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Description

Thermally regulated heating elements of a wide
variety of types have existed for some time. Most
often these elements have utilized some form of
feedback control system in which the temperature
produced is sensed and the source of electrical
energization to the heating element is controlled
either in a continuous, proportional or step-wise
switching fashion to achieve more-or-tess con-
stant temperature. Utilizing a wide variety of
thermal sensors and various contro! systems,
these approaches continue to be successfuily
used in many applications.

However, there are many situations requiring
temperature regulation which the prior art feed-
back control systems are not capable of handling
adequately.

One of these situations involves differential
thermal loading of the heating element over its
extent, such that its various parts operate at
different temperatures. In order to satisfactorily
regulate temperature under such a loading condi-
tion with the prior art feedback control systems,
the heating element must be sub-divided into a
plurality of smaller heating elements and each
one must be provided with independent sensing
means and feedback control, etc. in general, this
approach is far too clumsy, unreliable and expen-
sive.

A second situation in which the prior art feed-
back control systems are not adequate is where
the heating element itself is so small as to make
adequate monitoring of its temperature by a
separate sensing means impractical. In some
instances it has been possible to cope with these
situations by utilizing a thermally dependent
parameter of the heating element as a means of
sensing its own temperature. For example, it is
possibie in some instances to energize a heating
element in a pulsed manner and sense the
resistance of the heating element during the
portion of the power supply cycle when it is not
energized. If the cycle of alternate energization
and temperature sensing is made short in com-
parison to the thermal time constants of the
heating element and its load, such a scheme can
be used to alter the duty cycle of energization by
means of a feedback control system to produce a
constant temperature. However, the resultant
apparatus is complex and relatively expensive.

Another instance in which traditional means of
feedback temperature control is inappropriate
occurs when the thermal time constants asso-
ciated with the heating element and thermal load
are so short that they exceed the speed of
response of the thermal sensor and the control
system. Typically these situations arise when the
heating element is extremely small but can also
occur in heating elements of great extent but low
mass such as in a long filamentary heater.

The above and many other difficult thermal
regulation problems could be reliably, simply and
inexpensively solved if there were an electrically
resistive heating element which provided ade-
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quate intrinsic self-regulation of temperature
despite changes in thermal load.

In the induction heating furnace prior art, a
known means of temperature control has been to
select the ferromagnetic material of the inductive
heating members in such a way that the power
induced in them by inductive coupling from an AC
primary circuit was automatically regulated by
material parameters.

In particular, it was realized in the prior art that
ferromagnetic materials undergo a thermody-
namic phase transition from a ferromagnetic
phase to a paramagnetic phase at a temperature
known as the Curie temperature. This transition is
accompanied by a marked decline in the magnetic
permeability of the ferromagnetic material. Con-
sequently, when the inductive heating members
approach the Curie temperature, the consequent
decline in magnetic permeability significantly
lessens magnetic coupling from the primary cir-
cuit of the induction furnace, thereby achieving
temperature regulation in the region of the Curie
temperature of the ferromagnetic inductive heat-
ing members.

However, this prior art, which is exemplified by
U.S. Patents 1,975,436, -437, and -438, does not
teach how the declining magnetic permeability at
the Curie temperature may be used to control the
temperature of a non-inductively coupled heating
element. Furthermore, this prior art does not
suggest that the transition which occurs at the
Curie point may be utilized in combination with
the skin effect phenomenon in a composite
material in such a way as to provide intrinsic
temperature regulation, with either ohmic or
inductive coupling to the power supply.

In US—A—4091813 there is described a sur-
geon’s scaipel of which the blade is heated in use
by Joule effect heating and it is proposed that
auto-regulation of the temperature be achieved
by employing the Curie temperature characteris-
tics of ferromagnetic material. The blade of the
scalpel is made of ferromagnetic material and a
constant high frequency aiternating electric cur-
rent is passed through the blade between electri-
cal connections which are disposed one close to
the junction of the blade and the handle of the
scalpel and the other at the opposite end of the
blade. The electrical connection to the distal end
of the blade is effected by means of an electrical
conductor that is laid along the side of the blade
and follows generally the profile of the cutting
edge of the biade but some distance in from that
edge, this conductor being electrically insulated
from the blade along the whole of its length
except at the distal end connection, whereby the
blade of the scalpel and the electric conductor laid
along side it are electrically connected in series.

