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Description

FIELD OF INVENTION

[0001] The present invention is in the field of plasma
spray technology. In particular a plasma generating de-
vice and a method for spraying flowable materials are
disclosed.

BACKGROUND

[0002] Plasma spraying devices are used for spraying
various flowable, materials, such as powdered materials
(or simply powders), in a number of applications, includ-
ing, for example, in connection with coating applications.
Such devices typically comprise a cathode, an anode,
and a plasma channel extending between the cathode
and through the anode. During operation, a plasma-gen-
erating gas is supplied td the plasma channel. The elec-
trical arc formed between the cathode and the anode
heats the gas flowing through the plasma channel, form-
ing a plasma flow (sometimes also called a plasma
stream or plasma jet). The plasma flow exits the device
through an outlet in the anode at the end of the plasma
channel. Several different types of plasma spraying de-
vices are known. These types may be characterized by
the position at which a flowable material is introduced (or
injected) into the plasma flow. The following discussion
relates to powder spraying devices. However, a person
of skill in the art will appreciate that other materials may
be used for spraying.
[0003] In one type of device, the powder is introduced
into the plasma flow at the anode area. In some devices
of this type, the powder is introduced into the plasma flow
through inlets in the anode, as disclosed in, for example,
U.S. Pat. Nos. 3, 145,287,4,256,779, and 4,445,021. In
other devices of this type the powder is introduced into
the plasma flow by feeders located outside the plasma-
generating device, as disclosed, for example, in U.S. Pat.
No. 4,696,855. Typically, the powder is injected substan-
tially perpendicular to the plasma flow.
[0004] One advantage associated with devices of this
type is that when the powder is injected into the plasma
flow, the plasma flow is fully developed and has certain
known properties, such as temperature, velocity, energy,
etc. These properties depend on, and can be controlled
by, the internal geometry of the plasma channel, the na-
ture of the gas used to generate the plasma, the pressure
with which the gas is supplied, the difference in electric
potential between the cathode and the anode, etc. An-
other advantage of supplying the powder at the anode
area is that the formation of plasma flow is unaffected by
the powder.
[0005] However, introducing the powder at the anode
area has disadvantages. Typical powders have particles
of different sizes. When such powder is injected into the
plasma flow, heavier particles, which have higher kinetic
energy, reach the center of the plasma stream faster than

