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Abstract—The objective of the work presented here is to
estimate the characteristics of the power balance, i.e. the
power and the surface power density that the electric arc
brings to Ag-SnO, electrodes. This work is first based on an
experimental study carried out using an IR camera with which
we measured the temperature in a zone close to the area
impacted by the arc, but not flashed by it. In a second step, the
temperature distributions obtained are compared with the
results of a numerical model of the electrode heating. The
model input parameters are the power P and the surface power
density Q. Solving this inverse problem thus makes it possible
to estimate values of P and Q leading to measured and
calculated heating (temperature distribution) that are as similar
as possible. Such a method has been applied for Ag-SnO,
cathodes and anodes and for various intensities of the arc
current in a range 80 - 200 A.

Index Terms—Circuit breakers, contactors, silver tin oxide,
switches

I. INTRODUCTION

A. Context

TODAY Ag-SnO, is a commonly used contact material in
many components such as household switches, light
switches, domestic and industrial circuit breakers, contactors
and relays. During their lifetime, all these components are
activated thousands of times (even hundreds of thousands).
Therefore the study of the degradation of contact pads over the
closing opening cycles is of great interest to switchgear
manufacturers. Over the course of the tests, due to repeated
heating under the action of opening or closing electric arcs,
various physical phenomena contribute to the deterioration of
the properties of the contact pads. In the case of Ag-SnO, pads
for instance, mass losses of course occur, but also the
appearance of cracks and of demixing zones in the material...
Some contribute to the deterioration of contact resistance or to

the progressive destruction of the pad and others greatly
increase the risk of welding. For instance, Figure 1 [1] shows
the microstructure observed with an optical microscope in the
cross section of an Ag-SnO, electrode after 50,000 arcs (300
A rms). Bubbles and cracks can be observed in the material as
a result of melting-resolidification cycles of the pseudo-metal,
as well as demixing areas between silver and tin oxide.

er 50,000 arcs (300
A rms) observed in cross section with an optical microscope (from
ref [1]).

For many years, numerous experimental works have been
conducted concerning the degradation of contacts in Ag-SnO,.
Some of them propose qualitative work carried out, for
example, with the help of optical observations on evaluation
of changes in contact surface profiles (crater shapes) or with
the help of SEM and EDXA which allowed to observe the
crack propagation during the earlier stages of erosion and the
extent of surface welting by molten silver in the later stages
[2, 3]. Other works are quantitative. They concern for instance
the mass loss measurement in very different configurations.
We can quote for instance the case of an opening contact in
DC regime for current intensity in the range 2-35 A [4 - 6] or
higher current intensity (250 A) [7], the case of make
operations in DC case with I in the range 200 - 400 A [8,
9], the case of erosion resulting only of the arc action (and not
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of the opening phase) for current intensity in the range 200-
800 A [10] for an electrode gap in the range 1-10 mm, the case
of AC3 or AC4 tests conditions (I;ae = 600 A and lyeq = 100
A) [11] and the AC case for arc current in the range 16-100 A
[12] or 10-40A [13, 14] up to higher intensity [15] (until 6
kA). Other works concern the volumetric erosion of electrical
contacts [16, 17] by the use of a 3D optical profilometer
allowing then to quantify the crater dimensions for instance.

B. Objectives

The long term objective of our work is to propose a model
of the lifetime of a device such as a contactor. For this
purpose, several important preliminary steps are required: a
good knowledge of the thermodynamic, thermal and
mechanical properties of materials. For instance, experimental
works [23, 24] have been conducted concerning the
measurement of the properties of Ag-SnO, as contact material
and their temperature dependence. It is also essential to
estimate the power balance at the contacts during the arc in
order to assess the metallurgical evolution and wear of the
contact pad. This last issue is the main objective of this paper.

There are some modelling works on Ag-MeO type
materials, where Me denotes another metal. In most cases, it is
assumed to result from evaporation of the electrode material
[18 - 21]. In [18], an expression for the power flux density
brought by the arc to the electrodes is given. It assumes
equipartition between the anode and cathode but no value for
the current density or power density is given. In [20], authors
consider Ag-CdO electrodes. In [21] they consider pure silver
as the electrode material and have taken a maximum power
flux density value of 10" W/m2 and a current density of the
order of 10" A/m2,

Concerning the modelling of the lifetime of a contactor,
relatively little work has been done. One can mention the work
of Yang et al. [22]. They were interested in the evolution of
the heating of a relay on a macroscopic scale (temperature of
coils and springs) as a function of the number of operations.
There are not many works specifically dedicated to the
estimation of the power balance in the case of Ag-SnO2
contact electrodes. Two methods previously developed in our
laboratory [25] and [26] can be cited.