US—A—4017344 describes electrical trans-
mission cables in which the core conductor of the
cable is coaxially surrounded by a thin layer of
ferromagnetic material in electrical contact there-
with. During manufacture, the temperature is
raised to a value near the recrystallisation
temperature of the ferromagnetic material, and
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the material thereafter cooled, while electrical

current is passed through the core conductor, in

order to orientate the magnetisation of the
ferromagnetic layer circumferentially.

The principle object of the present invention is
to provide a resistive heating element which
employs the Curie temperature characteristics of
ferromagnetic material for self-regulation of its
temperature and in which significantly better
auto-regulation of temperature is achieved than
has been possible in any prior heater using Curie
point characteristics. )

According to the invention there is provided a
temperature autoregulating heater employing the
Curie point characteristics of a ferromagnetic
material such that over a range of temperatures
rising toward the Curie temperature of the
ferromagnetic material the heater exhibits a nega-
tive temperature coefficient of resistance, the
heater comprising:

a first electrical conductor of conductive
ferromagnetic material,

a second electrical conductor of conductive
non-magnetic material and of lower resistivity
than the first conductor,

and connections for connecting said heaterto a
high frequency current source for causing alter-
nating current of substantially constant ampiitude
to flow through said conductors, the current
being of an amplitude sufficient to raise the
temperature of the ferromagnetic material to at
least the temperature range at which the permea-
bility of the ferromagnetic material declines
sharply due to the temperature rising toward the
Curie temperature,

characterised in that one electrical conductor is
constituted as a layer surrounding the other, and
the two conductors are in thermal and electricai
contact with one another with the current passing
through them in parallel and current concentrated
by skin effect in the ferromagnetic conductor,
whereby the proportion of the current flowing in
the ferromagnetic conductor is greater at
temperatures well below the Curie temperature
than it is as the temperature reaches the range at
which the permeability of the ferromagnetic
material declines sharply.

The invention further provides a method of
regulating the temperature of a heater by employ-
ing the Curie temperature characteristics of a
ferromagnetic material comprising the steps of:

passing a constant amplitude alternating cur-
rent through two concentric conductive layers of
material in parallel wherein the layers are in
thermal and electrical contact with one another
and one of the layers is ferromagnetic,

defining the amplitude of the current through
the heater such that its femperature causes the
permeability of the ferromagnetic layer to fall
rapidly toward a value of one but not to achieve
one.

As the Curie temperature is approached, the
declining magnetic permeability of the
ferromagnetic surface layer markedly reduces the
skin effect causing a migration or spreading of the
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current into the non-magnetic member of the
heating element. As a result of this spreading, the
resistance of the heating element declines sharply
near the Curie temperature such that at constant
current, the power dissipated by the heating
element likewise declines. By selection of the
materials and physical dimensions of the heating
element, the frequency and the constant current
of the AC source, it is possible to achieve a high
degree of temperature regulation in a narrow
range around the Curie temperature of the
ferromagnetic layer despite considerable changes
in thermal load.

Moreover, any localized variations in thermal
load on the heating element are automatically
compensated, since the resistance of any axial
portion of the heating element, however short, is
a function of its temperature. The high thermal
conductivity of the non-magnetic member is a
further aid in equalizing temperature over the
extent of the heating element. The heating
element according to the present invention can
provide accurate temperature regulation despite
extremely small physical size. A further feature is
that the constant current R.F. source can be
significantly cheaper than the complex feedback-
controfled power supplies of the prior art.

The above and other features, objects and
advantages of the present invention, together
with the best means contempiated by the inven-
tors thereof for carrying out their invention will
become more apparent from reading the follow-
ing description of a preferred embodiment and
perusing the associated drawings in which:

Fig. 1 is a partially schematic representation
showing a heating element according to the
present invention;

Fig. 2 is a schematic representation of a
cylindrical heating element and its current density
profile;

Fig. 3 is a graph of power versus temperature
illustrating the operational advantages of the
present invention;

Fig. 4 is a cross-sectional view of a fluid conduit
employing the heating element of the present
invention;

Fig. 5 is a view partly in section and partly in
elevation of a soldering iron tip employing the
teachings of the present invention.