lighter particles. Therefore, the lighter particles may
reach the center of the plasma flow in the relatively cold
zones of the plasma flow located further away from the
anode, or the lighter particles may remain on the periph-
ery of the plasma flow never reaching its center. This
creates two undesired effects. First, there is a low level
of homogeneity of the powder in the flow because the
heavier particles are subjected to a higher temperature
for a longer period of time compared to the lighter parti-
cles. The lighter particles may not be sufficiently heated
for the coating applications. Second, the distribution of
the coating is not uniform, and some particles may simply
miss the surface to be coated, which leads to poor ma-
terial economy. In other words, the powder-sprayed coat-
ing is produced using only a portion of the supplied pow-
der. This is particularly disadvantageous when expen-
sive powders are used. The problem can be mitigated to
some extent by using powders with particles of equal
mass. However, such powders are more expensive to
manufacture and using them may not be a viable alter-
native for all applications.
[0006] To avoid problems associated with the substan-
tially perpendicular injection of powder in the anode area
of the plasma channel, attempts have been made to pro-
vide a longitudinal powder supply channel. The powder
supply channel is arranged inside the plasma channel
and is surrounded by the plasma flow during operation
of the device. The outlet of the powder supply channel
is in the anode area of the plasma channel. This interior
powder supply channel, arranged inside the plasma
channel, prevents adequate heating of the plasma flow
and, in general, has undesirable effects on the plasma
flow properties.
[0007] A further disadvantage associated with intro-
ducing the powder at the anode is that a large amount
of energy is needed to maintain the high temperature and
specific power (power per unit of volume) of the plasma
flow so as to obtain a highly homogeneous coating. It is
believed that the cause of this problem is that the tem-
perature and velocity distribution of the plasma flow is
virtually parabolic at the outlet of the plasma channel
where the powder is injected. Thus, the temperature and
velocity gradient and the thermal enthalpy of the plasma
flow are inversely proportional to the diameter of the plas-
ma flow. To increase the homogeneity of the sprayed
coating, it is therefore necessary to increase the diameter
of the plasma flow, which in turn requires a lot of energy.
[0008] In a second type of device, the powder is sup-
plied at the inlet of the plasma channel, at the cathode.
In these devices, the electric arc heats both the plasma
generating gas and the powder. The cathode area is con-
sidered to be a cold zone, which allows the powder to be
introduced in the center of the plasma flow. Examples of
devices of the second type are disclosed in, for example,
U.S. Pat. No. 5,225,652, U.S. Pat. No. 5,332,885, and
U.S. Pat. No. 5,406,046.
[0009] When plasma is generated by supplying a plas-
ma generating gas to the plasma channel and heating
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the gas with an electric arc of a predetermined discharge
current, only a small portion of the gas forms the center
of the plasma flow where the temperature is high. The
remaining gas flows closer to the walls of the plasma
channel, where the temperature is lower, forming the cold
layer of the plasma flow. The cold powder particles inter-
fere with the temperature increase of the plasma in the
flow, and the powder in the periphery of the flow never
reaches the desired temperature. Because of this tem-
perature distribution in the plasma flow, only a small por-
tion of the powder, supplied at the inlet of the plasma
channel, flows in the high temperature center of the plas-
ma flow and is sufficiently heated by the electric arc. The
remaining powder flows in the cold layer of the plasma
flow. This causes an uneven heating of the powder, which
affects the quality of the surface coating. Furthermore,
there is a risk of the plasma channel being clogged by
the powder, which has a detrimental effect on the condi-
tions required for a stable plasma flow.
[0010] Increasing the transfer of mass to the central
part of the channel by increasing the rate of the gas and
powder flows is not a practicable alternative. When the
flow of the gas and powder increases, while the current
remains constant, the diameter of the electric arc de-
creases, which just aggravates the problem of the pow-
der accumulating in the cold layer along the plasma chan-
nel walls. Furthermore, for those particles that end up in
the center of the plasma flow, the time spent in the plasma
flow decreases, because the velocity of those particles
increases. Therefore, the amount of the powder in the
high temperature plasma flow center cannot be in-
creased if the current remains constant. Increasing the
operating current, however, causes disadvantages as-
sociated with both the design and handling of the plasma-
spraying devices.
[0011] In devices of a third type, a portion of the plasma
channel is formed by intermediate electrodes electrically
insulated from the anode and the cathode. The powder
is introduced into the plasma flow in the portion of the
plasma channel formed by the intermediate electrodes,
typically between two electrodes. Thus, the powder is
supplied neither at the inlet of the plasma channel nor at
the outlet of the plasma channel. Examples of devices
of the third type are disclosed in, for example, U.S. Pub.
No. 2006/0091116A1.
[0012] The device disclosed in U.S. Pub. No.
2006/0091116A1 has two plasma channel sections. The
section of the plasma channel located upstream from the
powder feeder is formed by one or more intermediate
electrodes and is used to create optimal conditions in the
plasma flow. In particular, during operation, the plasma
is heated to a temperature sufficient to melt the powder
through-out the entire cross section of the plasma chan-
nel. This eliminates the problem associated with powder
particles traveling in the cold layer of the flow, and reduc-
es the risk of clogging when particles stick to the walls
of the plasma channel. The section located downstream
from the powder feeder is also formed by one or more