The first method [25] concerns electric arc with static
electrode gaps (in the range 2-10 mm), an arc duration of 20
ms and an arc current intensity equal to 600 A. The second
method [26] concerns AC break arc of 300 A rms. In both
cases, experimental measurements or observations were
compared with results obtained by numerical modelling in
order to obtain an estimate of the power balance making
experimental results and modelling compatible.

In this work we propose a third indirect method based again
on an experimental approach (the measurement of the
electrode temperature near the arc impact) and on a modelling
step. The objective is again to obtain values on the electrode
heating conditions making experiment and model compatible.

The article is divided into different parts:

- The first part is dedicated to the description of the
experimental method for measuring the temperature near the
area where the opening arc occurs. After a quick
bibliographical reminder concerning various methods of
temperature measurement implemented in the case of heating
of electrodes under the action of an arc, the experimental
device (mechanical, optical and electrical) as well as the
principle of the method will be described. An example of
measurements will then be presented.

- The second part is devoted to the solution of the inverse
problem which consists in finding the characteristics of the
power flow brought to the electrodes. In this part the method
which is based on experimental results and on the use of a 2D
numerical thermal model is described with the help of an
example. Finally, the results are generalized to various current
intensity values for Ag-SnO, anodes and cathodes.

Il. DESCRIPTION OF THE EXPERIMENTAL METHOD FOR THE
MEASUREMENT OF THE ELECTRODE TEMPERATURE NEAR THE
ELECTRIC ARC IMPACT.

A. A quick review of different methods used to measure the
electrode heating under the electric arc action

Several methods have been proposed to experimentally
estimate the electrode temperature resulting from electric arc
heating. Among the different possible methods used to
measure temperatures, some are based on the use of
thermocouples [27]. There are several disadvantages
associated with the use of thermocouples for surface
temperature measurement. Firstly, the thermocouple will
indicate a value related to its own temperature. As a result, the
way it is "glued" to the surface can have a significant impact
on its own temperature by significantly changing the heating
(or cooling) conditions. However, the major drawback is
related to the thermal inertia of thermocouples even when very
small ones are used (diameter of 100 pm). Thus a phase shift
in the temperature rise was estimated to be about a
millisecond. If in the case of steady state arcing this is of no
consequence, the same cannot be said for non-stationary arcs.
Optical measurements were also proposed. Most of them
concern arcs in a stationary state in argon between electrodes
made of refractory material such as tungsten, thoriated
tungsten or hafnium. Among them we can mention Haidar et
al. [28] who proposed a method to measure the temperature
distribution on the edge of a tungsten conical cathode in the
case of a stationary arc in argon. To do this they used a
spectroscopic method and had to assume that the arc column
was immobile and had axial symmetry (axi-symmetry). The
measurement is made during the arc period and the
assumptions of steady state and axial symmetry then allow
using an inverse Abel transform to extract the light emission
of the cathode surface from the total radiation and thus to go
back to an estimate of the cathode surface temperature.
Another reference study comes from Zhou et al. [29] who



used single and double wavelength pyrometry. Again, the
temperature distribution was measured for tungsten or
thoriated tungsten electrodes for stationary arcs and a current
intensity of 200 A. They estimated that the arc radiation
produced an error in the measurements of less than 2% in the
case of a single wavelength pyrometry measurement and 14%
in the case of a dual wavelength pyrometry measurement. The
emissivity values of tungsten proposed by De Vos [30] were
taken in the case of single wavelength pyrometry. The spatial
resolution of the results presented is about one measurement
point every 50 um. The fact that they neglected the radiation
of the plasma during the arc seems to have been a rather crude
hypothesis a posteriori, as shown by the work they published
afterwards. A third reference work is due to Dabringhausen et
al. [31] who measured the temperature near the arc root
(cathode) in the case of argon arc and tungsten electrodes. For
this they used a single wavelength pyrometer. The emissivity
values are those of De Vos. The pyrometer detects surface
radiation in the range 0.7 - 1.1 um. The diameter of the sight
spot is 0.3 mm. As they work in steady state, the integration
time is not specified. Other studies have been carried out in
different gases. Peters et al. [32] used a dual wavelength
pyrometry method. In their case, it is an arc in steady state in
oxygen (and in an N,/O, mixture) with hafnium electrodes. To
free themselves from the light of the arc, they measured 100
us after the cut-off and then extrapolated the temperature
value at the time of the cut-off. Neither the spatial resolution
(size of the measuring spot) nor the integration time of the
pyrometer were specified. Teulet et al. [33] measured the
surface temperature of a steel anode using single or
polychromatic pyrometers. The surface area of the spot is
about 0.8 mm?2 and the integration time for measurements is
about 0.6 ms.