In Fig. 1 there is shown a simplified cylindrical
heating element 1 connected in series circuit
relationship with an R.F. source 3 and an on-off
switch 5. R.F. source 3 might provide high fre-
quency alternating current power typically in the
range from 8—20 MHz, for example, and might
desirably include constant current regulation for
reasons that will appear from what follows.

Although the cylinders illustrated in Figs. 1, 2
and 4 of this application are plainly circular
cylinders, it is to be understood that the use of the
term “cylinder” in this application is by no means
fimited to the special case of circular cylinders; it
is intended that this term encompass cylinders of
any cross-sectional shape except where other-
wise indicated. Furthermore, although the electri-



5 EP 0073 190 B1 6

cal circuit arrangements illustrated all employ
direct or ohmic connection to a source of alternat-
ing current electric power, it is to be understood
that the invention is not so limited since the range
of its application also includes those cases where
the electric power source is electrically coupled to
the heating element inductively or capacitively.

Heating element 1 is traversed along its major
axis or length by a high frequency alternating
current from R.F. source 3. The effect of this
current is to cause IR heating or “Joule”” heating.
If, as suggested above, R.F. source 3 is provided
with constant current regulation, then i is a
constant and the power absorbed by heating
element 1 from R.F. source 3 is proportional to the
resistance R of element 1 between the points of
connection to the external circuit.

As can also be seen in Fig. 1, heating element 1
has a composite structure in which an inner core
or substrate 7, which might be made of copper or
other non-magnetic, electrically and thermally
conductive material is surrounded by or clad by a
sheath or plating in the form of layer 9 which is
made of a magnetic material such as a
ferromagnetic alloy having a resistivity higher
than the resistivity of the conductive material of
core 7.

in Fig. 2, the current density profile across the
cross-section of a conductor carrying high fre-
quency current is illustrated. If the conductor is in
the form of a circular cylindrical conductor of
radius r, then the current density profile has the
general form, under conditions of relatively high
frequency excitation, illustrated by characteristic
11in Fig. 2, showing a marked increase in current
density in the surface regions of conductor 1'.

As will be apparent to those skilled in the art,
characteristic 11 clearly illustrates the “skin
effect’” whereby aiternating currents are concen-
trated more heavily in the surface regions of the
conductor than in the interior volume thereof. The
high concentration of current at the surface
region of the conductor is more pronounced the
higher the frequency is. However, from what
follows it is also obvious that the skin effect is
dependent upon the magnetic permeability of the
conductor: In a “thick” conductor having a planar
surface and a thickness T, energized by an alter-
nating current source connected to produce a
current paralle! to the surface, the current density
under the influence of the skin effect can be
shown to be an exponentially decreasing function
of the distance from the surface of the conductor:

j (X)=j°e—-xls,
where:

j (x) is the current density in amperes per sq.
meter at a distance x in the conductor measured
from the surface,

jo is the current magnitude at the surface, and

s is the “‘skin depth’* which in mks units is given
by s=V2/uow, for T>s. :

Where u is the permeability of the material of
conductor, o is the electrical conductivity of the
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material of the conductor and w is the radian
frequency of the alternating current source. In
discussing the relationship of the skin effect to the
magnetic properties of materials, it is convenient
to talk in terms of the relative permeability ur,
where |, is the permeability normalized to pv,the
permeability of vacuum and pv=4mrx10""henry/
meter. Thus,

H H
ur =
uv 4nx 1077

For non-magnetic materials, pur=1.

The foregoing relationship of current density as
a function of distance from the surface, although
derived for a thick planar conductor, also holds
for circular eylindrical conductors having a radius
of curvature much larger than the skin depth s.

Although it is not necessary to examine quan-
titatively the effects of these relationships, it is
worth noting and understanding that for
ferromagnetic alloys, which have values of . in
the range of 100 or more when operating below
their Curie temperatures, the dependence of the
above expressions upon y results in a markedly
steeper drop of current away from the surface of a
ferromagnetic conductor as compared to a non-
magnetic conductor, for which ur=1.

As temperature approaches the Curie tempera-
ture of a ferromagnetic conductor, however, the
relative permeability declines quite rapidly and
approaches a value very near 1 for temperatures
above the Curie temperature. The corresponding
effect on the current density profile of a purely
magnetic cylindrical conductor 1’ of radius r is
illustrated by Fig. 2.