intermediate electrodes and is used to achieve a high
level of homogeneity and temperature of the powder par-
ticles in the flow thus obviating the problems associated
with supplying the powders at the anode. By controlling
the properties of the downstream section, such as its
length and the number of intermediate electrodes forming
the section, optimal conditions of the powder are
achieved. These conditions include velocity and temper-
ature level necessary to obtain the required adhesion,
structure, and porosity in the sprayed coating for a spe-
cific combination of the power material and the coating
application. However, because the velocity of the plasma
flow and the powder particles that it carries is relatively
low, the powder particles have low kinetic energy when
they exit the device.
[0013] To achieve higher velocities of powder parti-
cles, some spraying devices use throttling portions. For
example so, called cold spray or velocity spray devices
pressurize a relatively cold gas carrying a powder and
then use a throttling portion to accelerate the gas carrying
the powder to high velocities. Such devices use the ki-
netic energy of the powder particles for coating. Throttling
portions have been long known in the art. Briefly, they
are used to convert pressure of a gas flow into velocity.
Throttling portions were first used in jet engines, but now
they are also used in plasma generating devices. A
known variation of a throttling portion is the supersonic
nozzle (also called the de Laval nozzle), which is capable
of accelerating the plasma flow to supersonic speeds.
U.S. App. Ser. No. 11/482,582 discloses the use of the
supersonic nozzle in a multi-electrode plasma generating
device used for cutting, evaporating, and coagulating bi-
ological tissues. U.S. App. Ser. No. 11/482,582, howev-
er, is not concerned with features of the throttling portion
useful for spraying applications, such as the drop in the
static pressure of the plasma flow that facilitates the in-
jection of powders and the ability to use nanoparticles
for spraying.
[0014] Plasma spraying devices that use throttling por-
tions may fall into any of the three categories set forth
above. However, because of their use of the throttling
portions, they are discussed separately. U.S. Pub. No.
2006/0108332 discloses the use of a throttling portion in
a plasma spraying device. In particular, this publication
discloses a throttling portion which is located essentially
in the end of the plasma channel closest to the cathode.
During operation of this device, after the plasma gener-
ating gas is briefly heated by a cathode in the heating
chamber near the cathode, the gas passes through the
throttling portion. The throttling portion increases the
speed of the gas, in some embodiments beyond the
speed of sound, and decreases the static pressure of the
gas. The powder is injected into the plasma flow after the
plasma passes the throttling portion at a point in the plas-
ma channel where the plasma reaches its maximum
speed and has minimum static pressure. However, be-
cause the throttling portion is arranged essentially at the
cathode end of the plasma channel, the plasma flow is
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heated by the electric arc only while it passes through
the throttling portion. Accordingly, the plasma reaches
the speed of sound while it is essentially cold. Because
the speed of sound is higher at higher temperatures, the
absolute speed that the plasma generating gas achieves
is relatively low. Due to the relatively low speed the plas-
ma does not achieve a high power density. Furthermore,
because the powder is injected in the area of the anode
in the device disclosed in U.S. Pub. No. 2006/0108332,
the device exhibits limitations generally associated with
the devices of the first type discussed above.
[0015] U.S. Pub. No. 2006/0037533 discloses the use
of a throttling portion in a thermal spraying device. The
device comprises (1) a heating module used for heating
a flow of gas (or plasma, in some embodiments), (2) a
forming module used to decrease the static pressure and
increase the speed of the gas stream; (3) a powder feed-
ing module that is used to inject powder into the flow; and
(4) a barrel module used to carry the powder in the
stream, so that the powder achieves necessary proper-
ties. The publication discloses a number of different ways
of implementing a heating module. For example, in some
embodiments the heating module is a combustion type
heating module, which heats the gas by combusting acet-
ylene. After the gas is heated to 3,100° C, it is passed to
the forming module. After the velocity and pressure of
the gas flow are transformed by the forming module, the
powder is injected into the gas flow in the powder feeding
module. The powder particles, carried by the gas flow,
achieve properties required for a particular spraying ap-
plication in the barrel module.
[0016] U.S. Pub. No. 2006/0037533 discloses another
embodiment of the heating portion implemented as a
multielectrode plasma torch This plasma torch has a
cathode, an anode, and a plurality of intermediate elec-
trodes. The anode and the intermediate electrodes form
a plasma channel. The publication further discloses a
throttling portion, distinct from the one in the forming mod-
ule, located essentially in the end of the plasma channel
closest to the cathode. During operation of this heating
module, after the plasma generating gas is heated by the
cathode in a heating chamber near the cathode, the gas
passes through the throttling portion. The throttling por-
tion accelerates the flow, in some embodiments beyond
the speed of sound, and decreases the static pressure
of the gas.
[0017] Some devices, such as the one disclosed in
U.S. Pub. No. 2006/0091116A1 discussed above, pro-
vide for injection of different flowable materials. This fea-
ture is desirable for some plasma spraying applications.
[0018] Accordingly, presently there is a need for a plas-
ma spraying device that overcomes the limitations of the
currently known devices by maximizing the energy den-
sity of the device while enabling control of both kinetic
and thermal energy of the plasma flow carrying the pow-
der particles at the outlet of the device. In particular, there
is a need for a plasma spraying device and method that
generates a plasma flow having a temperature and speed

that enables one or more flowable materials to be injected
into the plasma flow by applying a relatively low pressure,
while also enabling control of the characteristics of the
plasma and the flowable materials when they exit the
plasma channel.