Other optical measurements were also performed in vacuum.
Schellekens et al. [34] and Watanabe et al. [35] measured,
using a fast visible camera and a single wavelength pyrometer,
the surface temperature reached at the time of zero crossing of
the arc current for 50 Hz arcs of high intensities (several tens
of kA) in vacuum and Cu and Cu-Cr electrodes. The
integration time was between 0.1 and 1 ms respectively. Little
detail is given on the experimental method used. Dullni et al.
[36] measured with a single wavelength pyrometer the
maximum temperature decrease after the vacuum arc cut-off
for copper electrodes. Tabulated values for emissivity were
taken. No information is given on the spatial and temporal
resolution of the measurement and therefore on how the
maximum value of the surface temperature is obtained. More
recently, Ramanantsoa et al. [37] measured with an IR camera
the temperature reached on the edges of cylindrical graphite
electrodes subjected to an arc of a few tens of A in argon.
Quite lately, a method to measure the surface temperature
distribution of an electrode a few microseconds after a very
fast and controlled extinction of the electrode was proposed
[38]. The method used made it possible to measure the surface
temperature distribution of copper, carbon or tungsten
electrodes [39], [40]. However, such a method requires
knowledge of the emissivity of the material in the camera's

wavelength range (3.9um - 5um). In the case of tungsten,
these values were obtained from [30]. In the case of copper, a
device was conceived to calibrate the IR camera. It allowed to
establish a correspondence between the true temperature (that
of the copper specimen) and the camera temperature
(calibrated in "black body" temperature). Such a calibration is
particularly long and tedious. Indeed, it requires many samples
in order to obtain reliable values, and additionally large
sample sizes. In the case of Ag-SnO,, such samples would be
particularly expensive and difficult to produce.

B. Description of the method

The proposed approach in the case of Ag-SnO, electrodes,
was to observe a surface not directly subjected to the arc but
close enough to the impacted one, which made necessary to
use no massive electrodes. In practice, as we intended to have
access to the temperature as close as possible to the arc, thin
flat electrodes (a few hundred micrometers thick, in the range
500 um — 650 um) were used and the temperature on the side
opposite to the electric arc was measured with the help of a IR
camera. The employed camera is a Jade MWIR Cedip camera
(640 x 512 pixels, spectral range from 3.9 to 5.1 pum). It is
calibrated by Cedip system and the correspondence between
the measured digital level and the temperature is stored in a
calibration curve. The exposure time is controlled and is in the
range [10 — 120 ps]. The emissivity problem was answered by
spraying the bottom of the electrode with a black heat-resistant
paint (Rust-Oleum 750°C). Such a coating has an emissivity
greater than 0.9 which leads to an error of less than 3% on the
measured temperature. A schematic view of the device is
shown in Figure 2. A contact consists of a cylindrical
electrode with a curvature radius of about 40 mm on the one
hand and a flat electrode of controlled thickness (in the order
of a few hundred micrometers) on the other hand. This
assembly is mounted on the objective of an IR camera which
allows the observation of the lower surface of the flat
electrode, thus making it possible to measure its temperature.
The objective used gives a spatial resolution such that the size
of a pixel is about 40 um x 40 um. The upper electrode is
mounted on a controllable electrical linear actuator, allowing
the contact to be opened. The opening speed is about 300
mm/s. The distance between electrodes is measured using a
laser sensor with an accuracy of about 15 pum. On the left side
of Figure 2 the device is shown with the contact closed. On the
right side it is shown in the presence of an electric arc during
the opening phase. A calcium fluoride (CaF,) window
protects the camera lens while allowing the IR wavelengths
involved to pass through (transmission coefficient superior to
0.9).
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Fig. 2. Schematic representation of the device either when the
contact is closed (left) or when the contact is open in the presence of
an electric arc (right).

