

4.2 Test Connectors

Contact systems made of materials with three different electrical conductivities have been
investigated. These contact systems have the same geometry and the same contact force.
Only the electrical conductivity varies. The geometric properties are listed in Table X3
(Appendix).

The measured contact normal force for the spring is (10.5 ± 0.5) N, if the contact pin is
inserted. Using the data from Table X3 and Table X4 (Appendix) the calculated contact
normal force according to equation (8) is between 11.4 N and 11.8 N, depending on the
Young’s modulus. Thus the calculated values are somewhat higher than the measured ones
because of the simplification of the mechanical model for the beam.

The electrical conductivity was measured at the components. Then the thermal conductivity
was calculated according to the Wiedemann-Franz law [6]:

λth
λel

=T*L (28)

where L is the Lorenz coefficient (2.4*10-8 V²/K²) and T is the absolute temperature.

Compared to other materials, pure copper and pure silver have the highest electrical
conductivity of all metals at 20 °C (Ag: 62.9 MS/m, Cu: 60 MS/m [9]), respectively the
highest thermal conductivity. Copper and copper alloys are commonly used as base
materials for the current carrying parts in connectors [7]. The alloying elements strongly
influence the electrical and mechanical properties of copper. Copper alloys have a higher
mechanical strength than the pure copper, however the electrical conductivity of copper
alloys is lower. A high alloyed copper may have an electrical conductivity which is
comparable with iron or steel (Fe: 10 MS/m, CuSn6: 9 MS/m [9]).

In this study the copper alloys were selected because of their similar mechanical properties
and different electrical and thermal properties. Their properties are listed in Table X4
(Appendix). These values were used for the calculation.

An oxidation film may form in the contact area which increases the contact resistance. The
film resistance depends on the thickness and on the electrical conductivity of the film [9]. The
film resistance may increase the power loss und therefore the temperature in the contact
system. In order to minimize the influence of surface films, the contact systems are coated
with a pure gold plating (0.75 ± 0.1) µm and a nickel under layer (2.25 ± 0.4) µm at the
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contact area. Based on high corrosion resistance of gold, a metallic contact can be assumed
and the whole contact area according to equation (9) can be regarded as the conducting
contact area (a-spot) [6] without insulating impurities.

According to [9] the electrical resistance can be influenced by the coating. It depends on the
relation between the coating thickness and the a-spot diameter. For the experiments the
ratio between the layer thickness (2 µm) and the a-spot diameter (2 * 79 µm) is minimal
(0.0125), thus the effect of the coating on the constriction resistance can be neglected.

The coefficient for emissivity depends on the state of the surface. For copper it can vary
within a wide range (polished: ε = 0.03; oxidized: ε = 0.76 [20]). In order to have known and
constant values for the calculation, the contact system and the terminal clamp are painted
with black paint after assembling (ε = 0.92).

Due to the relatively small temperature differences at the different components, the average
heat transfer coefficient for the individual component is assumed for the calculation. The
heat transfer due to convection and radiation is applied on all radial surfaces.

In Fig. X3 (Appendix) the calculated heat transfer coefficient for temperatures from 35°C to
100°C is depicted. The heat transfer coefficient for convection strongly depends on the
geometry, the dimensions and the temperature. Within this temperature range the heat
transfer coefficient for radiation is smaller than that for convection.

The wire is connected on the both sides of the contact pin and the contact spring (Fig. 2) in
order to obtain the maximum contact area. Due to the large contact area and for
simplification, the constriction resistance for the terminal clamp is neglected. For the
calculation the assumed cross-section area for the terminal clamp is the average cross-
section area of the contact pin, respectively the contact springs and the wire. The electrical
and the thermal conductivities of the wire are almost constant for different types of wires.
The material properties for a contact system may differ within a wide range. In the terminal
clamp the properties of both components have to be considered. Therefore, the ratio of
mixture for the two different materials is assumed to calculate the electrical and thermal
conduction for the terminal clamp:

λT=λP* AP
AP+Aw

+λW* AW
AP+Aw

(29)

where λT is the electrical / thermal conductivity of the terminal clamp, λP the electrical /
thermal conductivity of the contact pin, λW the electrical / thermal conductivity of the wire, AP
the cross-section area of the contact pin and AW the cross-section area of the wire.

The temperature close to the contact area is measured by thermocouple T_001 (Fig. 6). It is
fixed as closely as possible to the contact area. At the wire the thermocouple T_045 to
T_600 are fixed under the insulation to measure the bulk temperature. In order to determine
the temperature distribution, the thermocouples are fixed at different distances to the contact
point (45 mm, 100 mm, 200 mm, 300 mm, 400 mm and 600 mm).
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Fig. 6. Test setup for the connectors

5. RESULTS AND DISCUSSION

Fig. 7 shows the comparison of calculated and measured temperature rise depending on the
rated current. The measured and calculated values both in the inner side of the insulation
and in the outer side show a good correlation at different current levels. The difference is
less than 1 K.