SUMMARY OF THE INVENTION

[0019] The present invention provides a plasma gen-
erating device comprising an anode, a cathode and a
plasma channel, extending longitudinally between the
cathode and anode. The plasma channel has an outlet
opening at the anode end of the device and a throttling
portion. A part of the plasma channel is formed by two
or more intermediate electrodes electrically insulated
from each other and the anode. The throttling portion of
the device divides the plasma channel into a high pres-
sure portion positioned on the side of the throttling portion
closest to the cathode and a low pressure portion posi-
tioned on the side of the throttling portion closest to the
anode. The throat of the throttling portion has a cross
sectional area transverse to the longitudinal direction of
the plasma channel smaller than both the minimum cross
sectional area of the high pressure portion and the min-
imum cross sectional area of the low pressure portion.
In the low pressure portion of the plasma channel, the
device also has one or more flowable material injectors
which include a flowable material chamber having an inlet
and a flowable material feeder connecting the flowable
material chamber to the plasma channel. Together the
flowable material feeder and the flowable material cham-
ber are referred to as the flowable material injector.
[0020] In the plasma spraying device, the high pres-
sure portion of the plasma channel is formed by at least
one, but preferably two or more, intermediate electrodes.
This enables the plasma flow that reaches the throttling
portion to be sufficiently heated to achieve a high level
of homogeneity of a given flowable material, such as pow-
der, injected into the plasma flow. The low pressure por-
tion of the plasma channel is formed by at least one, but
preferably two or more, intermediate electrodes. This en-
ables sufficient heating of the flowable material for a given
spraying application after the flowable material is injected
into the plasma flow.
[0021] During operation, a plasma generating gas is
supplied to the plasma channel. As the gas flows through
the plasma channel, it is heated by an electric arc formed
between the cathode and the anode. The temperature
increase of the electric arc results in gas ionization and
plasma formation. The static pressure of the plasma in
the high pressure portion of the plasma channel is rela-
tively high. As the plasma passes through the throttling
portion, its velocity pressure increases and the static
pressure decreases. The increase in the velocity pres-
sure may accelerate the plasma flow to supersonic
speeds. At the end of the throttling portion closest to the
anode, the static pressure of the plasma is at its minimum.
The flowable material is injected into the plasma flow in
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the low pressure portion, which, due to the low static pres-
sure of the plasma, requires minimal pressure.
[0022] The injection of the flowable material in the de-
scribed device results in a high level of homogeneity of
the flowable material because the plasma is sufficiently
heated while passing through the high pressure portion.
Because the flowable material carrier gas mixes with hot
plasma, the temperature of the plasma drops and is lower
than the temperature of the plasma before the flowable
aterial is injected. For some spraying applications a high
temperature of the flowable material particles may be
required. As the aggregate flow of plasma carrying the
particles of the flowable material passes through the re-
maining portion of the low pressure portion, the electric
arc heats the plasma, which heats the particles.
[0023] In some embodiments, the device enables in-
jection of two or more flowable materials. In an exemplary
embodiment that enables injection of two flowable ma-
terials, the device comprises a second flowable material
injector. The second flowable material injector is ar-
ranged in a way that enables the particles of the injected
first flowable material to be sufficiently heated before the
econd flowable material is injected. At the same time, the
second flowable material injector is arranged in such a
way that enables particles of both flowable materials to
be sufficiently heated for a given spraying application be-
fore the aggregate flow exits the device. In some embod-
iments, the device may comprise additional flowable ma-
terial injectors provided that the following conditions are
met: (1) plasma and particles of all flowable materials
injected upstream from a given flowable material have
to be sufficiently heated before the given flowable mate-
rial is injected in the flow and (2) particles of all flowable
materials injected up to a point must be sufficiently heated
(i) before exiting the device for a given spraying applica-
tion, or (ii) before injecting another flowable material.
Note that it may not be necessary to heat particles of a
flowable material to the temperature required when the
flow exits the device before injecting another flowable
material because particles of both flowable materials are
heated following injection of the second flowable mate-
rial. Accordingly, the invention also provides a method
of plasma-spraying one or more flowable materials com-
prising creating a plasma flow which is heated to at least
10,000°K and thereafter increasing the velocity pressure
of the heated plasma in the flow while concurrently de-
creasing the static pressure of the heated plasma in the
flow, whereupon one or more flowable materials are in-
jected into the flow of plasma. In the method of the in-
vention, after each flowable material is injected, the par-
ticles of all flowable materials in the flow are heated to
an appropriate temperature by heating the plasma in the
flow before being output in the plasma.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024]

FIG. 1 illustrates a cross sectional longitudinal view
of an embodiment of the device of the invention with
a single flowable material injector;
FIG. 2 illustrates a cross sectional longitudinal view,
transverse to the view illustrated in FIG. 1 of an em-
bodiment of the device of the invention with a single
flowable material injector;
FIG. 3 illustrates a feeder that is angled in the direc-
tion opposite to the plasma flow;
FIG. 4 illustrates a feeder that is angled in the direc-
tion of the plasma flow;
FIG. 5 illustrates a cross sectional longitudinal view
of an embodiment of the device with multiple flowa-
ble material injectors;
FIG. 6 illustrates a water divider of the cooling system
used to cool a throttling portion; and
FIG. 7 illustrates a water divider of the cooling system
used to cool the anode and other intermediate elec-
trodes.