The lower part of Fig. 2 is a graph of current
density j across the diameter of conductor 1'. For
temperatures well below the Curie temperature,
current density profile 11 shows the expected
high current density at the surface of conductor 1’
tapering rapidly to a very low current in the
interior of conductor 1'. Profile 13, on the other
hand, illustrates the current density for a tempera-
ture in the region of the Curie temperature of the
ferromagnetic material of conductor 1': the
characteristic shows a considerabie lessening of
the skin effect with only a moderate falling off of
current away from the surfaces of conductor 1'.

Qualitatively, these effects are entirely com-
prehensible from the foregoing material concern-
ing the marked decline of 4 as temperature rises
to near the Curie temperature of a ferromagnetic
material: since ur for a magnetic material
approaches 1 near the Curie temperature, the
current density profile approaches the shape of
the current density profile for a non-magnetic
conductor.

Turning now to Fig. 3, a graph of power versus
temperature for two different heating elements is
shown. Characteristic 15 is for a uniform
ferromagnetic conductor such as, for example,
the conductor 1° shown in Fig. 2, carrying a
constant current |;. As shown, characteristic 15
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exhibits a sharp drop in power absorbed from an
R.F. energizing source such as R.F. source 3 in Fig.
1, as the Curie temperature T, is approached.
Foliowing this sharp drop in power, characteristic
15 levels off at a level labeled P, in Fig. 3.

Characteristic 16 in Fig. 3 shows a typical power
versus temperature curve for a composite heating
element such as element 1 in Fig. 1 in which a
non-magnetic conductive core is surrounded by a
ferromagnetic surface layer. Characteristic 16 also
illustrates the very similar behavior of a hollow,
cylindrical non-magnetic conductor which has
been provided with a ferromagnetic layer on its
inside surface, or indeed any composite conduc-
tor formed principally of a non-magnetic conduc-
tive member with a ferromagnetic surface layer
according to the present invention. Although
qualitatively the shape of characteristic 16 is
similar to that for characteristic 15, it is to be
noted that characteristic 16 descends more nearly
vertically to a lower value of minimum power
input.

A third characteristic 17 illustrates the effect of
increasing the current carried by the composite
heating eiement to a new value I, which is greater
than l;. As illustrated, characteristic 17 shows the
effect of such a current increase where |, has been
selected so as to produce the same level of
minimum power P, as was obtained in the case
of the characteristic for a uniform ferromagnetic
conductor 15 operating at current |,.

The significance of such a current increase can
be appreciated by considering the pair of thermal
load lines 19 and 21. Load lines 19 and 21 are
graphs of total power lost through conduction,
convection, and radiation, shown as a function of
temperature. As will be apparent to those skilled
in the art, load line 19 is for a condition of greater
thermal {ossiness than load line 21. For example,
line 19 might represent the thermal load when a
fluid coolant is brought into contact with the
heating element.

Since at thermal equilibrium the power input to
a heating element equals the power lost by
radiation, convection, and conduction, resuiting
in a steady temperature, the points of intersection
of lines 19 and 21 with the characteristics 15, 16
and 17 represent equilibria from which both the
steady state power input and temperature can be
read.

By considering the six intersections of lines 19
and 21 with characteristics 15—17, the following
facts may be deduced: (1) good temperature
regulation despite variations in thermal load
requires that the points of intersection for all
thermal loads to be encountered in use should lie,
insofar as possible, on the nearly vertical portion
of the characteristic line; (2) the ideal characteris-
tic line would have a long, straight vertical section
such that widely varying thermal loads could be
accommodated without any variation in tempera-
ture; (3) characteristic line 17 in Fig. 3 which is
representative of heating elements having a com-
posite structure with a non-magnetic conductive
core and a ferromagnetic surface layer, operating
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at the relatively higher current |, most nearly
approaches the ideal since both thermal load
lines 19 and 21 intersect characteristic 17 defining
equilibria which lie on the long, straight, nearly
vertically falling portion of characteristic 17.

The reason for the superior temperature reg-
ulating performance of the composite heating
element as shown by characteristics 16 and 17 of
Fig. 3 is relatively simple to understand in a
qualitative way.