The associated electrical circuit is made up of:

- apower supply (3 car batteries connected in series
(36/42 VDC))

- aresistive load allowing the current to be adjusted
(up to 1400 A in a near short-circuit configuration)

- aninductive load if necessary

- a safety system (static switching device) allowing
the arc to be extinguished if it does not occur
naturally.

- InFigure 3 are presented :

- on the right, a schematic view of the electrical
circuit,

- onthe left, a photo of the device showing the plane
and cylindrical electrodes (in the red circle) ; we
can see on the plane electrode the traces left by the
opening arcs previously made.
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Fig. 3. Schematic view of the electrical circuit and of the device
fixed on the camera objective ; the studied contact can be seen in the
red circle.

The typical sequence of events occurring for each run is
described in Figure 4, which shows the schematic changes in
the inter-electrode distance d (in green), contact voltage Uxc
(in blue) and intensity of the current Il (in red) flowing
through the contact. The whole experience lasts a few
milliseconds. A current pulse begins by passing through the
initially closed contact (the contact voltage is then a few

millivolts). The moments of opening the contact and taking a
picture with the IR camera are measured. The exposure time
of the camera depends on the temperature range considered,
varying from a few microseconds to a few tens of
microseconds.

arc

8 1

A

arc “—__ IRcamera

/ \ exposure time

Fig. 4. Schematic representation of the various events as a function
of time.

C. An example of measurement

Before extracting general results from the various
experiments carried out, we will describe in detail an example
of a measurement obtained in the case where the flat electrode
was a cathode and propose the most complete possible
analysis of the obtained results. For the example in question,
the current and voltage evolutions are shown in Figure 5. The
arc duration is 7.2 ms and the moment of the image capture is
3.3 ms after the ignition of the arc. The resulting 3D thermal
mapping is shown in Figure 6. The temperature distribution
shown is axially symmetrical. This means that the arc was
stationary between its apparition and the image capture. Of
course, sometimes, the arc root is mobile on the electrodes and
the temperature distribution is no longer axisymmetric.
Further on, to solve the inverse problem, it will be necessary
to consider only cases where the arc root has been stationary
until the temperature measurement. Thus it has been necessary
to perform a very large number of arcs in order to select the
cases where the arc has remained motionless. Under the same
experimental conditions, we made three measurements each
time.
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Fig. 5. Evolution of the current intensity (in red) and contact voltage
(in blue) for the example considered. The "moment" of the IR image
capture is also given.
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Fig. 6. Thermal mapping obtained for the example considered.
Temperature values below 200°C have no physical meaning

It should be noted that temperature values below 200°C
have no physical meaning due to the temperature range chosen
for the measurement. As a result, the radial extension of the
temperature validity area is in the order of 1000 um. In Figure
7 an example of a temperature profile passing through the
maximum temperature (black square dots) is given. A
Gaussian fit of this curve, useful in the simulation phase (see
next section), was also made and plotted on this figure (pink
line).
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Fig. 7. Temperature profile (square dots) and Gaussian fit curve
(in pink).

In the following we will see how, in the case of an
immobile arc, information about the power balance can be
obtained. This will first be illustrated using the example
presented in this section and then generalized to other cases.

I1l. SOLUTION OF THE INVERSE PROBLEM: ESTIMATION OF THE
POWER BALANCE AT THE ELECTRODE.

A. A macroscopic approach for the power balance at the
electrode

To describe the power balance at the electrode surface, a
macroscopic point of view is adopted. We have used the
formalism already chosen by several authors [41,42] which
introduces an apparent arc root and an effective arc spot
current density. This formalism synthesizes the different
physical phenomena occurring at the microscopic scale that
contribute to the heating of the electrode (ion bombardment,
electron emission, neutral bombardment, radiation...) and the
power flow is characterized by two quantities: the power
denoted P (in W) and the surface power density denoted Q (in
W/m?2) brought by the arc to the electrodes. They are given in
the following forms:

P(t) = Igrc(t) X Voq(t) 1)