DESCRIPTION OF PREFERRED EMBODIMENTS

[0025] FIGs. 1 and 2 illustrate one embodiment of a
plasma-spraying device according to the invention. The
embodiment depicted in FIGs. 1 and 2 is a powder spray-
ing device with a single flowable material injector. How-
ever, it should be understood that this is an exemplary
embodiment and is not meant to limit the scope of the
invention to the use of a powder or to the use of a single
flowable material or a single injector. For purposes of this
disclosure, the expression "flowable material" is defined
as any material that flows in a vessel under pressure.
Flowable materials include, but are not limited to, liquids,
gases, or particles of solid materials carried by a fluid.
The term "powder" in the present disclosure should be
understood as small particles of a material that can be
carried by a fluid, such as a gas; for the purposes of this
disclosure, a "powder" is a flowable material. Another
variation of a flowable material is a solution of powder
particles, such as nanoparticles, in a liquid precursor
used, for example, in a spraying technique known as Sus-
pension Precursor Plasma Spray (SPPS). During oper-
ation, such a solution is atomized and injected into the
plasma flow as a flowable material.
[0026] FIG. 1 shows a longitudinal cross-section of the
device. Although the following discussion refers to the
use of a powder, it shall be understood that any other
type of flowable material may be used. In the embodiment
of FIG. 1, a casing 2, a flowable material assembly 60,
a washer 56, and a casing 48 form the outside of the
device. In this embodiment the device is cylindrical and
all elements are annular and are arranged coaxially. In
other embodiments, however, the device may not be cy-
lindrical and a different internal or external geometry may
be used. The device comprises a cathode 4, preferably
made of tungsten containing lanthanum, which is ar-
ranged in a cathode holder 6, and an anode 8. Insulator
element 10 surrounds a portion of cathode 4 furthest from
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anode 8 and a portion of the cathode holder 6. Insulator
element 10 provides both thermal and electrical insula-
tion of cathode 4.
[0027] Annular intermediate electrodes 12, 14, 16, 18,
20, 22, and 24 and anode 8 form a plasma channel 26.
Plasma channel 26 has an inlet 32 at the end closest to
cathode 4 and an outlet (or opening) 34 at the end furthest
from cathode 4. Annular insulators 36, 38, 40, 42, and
44 are located between intermediate electrodes 12, 14,
16, 18, 20, 22, and 24 and provide electrical insulation
between adjacent intermediate electrodes. Annular insu-
lator 46 is located between intermediate electrode 24 and
anode 8 and provides electrical insulation between them.
[0028] Intermediate electrode 12, which is furthest
from anode 8, forms a plasma chamber 28 around cath-
ode tip 30. The plasma chamber 28 is connected to the
inlet of the plasma channel 32. Space 61 provides a pas-
sage for plasma generating gas to plasma chamber 28.
[0029] FIG. 2 shows a longitudinal cross section that
is transverse to the longitudinal cross section shown in
FIG. 1. FIG. 2 illustrates portions of the plasma channel.
Intermediate electrode 18 forms a throttling portion 80.
Throttling portion 80 divides the plasma channel 26 into
two portions: a high pressure portion 82 and a low pres-
sure portion 84. The high pressure portion 82 is formed
by one or more intermediate electrodes. Preferably, the
high pressure portion 82 is formed by two or more inter-
mediate electrodes. In the embodiment shown in FIGs.
1 and 2, the high pressure portion 82 of plasma channel
26 is formed by three intermediate electrodes 12, 14, and
16. The high pressure portion should have a length suf-
ficient to ensure that when a powder is injected into the
plasma, the plasma has a temperature sufficient to melt
the powder across the entire cross section of plasma
channel 26.
[0030] The low pressure portion 84 is formed by at least
one, but preferably two or more, intermediate electrodes.
In the embodiment shown in FIGs. 1 and 2, the low pres-
sure portion 84 is formed by three intermediate elec-
trodes 20, 22, and 24. The low pressure portion 84 should
have a length sufficient to ensure that particles of the
powder carried by the plasma are heated to the temper-
ature required for a given spraying application.
[0031] The throttling portion 80 has an hourglass
shape. The narrowest part of the throttling portion 80 is
throat 86, which divides the throttling portion into a con-
verging portion 88 and a diverging portion 90. In the pre-
ferred embodiment the throttling portion 80 is a super-
sonic nozzle, also known as a de Laval nozzle. (For the
purposes of clarity, in this disclosure, unless otherwise
specified, the phrase "cross sectional area" means "cross
sectional area transverse to the longitudinal direction of
the plasma channel 26.") The cross sectional area of
throat 86 is smaller than both (a) the cross sectional area
of the high pressure portion 82 and (b) the cross sectional
area of the low pressure portion 84. In the preferred em-
bodiment, the cross sectional area of the high pressure
portion 82 is smaller than or equal to the cross sectional