Since both current and frequency are constants,
the power input to the heating element (P=I?R) is
directly proportional to the resistance of the
heating element as a function of temperature,
R(T). As temperature rises and approaches the
Curie temperature of the ferromagnetic material
concerned, magnetic permeability p drops to
approach the permeability of vacuum (yr=1)is a
limit beyond the Curie temperature, T.. The con-
sequent significant reduction in skin effect causes
current, which flowed almost entirely in the sur-
face layer of the heating element at low tempera-
tures, to migrate or spread into the body of the
heating element such that more and more current
flows through the interior as temperature rises
near T,. Since the available cross-section for
current flow is thus increased and since most of
the current is flowing in a highly conductive
medium, resistance drops causing a corre-
sponding drop in power consumption.

In the case of the composite heating element
according to the present invention, only a rela-
tively thin surface layer of the heating element is
formed of ferromagnetic material, while the
remainder consists of a substrate member made
of non-magnetic material having high electrical
conductivity. Consequently, the decline in
resistance and power consumption which is
experienced with a purely ferromagnetic heating
element is greatly increased by the use of a non-
magnetic, highly conductive core.

As already noted, when current is held con-
stant, power is proportional to the resistance of
the heating element. Conseguently, the max-
jumum power and the minimum power which will
be supplied to the heating element are pro-
portional to the maximum and minimum
resistance of the heating element. Since the ratio
of maximum power to minimum power deter-
mines the range over which the heating element
can adequately maintain constant temperature,
this ratio and the corresponding ratio, Rpax/Rmins
are significant indicia of performance. It can be
shown that

Hrmax Omin

Hrmin Omax

where [, and o represent the permeability and
conductivity of the material as before.

For ferromagnetic materials, the ratio 8u,in/Smax
is sufficiently close to 1 such that to a good
approximation,
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Rmax / HFmax '
Rmin u

rmln

Since pHrm. has values which fall in the range
from 100—600 for commercially available mag-
netic materials, and further since [ry, (the value
above T.) is approximately equal to 1, the ratio
Rmax/Bmin Nas a range of values for ferromagnetic
materials from approximately V100 to V600, or
approximately 10 to 25.

By the use of the composite construction
according to the present invention, this modest
ratio of resistances can be vastly increased by
selection of the relative cross-sectional areas and
conductivities of the non-magnetic member and
its ferromagnetic surface layer. Through the
choice of the Curie temperature by means of
alternative ferromagnetic materials, the tempera-
ture at which regulation will take place is also
variable.

Turning now to Fig. 4, there is shown a novel
application of the present invention to form a
heated conduit for the transmission of fluid such
as, for example, crude oil over lfong distances
while maintaining the fluid at a selected elevated
temperature designed to minimize viscosity. The
conduit 23 of Fig. 4 comprises a hollow cylindri-
cal core 25 which may be made of copper or a
less expensive non-magnetic materiai, for
example. Surrounding and immediately adjacent
and in contact with the surface of core 25 is a
ferromagnetic layer 27 which is in good thermal
and electrical contact with core 25 substantially
throughout its length.

An insulative layer 29 which might be made of
a plastic chosen to withstand the environment in
which conduit 23 will be used surrounds core 25
and layer 27, electricaily and thermally separ-
ating them from an outer sheath 31 which might
be a woven mesh of fine copper wires, or any
other suitable conductive sheath material.

Although not shown, a source or R.F. current
to energize conduit 23 would be connected
between sheath 31 and core 25 and layer 27.
Typically, sheath 31 would be operated at
ground potential in order to avoid accidental
short circuits.

In Fig. 5 is shown an additional application of
the present invention to a soldering iron tip 33 of
conical shape. Tip 33 is comprised of an outer
non-magnetic shell 35 which might be made of
copper or molybdenum, for example, and which
is in good thermal and electrical contact with an
inner ferromagnetic shell 37, thus forming a
composite self-regulating heating element in
accordance with the present invention. An inner
conductive, non-magnetic stem 39 extends
axially into conical shells 35 and 37 and may be
joined to inner sheill 37 as by spot welding, for
‘example. An R.F. source 41 is shown schemati-
cally interconnected between stem 39 and outer
shell 35.