Q(r,t) =J(r, t) X Veq () @

with Il the intensity of the arc current, Vg, an equivalent
voltage and J the "apparent” current density which can be a
function of the position. The aim of the approach will
therefore be to estimate the two parameters Veq and J or Q. Veq
a priori does not represent the classic voltage drop near the
electrodes. As an example, we remind that for Ag-SnO,
electrodes in air, the sum of the anode and cathode drop (Va +
Vc) is 15 V [43]. In the following we will note Pc and Qc
(respectively P, and Q,) the power and the power flux density
supplied by the arc to the cathode (respectively to the anode),



and Jc(r) (respectively Ja(r)) the apparent current density in
the cathode root (respectively the anode root). A first simple
hypothesis is to consider that the current density in the arc root
is uniform. Indeed, in the field of modeling, we can find works
proposing a uniform current density or a current density
depending on the radial coordinate. From an experimental
point of view, many works [44 - 50] have been done to
determine the current density at the cathodic arc root and
many values have been proposed for "cold" cathodes (Cu, Ag,
Ni, ...) obtained from either the observation of the tracks left
by the root of the arc, or the observation of the of the luminous
zone on the surface of the cathode, or the spectroscopic study
(Zeeman effect) or the use of coils in the cathode or the
measurement of the force exerted by the arc on the electrode.
In all cases, the values obtained correspond to spatial average
values, which means that a uniform current density is
considered.

In these conditions:

Jr)=Joand Q(r) =Q,  (3)

with:
Qo= VegxJo (4

Obviously we have :
Iorc(t) = m X az(t) X Jo (5)

where a(t) is the arc root radius.

B. Description of the numerical modelling.

The geometry taken into account in our model is given in
Figure 8. It is a flat Ag-SnO, electrode with a radius (denoted
R) of 12.5 mm and a thickness (which is measured for each
test) in the range 500-650 um (obviously for readability
reasons, the figure is not to scale). A 2D numerical model of
the electrode heating is used. It has been already described in
[51].

F_‘_‘—; - '#. "._.’_ ...... i = = W
500 - 650 um L /}“T(R) =To

. 1 o
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Fig. 8. Schematic view of the axisymmetric geometry and boundary
conditions considered for the model.

The heat diffusion in the electrode is described by the equation
pCpZ—:= V.(kVT) + P, (6)where p is the density, C, the
specific heat, T the temperature, t the time, k the thermal

conductivity and P; the Joule power density. As usual, for
such electric arc P, is negligible. It has been shown that the

Joule power is no longer negligible at current densities above
10" A/m2 [52].

Concerning the boundary conditions, the upper surface (z = 0)
of the contact pad is heated by the flux characterized by the
power and the power flux density.

—k.g—z =Q ifr<al)and0if r > a(t)

The arc root is supposed to be motionless. The side edges
(r = R) of the pad are sufficiently far from the arc root and the
duration of the arc is short enough to consider their
temperature constant during the arc (equal to the ambient
temperature Ty . Vz,Vt, T(R) = T,). Convection and radiation
cooling of the electrode have been neglected, so that the heat
flux on the underside is considered to be zero. This is justified
because of the short arc duration. Solving the heat equation
during heating thus gives the evolution of the spatial
temperature distribution. An enthalpic method was used to
deal with the problem of phase change. The specific heat,
mass density and thermal conductivity values are taken from
[23] for the solid state material. They were determined
experimentally. For the liquid state, they come from the model
proposed in [53].

Heating is therefore only the result of the application of power
flows modelling the heating by the root of the arc. In this
respect, the quantities Ve, and Qg were considered constant
during heating.

C. Application of the method to an example.

The objective is then to find the Veq and Qo values that will
allow us to get "as close as possible" to the experimental
temperature profile. For several values of V,, we have varied
the value of Q,. The results for the deviation value between
calculated and experimental curves have then been calculated
as a function of Q, for the various V. The uncertainty on the
value of the measured temperature is of the order of 2.5% (due
to the emissivity value of the heat-resistant paint). As a
criterion of compatibility between experience and calculation,
the value of the maximum difference between the calculated
and measured curves should be less than or equal to 5% of the
maximum heating (twice the inaccuracy due to the paint). By
way of illustration, for the case of figures 6 and 7, the
maximum temperature rise is 425°C and we have therefore
retained the couples (Veq ,Qo) which led to a difference
between the curves of less than 21°C. We have plotted in
figure 9 the maximum temperature difference reached
(denoted AT.) as a function of the value of Q, for two values
of Vg (5V and 6 V). We can see that a compatibility zone
exists for Veq = 5 V whereas none is possible for Ve, =6 V.
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Fig. 9. Value of AT as a function of Qg for two values of V.
The line marking 5% of the temperature rise is specified in green.