area of the low pressure portion 84. In other embodiments
the cross sectional area of the high pressure portion 82
is greater than the cross sectional area of the low pres-
sure portion 84.
[0032] During operation, after the initial startup of the
device, an electric arc between the cathode 4 and the
anode 8 is maintained. The plasma generating gas flows
in the plasma channel 26 from the inlet 32 to the outlet
34. The electric arc heats the plasma generating gas
causing ionization of the plasma generating gas, which
results in generation of plasma. The direction in which
the plasma traverses the plasma channel 26, from the
inlet 32 to the outlet 34 is referred to as the direction of
the plasma flow.
[0033] The plasma generating gas is supplied through
the space 61 to the inlet 32 of plasma channel 26 under
pressure. The total pressure of the plasma consists of
the velocity pressure and the static pressure. In the con-
text of this description, the velocity pressure refers to the
pressure that pushes the plasma flow along the plasma
channel and the static pressures refers to the pressure
that the plasma exerts on the walls of the plasma channel.
The velocity pressure of the plasma is proportional to the
velocity of the plasma flow squared. Conversely, the ve-
locity of the plasma flow is proportional to the square root
of the velocity pressure of the plasma. As the plasma
enters the converging portion 88, the velocity pressure
of the plasma increases because the mass flow rate
(mass per time) is constant. At the throat 86, where the
cross sectional area of the plasma channel is minimal,
the plasma velocity becomes transonic, Mach 1, a con-
dition called a choked flow. As the cross sectional area
increases in the diverging portion 90, the plasma contin-
ues to expand so that the static pressure of the plasma
decreases and the velocity pressure of the plasma in-
crease. In the diverging portion 90, the velocity of the
plasma flow increases to supersonic velocities, Mach >
1.0. At the same time, in the diverging portion 90, the
static pressure of the plasma decreases. The total pres-
sure of the plasma remains substantially constant.
[0034] The velocity pressure of the plasma and the ve-
locity of plasma flow reach their maximum at the end of
the throttling portion 80 closest to anode 8. Conversely,
the static pressure of the plasma reaches its minimum
at the end of the throttling portion 80 closest to anode 8.
The physical process that the plasma undergoes when
passing through the throttling portion 80 is isentropic,
meaning that the entropy of the plasma does not change.
Essentially, the throttling portion 80 increases the velocity
pressure of the plasma and decreases the static pressure
of the plasma relative to the pressures observed in high
pressure portion 82.
[0035] Accordingly, the high pressure portion 82 is
characterized by (1) high static pressure of the plasma,
which is preferably in the range of 5-100 Bar; (2) low
velocity pressure of the plasma, and (3) low velocity of
the plasma flow. The average temperature of the plasma
flow in the high pressure portion is preferably 10-20° kK.
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If argon is used as a plasma generating gas, the electric
field of the plasma is preferable 5-50 V/mm. The power
density of the plasma in the high pressure portion is pref-
erably in the range of 0.5-10 kW/mm3.
[0036] When the plasma enters the converging portion
88 of the throttling portion 80, its temperature is preferably
10-20° kK. When plasma exits the diverging portion 90
of the throttling portion 80, its temperature drops prefer-
ably to 8-13° kK. The velocity of the plasma at the end
of the diverging portion 90 closest to the anode 8 is pref-
erably 1-10 km/s, with the Mach number in the range of
1.2-3. The pressure of the plasma in the diverging portion
90 is preferably in the range of 1-5 Bar.
[0037] The low pressure portion 84 is characterized by
(1) low static pressure of the plasma, which is preferably
close to atmospheric pressure, (2) high velocity pressure
of the plasma, and (3) high velocity of the plasma flow
that results in a high average powder velocity that is pref-
erably 400-1,000 m/s. The average temperature of the
plasma flow is preferably in the range of 10-15° kK. The
average powder temperature is the melting temperature
of the powder. The electric field of the plasma in the low
pressure portion 84 is preferably 1-10 V/mm. The power
density of the plasma in the low pressure portion 84 is
preferably in the range of 0.2-0.8 kW/mm3.
[0038] In the embodiment shown in FIG. 2 the powder
enters the device through two powder inlets 94 and 95.
In other embodiments a different number of powder inlets
can be used. The powder inlets 94 and 95 are connected
to a powder chamber 96. The powder chamber 96 is ar-
ranged around the intermediate electrode 18 and facili-
tates a uniform distribution of the powder particles along
the circumference of the device. The powder feeder 98
connects the powder chamber 96 to the plasma channel
26. In the preferred embodiment the powder feeder 98
connects to the plasma channel 26 at the end of the low
pressure portion 84 closest to the throttling portion 80.
In other embodiments, the powder feeder 98 can connect
the plasma channel 26 to the powder chamber 96 at other
points along the plasma channel 26 in the low pressure
portion 84, provided that powder particles spend enough
time in the plasma channel 26 to achieve required char-
acteristics, such as temperature, velocity, and homoge-
neity.
[0039] In the preferred embodiment, feeder 98 is a slit.
In other embodiments, the powder feeder 98 may be im-
plemented as a plurality-of channels connecting the pow-
der chamber 96 and the plasma channel 26. In yet other
embodiments, powder feeder 98 may be any aperture or
a plurality of apertures that provide communication be-
tween the powder chamber 96 and the plasma channel
26. FIGs. 1 and 2 illustrate the embodiment in which the
slit 98 is perpendicular to the axis of the device. However,
this angle does not produce the best distribution of the
powder particles in the plasma for all types of powder.
As mentioned above, for a high quality coating, it is pref-
erable that powder particles be uniformly distributed in
the plasma flow. Using the embodiment illustrated in