Soldering iron tip 33 makes particularly good
use of the advantages of the composite heating
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element structure of the present invention. As
will be obvious to those skilled in the art, the
path of current flow through the structure of tip
33 is along stem 39 to its point of juncture with
inner shell 37 and axially along the conical inside
surface of tip 33 in an expanding current flow
path to return to R.F. source 41. Were it not for
the teachings of the present invention, such a
current flow path would inevitably produce
excessive absorption of electric power at the
apex portion of soldering iron tip 33, since the
cross-section of the current flow path is smaliest
at this point and the resistance would in the
usual case be higher therefore. The result would
be that unless large amounts of copper were
used in the formation of outer shell 35, the apex
region of tip 33 would be overheated while
portions near the broad base of the cone
received inadequate heat.

However, according to the present invention,
such overheating of the apex region of tip 33
does not occur since at each axial cross-section
of the current flow path the local dissipation of
R.F. energy is governed by the thermal charac-
teristics detailed in Fig. 3 of this application.
Consequently, each portion of the current flow
path will adjust its temperature to very nearly the
desired regulated value despite significant
changes in current-path cross-sectional area, or
differential thermatl loading.

Claims

1. A temperature autoregulating heater
employing the Curie- point characteristics of a
ferromagnetic material such that over a range of
temperatures rising toward the Curie tempera-
ture of the ferromagnetic material the heater
exhibits a negative temperature coefficient of
resistance, the heating comprising:

a first electrical conductor of conductive
ferromagnetic materiai,

a second electrical conductor of conductive
non-magnetic material and of lower resistivity
than the first conductor,

and connections for connecting said heater to
a high frequency current source for causing alter-
nating current of substantially constant
amplitude to flow through said conductors, the
current being of an amplitude sufficient to raise
the temperature of the ferromagnetic material to
at least the temperature range at which the
permeability of the ferromagnetic material decti-
nes sharply due to the temperature rising toward
the Curie temperature,
~ characterised in that one electrical conductor is
constituted as a layer surrounding the other, and
the two conductors are in thermal and electrical
contact with one another with the current pass-
ing through them in parailel and current concen-
trated by skin effect in the ferromagnetic conduc-
tor, whereby the proportion of the current flow-
ing in the ferromagnetic conductor is greater at
temperatures well below the Curie temperature
than it is as the temperature reaches the range at
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which the permeability of the ferromagnetic
material declines sharply.

2. A heater according to Claim 1, having the
shape of a cylinder.

3. A heater according to Claim 2, wherein said
cylinder is circular in cross section.

4. A heater according to Claim 2 or Claim 3,
wherein said cylinder is hollow and said layer of
ferro-magnetic material extends substantially
continuously over one of the bounding surfaces
of said hollow cylinder.

5. A heater according to Claim 4, wherein said
bounding surface is the outer surface of said
hollow cylinder.

6. A heater according to Claim 1, having
generally the shape of a cone.

7. A heater according to Claim 6, wherein said
cone is hollow and said layer of ferro-magnetic
material extends substantially continuously over
one of the bounding surfaces of said hollow cone.

8. A heater according to Claim 7, wherein said
bounding surface is the inner surface of said
cone.

9. A heater according to any preceding Claim,
wherein said high frequency current source is
electrically coupled to said heating element by
being ohmically connected thereto.

10. A heater according to any preceding Claim,
wherein said high frequency current source
operates in the frequency range from 8 to 20 MHz.

11. A heater according to any of Claims 1to 5,
wherein said high frequency current source is
connected to propagate current axially along said
cylinder.

12. A method of regulating the temperature of a
heater by employing the Curie temperature
characteristics of a ferromagnetic material com-
prising the steps of,

passing a constant amplitude alternating cur-
rent through two concentric conductive layers of
material in parallel wherein the layers are in
thermal and electrical contact with one another
and one of the layers is ferromagnetic,

defining the amplitude of the current through
the heater such that its temperature causes the
permeability of the ferromagnetic layer to fall
rapidly toward a value of one but not to achieve
one.