Fig. 7. Temperature rise of the wire
Wire: 35 mm², ϑ_env_∞: (26 ± 1) °C, Range of the temperature rise: ± 1σ (Standard deviation)

The good correlation between the measured and calculated temperature can only be
achieved if temperature dependent material values and heat transfer coefficients are used
for the calculation. This means that an iterative calculation is necessary to obtain the
temperature dependent values.
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Fig. 8 shows the experimental results and the analytically calculated temperature distribution
for the three different contact systems. For each test series five virgin contact systems were
investigated.

Fig. 8. Comparison of the calculated and measured values of the temperature rise
With calculated constriction resistance R_c_calc

Wire: 35 mm², Rated current: 158 A DC, ϑ _env_∞: (26 ± 1) °C,
Range of the temperature rise: ± 1σ (Standard deviation)

Qualitatively there is a good correlation between the calculated values with the measured
ones. Along the wire (starting at a distance of 32 mm from the contact point) the exponential
characteristic of the temperature distribution is visible.

At the contact pin a larger temperature gradient is calculated, which is similar to that for the
wire. The reasons for this is the physically smaller cross-section area and the different
electrical and thermal conductivities of the contact pins. The measured temperature gradient
in the contact pin is slightly lower than the calculated temperature gradient. However, in the
experiments the temperature is measured not directly in the contact point. The temperature
there is of course somewhat lower than the temperature at the contact point.

The maximum temperature difference between measured and calculated values is 4 K for
the temperature ϑP_max on the surface of the contact pin of the contact systems with electric
conductivity of 24 MS/m, 5 K for the contact systems with electric conductivity of 35 MS/m
and less than 1 K for the contact system with the electrical conductivity of 56 MS/m. The
lower the electric conductivity of the contact systems the greater the inaccuracy of the
calculated values. This also indicates that the difference between the measured and
calculated values can be at least partly traced back to the distance between the measuring
and contact point.

The calculated temperature values tend to be higher than the measured values. One reason
for these discrepancies is a heat flux at the contact point which is assumed to be too high.

For calculating the heat flux, elastic deformation without plasticity was considered. So the
calculated contact area is too small and the contact resistance too high. Additional
roughness and softening in the contact area result in a real contact area that is higher than
the calculated one, and thus a lower temperature occurs.
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The calculation shows that the super-temperature ϑC in the contact area increases the
maximum temperature at the contact system significant for highly stressed contact systems
as those with 24 MS/m and 35 MS/m.

In order to verify the thermal model, the measured constriction resistance can be used
instead of the calculated resistance.

The constriction resistance was measured at nominal current as near as possible to the
contact area between the two measuring pins at the contact pin and the contact spring
(Fig. 1).

Table 2 shows the comparison of the calculated and the measured constriction resistance.

Table 2. Constriction resistance

Electrical conductivity λ_el MS/m 24 35 56
Constriction resistance measured
at 158 A

R_c_meas mΩ 0,235 0,159 0,126

Standard deviation 1 * σ mΩ 0,020 0,010 0,008
Constriction resistance calculated (Hertz /
Holm) for 158 A

R_c_calc mΩ 0,295 0,214 0,131

R_c_meas and R_c_calc are the constriction resistance for one contact point. The
temperature of the constriction resistance is considered in the calculation.

There is a good correlation between the measured and calculated constriction resistance for
the contact system with an electrical conductivity of 56 MS/m.

For the other two contact systems there is a discrepancy of between 26 % and 35 % in the
contact resistance. This causes the difference in the calculated temperature.

The calculation of the temperature rise with the measured constriction resistance is shown in
Fig. 9. There is a good correlation between the measured and calculated values.

Fig. 9. Comparison of the calculated and measured values of the temperature rise
With measured constriction resistance R_c_meas

Wire: 35 mm², Rated current: 158 A DC, ϑ _env_∞: (26 ± 1) °C,
Range of the temperature rise: ± 1σ (Standard deviation)
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The calculated super-temperature ϑC is smaller because the assumed contact resistance
has decreased.

The energy conservation at the contact system in section 3.4 presents the possibility to
display the main causes of electrical power generation (Joule’s heating) and heat dissipation
(Emission due to convection, radiation and conduction).

For the contact system with an electrical conductivity of 56 MS/m approximately half of the
power loss is created by the constriction resistance. The other half is generated by the bulk
resistance of the contact system and the terminal clamp as shown in Fig. 10.
One third of the generated power is induced into the wire.

Fig. 10. Percentage of power loss
Contact system with 56 MS/m for rating current 158 A

The model used for the calculation can also be used to carry out the relevance ranking of the
parameters for electrical-thermal behaviour of a contact system (Fig. 11).

Fig. 11. Variation of several parameters
Reference (100 %): temperature: (ϑ _P_max - ϑ _W_∞), wire: 35 mm²,
rated current: 158 A DC, electrical conductivity: 56 MS/m, ϑ _env_∞: (26 ± 1) °C
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For the relevance ranking the temperature rise of the contact pin is considered (ϑP_max -ϑW_∞ in Fig. 3). A constant current levels of 158 A is assumed, thus the temperature rise of
the wire ϑW_∞ is always the same.