FIGs. 1 and 2 to spray powder having relatively heavy
particles may result in the particles from different direc-
tions colliding in the center of plasma channel 26. Using
the embodiment illustrated in FIGs. 1 and 2 to spray pow-
der having relatively light particles may result in the par-
ticles being pushed to the walls of the plasma channel
by the plasma flow before they can even reach the center
of the flow. To achieve a more uniform distribution of the
powder particles, the feeder 98 may be angled. FIG. 3
illustrates the embodiment in which the feeder 98 is an-
gled in the direction opposite to the plasma flow. This
embodiment is desirably used for powders with lighter
particles. FIG. 4 illustrates the embodiment in which the
slit 98 is angled in the direction of the plasma flow. This
embodiment is desirably used for powders with heavier
particles.
[0040] As mentioned above, the plasma in plasma
channel 26 is heated by the electric arc established be-
tween cathode 4 and anode 8. In the preferred embodi-
ment, the temperature of the plasma entering the throt-
tling portion 80 is 10,000° K or above. This temperature
increase occurs while the plasma passes through the
high pressure portion 82. The temperature of the plasma
entering the throttling portion will depend on the charac-
teristics of the high pressure portion 82, in particular its
length, which depends on the geometry and the number
of the intermediate electrodes used to form the high pres-
sure portion 82.
[0041] When the powder is injected into plasma chan-
nel 26, it is delivered by a cold carrier gas. As the cold
carrier gas mixes with the heated plasma, the tempera-
ture of the plasma in the flow significantly drops and be-
comes lower than its temperature before the powder is
injected. For some coating applications, the plasma in
the flow has to be heated in the low pressure portion 84,
after the powder is injected, so that the powder particles
achieve the required temperature and a high level of ho-
mogeneity when exiting the device at outlet 34. The elec-
tric arc established between the cathode 4 and the anode
8 heats the plasma that carries particles of the injected
powder flowing along the low pressure portion 84. In the
preferred embodiment, the temperature of the plasma
exiting the device at the outlet 34 is 10,000° K or above.
The temperature of the powder particles depends on the
time that they spend in the plasma flow, which is control-
led by the length of the low pressure portion 84. Some
types of powder particles, such as nanoparticles, may
evaporate if exposed to the temperature of the heated
plasma and then kept at that temperature for a certain
period of time. A supersonic speed of the plasma in the
low pressure portion 84 enables such particles to melt to
the desired consistency without evaporating. Note how-
ever that the particles of powder travel with lower speed
than the plasma in the flow due to non-ideal transfer of
the kinetic energy from the plasma to the powder parti-
cles. For a given type of powder, the temperature to which
its particles are heated in the low pressure portion 84 and
the time it takes for the particles to traverse the low pres-
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sure portion 84 may be controlled by the geometry and
number of the intermediate electrodes that form the low
pressure portion 84.
[0042] Coating with nanoparticles presents additional
problems. In particular, because of the low mass of na-
noparticles, they cannot gain enough momentum to
achieve the desired penetration of the plasma flow, even
with relatively low static pressure of the plasma flow in
the low pressure portion 84. For such nanoparticles, this
and other embodiments of the device may be used with
SPPS. With SPPS the flowable material that is injected
into the plasma flow is an atomized - solution of nano-
particles with a liquid precursor. When the atomized so-
lution is injected into the plasma flow, the precursor quick-
ly evaporates, leaving the nanoparticles in the plasma
flow to be heated and accelerated.
[0043] Turning to FIG. 2 again, during operation, all
elements, but especially the anode 8 and the intermedi-
ate electrode 18, which electrode 18 forms the throttling
portion 80, become heated. For the cooling of the inter-
mediate electrode 18, a coolant, preferably water, is sup-
plied through the inlet 64. The coolant flows through a
longitudinal coolant channel 65 in the direction of the
plasma flow. The longitudinal coolant channel 65 con-
nects to the circular coolant channel 66 (shown in FIG.
1) that surrounds the intermediate electrode 18, prefer-
ably at the cross section of the throat 86. The coolant
then flows in the direction opposite to the plasma flow
through another longitudinal coolant channel 67 connect-
ed to the circular channel 66. The coolant exits the device
through the outlet 68. Coolant divider 15, shown sepa-
rately in FIG. 6, together with other elements, forms the
coolant channels 65, 66, and 67. The cooling system of
the anode 8 is similar. A coolant, preferably water, enters
the device through the inlet 70. The coolant then flows
in the direction of the plasma flow through a longitudinal
coolant channel 71. Then, the coolant flows in a circular
channel 72 around the anode (shown in FIG. 1). After
that, the coolant flows in the direction opposite that of the
plasma flow through another longitudinal channel 73, and
then exits the device through the outlet 74. Coolant di-
vider 17, shown separately in FIG. 7, together with other
elements, forms the coolant channels 71, 72, and 73. In
some embodiments the same coolant is used for cooling
the anode 8 and the intermediate electrode 18. In other
embodiments different coolants are used for cooling the
anode 8 and the intermediate electrode 18.
[0044] FIG. 5 shows an embodiment of the device with
two flowable material injectors. In this embodiment, the
high pressure portion 82 is formed by the same interme-
diate electrodes 12, 14, 16 and the same insulators 36,
38, and 40 as in the first embodiment described above.
The low pressure portion 84 is formed by intermediate
electrodes 20, 22, 24, 140, 142, and 144, the anode 8,
and insulators 42, 44, 46, 152, 154, 156. The portion of
the plasma channel 160 between the feeder 98 and the
feeder 128 is formed by at least one, but preferably two
or more intermediate electrodes. In the embodiment