Patentanspriiche

1. Heizer mit Temperaturselbstregelung unter
Ausnutzung von Curie-Punkt-Charakteristiken
eines ferromagnetischen Materials, derart, daR
liber eine Bereich von Temperaturen, ansteigend
bis zu der Curie-Temperatur des ferromagneti-
schen Materials, der Heizer einen Widerstand mit
negativem Temperaturkoeffizienten darstellt,
wobei der Heizer aufweist:

—einen ersten elektrischen Leiter aus leiten-
dem, ferromagnetischem Material,

—einen zweiten elektrischen Leiter aus leiten-
dem, nichtmagnetischem Material und von nied-
rigerem spezifischem Widerstand als der erste
Leiter, und
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—Anschliisse zur Verbindung des genannten
Heizers mit einer Hochfrequenzstromquelle, um
einen Wechselstrom im wesentlichen konstanter
Amplitude durch die genannten Leiter fliellen zu
lassen, wobei der Strom von ausreichender
Amplitude ist, um die Temperatur des ferroma-
gnetischen Materials wenigstens bis in den Tem-
peraturbereich anzuheben, in dem die Permeabili-
tat des ferromagnetischen Materials scharf abfélit
aufgrund des Temperaturanstiegs in Richtung auf
die Curie-Temperatur,

dadurch gekennzeichnet, da ein elektrischer
Leiter als Schicht ausgebildet ist, die den anderen
umgibt, und daB die zwei Leiter in thermischem
und elektrischem Kontakt miteinander stehen,
wobei der Strome parallel durch sie verlauft und
Strom durch Skineffekt in dem ferromagneti-
schen Leiter konzentriert ist, wodurch der Anteil
des in dem ferromagnetischen Leiter flieRenden
Stromes bei Temperaturen deutlich unterhalb der
Curie-Temperatur gréBer ist als dies der Fall ist,
wenn die Temperatur den Bereich erreicht, in
dem die Permeabilitat des ferromagnetischen
Materials scharf abfélit.

2. Heizer nach Anspruch 1, dadurch gekenn-
zeichnet, daB er die Form eines Zylinders hat.

3. Heizer nach Anspruch 2, dadurch gekenn-
zeichnet, daR der Zylinder einen runden Quer-
schnitt hat.

4. Heizer nach Anspruch 2 oder 3, dadurch
gekennzeichnet, daR der Zylinder hohl ist und daf3
die genannte Schicht ferromagnetischen Mate-
rials sich im wesentlichen kontinuierlich Gber eine
der Begrenzungsflachen des genannten hohlen
Zylinders erstreckt.

5, Heizer nach Anspruch 4, dadurch gekenn-
zeichnet, daB die genannte Begrenzungsflache
die dulere Flache des hohlen Zylinders ist.

6. Heizer nach Anspruch 1, dadurch gekenn-
zeichnet, daR der Heizer im wesentlichen die
Form eines Konusses hat.

7. Heizer nach Anspruch 6, dadurch gekenn-
zeichnet, dalk der Konus hohl ist und daf3 sich die
Schicht von ferromagnetischem Material im
wesentlichen kontinuierlich {iber eine der Begren-
zungsflachen des hohlen Konusses erstreckt.

8. Heizer nach Anspruch 7, dadurch gekenn-
zeichnet, daf3 die Begrenzungsflache die innere
Flache des Konusses ist.

9. Heizer nach einem der vorhergehenden
Anspriiche, dadurch gekennzeichnet, dal die
gennante Hochfrequenzstromquelle elektrisch
mit dem genannten Heizelement gekoppelt ist,
indem sie ohmsch damit verbunden ist.

10. Heizer nach einem der vorhergehenden
Anspriiche, dadurch gekennzeichnet, dal die
Hochfrequenzstromquelle in einem Frequenzbe-
reich von 8—20 MHz arbeitet.

11. Heizer nach einem der Anspriiche 1 bis 5,
dadurch gekennzeichnet, da® die Hochfrequenz-
stromquelle so angeschiossen ist, daf3 der Strom
im wesentlichen axial entlang dem Zylinder fort-
schreitet.