Figure 10 shows a summary of the calculations by determining
an area in the axes Ve, Qo in which the measured and
calculated temperature profiles check the criterion on T,a.

By way of comment, a complementary angle can be
mentioned. We have indeed other information at our disposal:
for example the possibility to observe the crater left by the arc
with a 3D optical profilometer, which allows to investigate
another criterion based on topographical data. Figure 11 gives
a surface profile of this crater along a diameter. The minimum
melted depth is of the order of 35-40 pum and the minimum
melted diameter is of the order of 760 - 780 um. Calculations
carried out for couples (Veq , Qo) leading to profiles compatible
with the experiment led to melted depths always greater than
44 um and melted diameters greater than 800 pum. In this case
the two criteria (temperature profiles and crater dimensions)
are met.

5,0x108 -
4,5%10%
= %108 4
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45 5,0 55
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Fig. 10. Zone of compatibility between experiment and modelling
for the determination of Qg and V¢, in the case presented as an
example.
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Fig. 11. Observation of a diametric profile of the crater left by the
arc with an optical profilometer. The minimum molten diameter is of
the order of 760 - 780 um. The minimum melted depth is of the order

of 35 - 40 um.

D. Example of results.

Several experimental tests have been carried out and the
reverse problem has been solved. In this section we present
some examples of the power balance obtained for three
different values of the arc current intensity: 80, 125 and 200 A
in the case of anode and cathode. Thus, Figures 12 and 13 give
the compatibility zones for an anode and a cathode,
respectively, for the three values of the arc current intensity.
With the same duration, the erosion increases due to the
increase of the power supplied to the electrodes. There is no
physical reason for the fact that Ve for I = 200 A, in the case
of an anode, is lower than Vg, for 15 = 125 A. However, it
should be noted that in our case this is a single example and
that a statistical study would be necessary. On this subject, in
the case of copper electrodes, some authors have proposed an
estimate of V4 as a function of I,.. It was observed [54] that
the mean value of V¢, seemed to depend little on I, in the
range 150 A - 500 A and that a very strong dispersion in the
results appeared (for I = 280 A V4 is in the range 4 -11 V).
It is then possible to have Ve, of the order of 9V for 125 A, 5V
for 280 A and 8 for 500 A. Other authors [55], for lower
currents, have estimated the power supplied to the electrodes
as a function of the current for different inter-electrode
distances. By introducing the notion of V., at constant inter-
electrode d, we can estimate the variation of V¢, with current
(in the range [1-30] A). It can be seen that the variation of Ve,
is a decreasing function of I,.
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Fig. 12. Synthesis of the areas of compatibility between
experiment and modelling in the case of an anode for various average
values of the arc current intensity.
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Fig. 13. Synthesis of the areas of compatibility between
experiment and modelling in the case of a cathode for various
average values of the arc current intensity.

Moreover, the fact that Ve, is not an increasing function of
larc does not mean that the power input is not increasing. This
can be seen in Figure 14 where we have plotted the power
versus the arc current.
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Fig. 14. Power brought by the electric arc to the electrode as a
function of the current intensity values: 80, 125 and 200 A

IV. CONCLUSIONS

We have presented a simple method allowing to obtain
information concerning the characteristics of the power flux
brought by an electric arc to an Ag-SnO, electrode (anode and
cathode) in the case of an arc of short duration and short
electrode gap. This method is based on the measurement of the
temperature distribution close to the arc root and the use of a
model of the thermal phenomena occurring in the heated
electrode. For a given electrode it is possible to find a zone of
values for the couple power and surface power density
compatible with the experimental observations. We have
obtained an estimation of the ‘most compatible’ values for the
power and surface power density. It has been found for Ag-
SnO, anodes and cathodes that:

3,7V < Veqa <102V

3,5V < Voge <56V

1,9 X 108W.m 2 < Quu < 7,2 X 108W.m™2
1,8 X 108W.m™2 < Qyc < 4,8 X 108W.m™2

In a future article, we will present a new method to obtain
values for V,, and Q,. The results obtained by each method
will be compared.
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