The heat transfer coefficient of radiation and convection for the contact pin and the terminal
clamp are varied. The thickness of the contact pin is varied while the contact force is held
constant.

The electrical conductivity and the thickness of the electric contact influence the temperature
rise and therefore the current carrying capability markedly, while the emission coefficient
shows a minor influence on the electrical-thermal behaviour. Convection has a greater
influence on the contact system than radiation because the absolute amount of heat transfer
for convection is greater than that for radiation. If convection and radiation tend to zero, an
adiabatic calculation is defined. Thus an adiabatic calculation has a significant influence on
the accuracy for the temperature. This is not advisable because in that case all the
generated power would be induced into the wire, which increases the absolute temperature.

4. CONCLUSION

An analytical model is introduced for the calculation of the electrical-thermal behaviour of
electrical contact systems in which all components of a connector were considered. The
challenge is to detail the analytical model enough to obtain accurate results. Modelling the
contact point has a large impact.

For the investigated contact systems a good correlation between the measured and
calculated temperatures was demonstrated by varying the current values and the electrical
conductivities of the bulk material. The experiments confirmed the model.

One of the benefits of the model is that it clearly displays the relationship between the
electrical-thermal behaviour and the parameters in the contact system. It aids the overall
understanding of the contact system. A relevance ranking of parameters can be easily
conducted to identify the importance of the parameters for the contact system. Only basic
equations are used in the model for calculation of the contact area and the contact
resistance. In order to achieve an exact result in every case, these sub-models must be
improved. More accurate and complex models in combination with FEA and thermal
networks which describe more details of a contact system will be developed during further
studies.
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APPENDIX

Volume Element

A differential volume element with the length dx is depicted in Fig. X1. The balance equation
considers the different modes of heat transfer (conduction, convection and radiation). These
modes are described in [12].

In the bulk material with the length dx and the cross-section area Ax the dissipative power
dPb is generated internally by the Joule’s heating because of the electrical current and the
bulk resistance. On the surface Ax the axial conduction heat flux dQ̇cnd_in flows into the
volume element, and on the surface Ax+dx the heat flux dQ̇cnd_out comes out of the volume
element.

The surface of the volume element, respectively the perimeter U times the length dx, can
emit the heat flux dQ̇conv_rad through convection and radiation to the environment.

Fig. X1. Volume element for energy balanceϑx in Fig. X1 is the temperature at the point x=x0 and ϑx+dx the temperature at the point
x=x0+dx .

The heat capacity of the volume element is neglected because only the steady-state
temperature is taken into consideration.

Table X1. Properties for air at pressure p = 1 bar [20]

Average temperature ϑ_m °C 30 40 50 60
Thermal conductivity λ_th_f mW/(m*K) 26.618 27.354 28.082 28.804
Kinematic viscosity v_kin 10-7 m²/s 162.6 172.3 182.2 192.2
Prandtl number Pr - 0.7068 0.7056 0.7045 0.7035
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Table X2. Properties of the wire

Bulk radius wire r_W_b 3.3 mm
Radius insulation r_W_i 5 mm
Thickness insulation t_W_i 1.2 mm
Length wire l_W 1400 mm
Electrical conductivity wire λ_el_W 58 m/(Ω*mm²)
Thermal conductivity wire (at 20 °C) λ_th_W 395 W/(m*K)
Temperature coefficient α_th_W 4.3 10-3/K
Thermal conductivity insulation λ_th_W_i 0.17 W/(m*K)
Emission coefficient insulation ε_th_W_i 0.92 -

Table X3. Geometric properties for the contact system

Height contact pin h_P 2.4 mm
Width contact pin w_P 8.0 mm
Height spring h_S 1.2 mm
Width spring w_S 8.0 mm
Mechanical length spring l_S_mech 26.0 mm
Radius contact point r_K 4.0 mm
Spring deflection x_S1 0.475 mm

Fig. X2. Geometric size for the contact system
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Table X4. Properties of materials for the contact system
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λel λth E Rp0,2 Rm H αth

EN MS/m W/(m*K) GPa MPa MPa HV 10-3/K
1 Cu-PHC 56 400 127 320 360 110 3.7
2 CuFe2P 35 250 123 240 340 110 3.3
3 CuZn10 24 172 124 290 350 110 1.8

1Measured with a Fischer SIGMASCOPE® SMP10
2Calculated according to equation (28) for ϑ_env_∞ = 25 °C

3From the Datasheet [23]

Fig. X3. Heat transfer coefficient for convection and radiationϑ _env_∞: 25°C
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2 CuFe2P 35 250 123 240 340 110 3.3
3 CuZn10 24 172 124 290 350 110 1.8

1Measured with a Fischer SIGMASCOPE® SMP10
2Calculated according to equation (28) for ϑ_env_∞ = 25 °C

3From the Datasheet [23]

Fig. X3. Heat transfer coefficient for convection and radiationϑ _env_∞: 25°C
________________________________________________________________________
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