12. Verfahren zur Regelung der Temperatur
eiens Heizers durch Ausnutzung der Curie-Tem-
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peratur-Eigenschaften eines ferromagnetischen
Materials, gekennzeichnet durch die Schritte

—paralleles Hindurchfithren eines Wechsel-
stromes konstanter Amplitude durch zwei kon-
zentrische, leitende Schichten von Material,
wobei die Schichten in thermischen und elek-
trischem Kontakt miteinander stehen und eine
der Schichten ferromagnetisch ist,

—Bestimmung der Amplitude des Stromes
durch den Heizer derart, daRR seine Temperatur
bewirkt, dal? die Permeabilitdt der ferromagne-
tischen Schicht rapide in Richtung auf den
Wert 1 abféllt, jedoch nicht 1 erreicht.

Revendications

1. Systéme de chauffage a autorégulation
thermique utilisant les propriétés du point de
Curie d'un matériau ferromagnétique de fagon
telle qu‘au dessus d'une zone de températures
s'élevant vers le point de Curie du matériau
ferromagnétique, |'appareil de chauffage mon-
tre un coefficient de température négatif de
résistance, le systéme de chauffage compre-
nant:

un premier conducteur électrique en maté-
riau ferromagnétique,

un second conducteur en matériau non
magnétique et dont la résistivité est plus faible
qgue celle du premier conducteur,

et des bornes pour brancher ce systéme de
chauffage a une source de courant a haute fré-
guence pour provoquer un courant alternatif
d’amplitude suffisante pour faire monter la
température du matériau ferromagnétique au
moins jusqu'd la zone de température dans
laquelle la perméabilité du matériau ferroma-
gnétique décroit brutalement du fait que la
température s'éléve vers le point de Curie,
caractérisé en ce qu‘un conducteur est formé
d‘une couche entourant l'autre, et les deux
conducteurs sont en contact thermique et élec-
trique, le courant les traversant en paraliéle, et
du courant étant concentré par effet de peau
dans le conducteur ferromagnétique, la propor-
tion du courant s'écoulant a travers le conduc-
teur ferromagnétique étant pius grande a des
températures bien en dessous du point de
Curie, que celle qui existe lorsque la tempéra-
ture atteint la zone dans laquelle la perméabi-
lité du matériau ferromagnétique décroit bruta-
lement.

2. Systéme de chauffage selon la revendica-
tion 1, présentant la forme d'un cylindre.

10

15

20

25

30

35

40

45

50

55

60

65

3. Systéme de chauffage selon la revendica-
tion 2, ce cylindre possédant une section
transversale circulaire.

4. Systéme de chauffage selon la revendica-
tion 1 ou 2, ce cylindre étant creux, et la
couche de matériau ferromagnétique s’éten-
dant de fagon pratiquement continue sur l'une
des surfaces de liaison de ce cylindre creux.

b. Systéme de chauffage selon la revendica-
tion 4, cette surface de liaison étant la surface
extérieure de ce cylindre creux.

8. Systéme de chauffage selon la revendica-
tion 1, ayant la forme générale celle d'un
cone.

7. Systéme de chauffage selon la revendica-
tion 6, ce cOne étant creux et cette couche de
matériau ferromagnétique s’étendant de fagon
pratiquement continue sur l'une des surfaces
de liaison de ce cone creux.

8. Systéme de chauffage selon la revendica-
tion 7, cette surface de liaison étant la surface
intérieure de ce cone.

9. Systéme de chauffage selon l'une quel-
conque des revendications précédentes, cette
source de courant & haute fréquence étant
couplée électriguement & ['élément chauffant
par liaison chmique.

10. Systéme de chauffage selon l'une quel-
conque des revendications précédentes, la
source & haute fréquence fonctionnant dans la
gamme des 8 a 20 MHz.

11. Systéme de chauffage selon I'une quel-
conque des revendications 1 & 5, la source de
courant & haute fréquence étant reliée au cou-
rant de propagation axialement ie long de ce
cylindre.

12. Procédé de régulation de la température
d'un appareil de chauffage par utilisation des
propriétés du point de Curie d'un matériau fer-
romagnétique, comportant les étapes sui-
vantes:

passage d'un courant alternatif d'amplitude
constante & travers deux couches concentri-
ques conductrices d'un matériau en paralléle,
les couches se trouvant en contact thermique
et électriqgue entre elles, I'une des couches
étant ferromagnétique,

détermination de l'ampliitude du courant &
travers |‘appareil de chauffage de telle sorte
que sa température entraine la perméabilité de
la couche ferromagnétique dans une chute
rapide vers une valeur de un mais sans attein-
dre un.
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