shown in FIG. 5, the portion 160 is formed by three in-
termediate electrodes 20, 22, 24. The portion of the plas-
ma channel 162 between the feeder 128 and the opening
34 in the anode 8 is also formed by at least one, but
preferably two or more intermediate electrodes. In the
embodiment shown in FIG. 5, the portion 162 is formed
by three intermediate electrodes 140, 142, 144 and the
anode 8. In general, in embodiments that have two or
more flowable material injectors, the adjacent feeders
are separated by at least one, but preferably two or more
intermediate electrodes.
[0045] Turning back to FIG. 5, portions 160 and 162
are provided with a cooling system. As depicted, each
portion has its own cooling system. The cooling system
comprising inlet 70, channels 71, 73, and 72 (which is
not shown in FIG. 5), and outlet 74 is used to cool inter-
mediate electrode 146, in accordance with the above de-
scription. A similar cooling system comprising inlet 130,
channels 131, 132, and a channel surrounding the anode
(which is not shown in FIG. 5) and the outlet 134 is used
to cool the anode 8 in accordance with the above de-
scription. In the embodiments that have two or more flow-
able material injectors, there may be a cooling system
for each group of electrodes forming a portion of the plas-
ma channel between each adjacent pair of feeders.
These cooling systems may use different cooling agents,
and may operate independently from each other.
[0046] In embodiments with multiple flowable material
injectors, the corresponding feeders may or may not be
angled in the same manner. For example, in the embod-
iment of FIG. 5, both the feeder 98 and the feeder 128
are perpendicular to the direction of the plasma flow. In
other embodiments one feeder may be angled in the di-
rection of the plasma flow as shown in FIG. 4, and another
feeder may be angled in the direction opposite to the
plasma flow as shown in FIG. 3. In some other embodi-
ments, both feeders may be angled in the same direction
but at a different angle.
[0047] The operation of the embodiment shown in FIG.
5 is similar to the operation of the embodiment shown in
FIGs. 1 and 2 described above. In fact, the processes
that occur upstream from the feeder 128 are substantially
the same. During operation, after a first flowable material
has been injected into the plasma flow through the feeder
98, the particles of the first flowable material carried by
the plasma traverse the low pressure portion of the plas-
ma channel. At the point where the particles of the first
flowable material have been heated to an appropriate
temperature, a second flowable material is injected into
the plasma flow through the feeder 128. The feeder 128
is connected to a second flowable material chamber 126.
The second flowable material is supplied to the second
flowable material chamber 126 through inlets 124 and
125. The particles of the two flowable materials carried
by the plasma traverse the remainder of the plasma chan-
nel and exit through the opening 34 of the anode 8.
[0048] The length of portion 160, between the feeders
98 and 128, depends on the properties of the first flowable
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material. It is controlled by the number and geometry of
the intermediate electrodes used to form portion 160.
When the second flowable material is injected into the
flow, its particles, together with the particles of the first
flowable material, are heated by the plasma in the flow.
The length of portion 162, between the feeder 128 and
the opening 34 of the anode 8, depends on the properties
of the second flowable material. It is controlled by the
number and geometry of the intermediate electrodes
used to form portion 162. The length of portion 162 is
selected so that particles of the second flowable material
(heated together with particles of the first flowable mate-
rial) achieve characteristics required by a particular
spraying application by the time they reach the opening
34 of anode 8. The sum of lengths of portions 160 and
162 is selected so that particles of the first flowable ma-
terial achieve characteristics required by the particular
spraying application by the time they reach opening 34
of anode 8. Note that particles of the first flowable material
are heated in portion 160, then they are cooled in the
area where feeder 128 connects to the plasma channel
26, and then they are heated again (together with the
particles of the second flowable material) in portion 162.
The length of portion 160 can be determined from the
total sum of lengths of portions 160 and 162 and the
length of portion 162. In embodiments with more than
two flowable materials injectors, the lengths of various
portions may be determined in the same manner.
[0049] The device of the invention may be used for
applications other than coating by plasma spraying. For
example, one possible application is Plasma Enhanced
Chemical Vapor Deposition (PECVD). Briefly, Chemical
Vapor Deposition (CVD) is a method of deposition of thin
films, in which particles are heated and propelled towards
the surface to be coated, and as a result of their high
energy a chemical reaction occurs on the surface to be
coated and a film is formed. One application for which
CVD is used is deposition of diamond films. To achieve
the deposition of a diamond film on the surface, the con-
ditions required for the growth of a diamond have to be
created on the surface. Plasma generating devices can
be used to create such conditions. Argon plasma, for
example, sustains the temperature of 10,000° K or
above. At this temperature, hydrogen and some hydro-
carbon are decomposed into atomic hydrogen and atom-
ic carbon. The plasma flow accelerates atomic hydrogen
and atomic carbon toward the surface, on which the
atomic carbon (in the presence of certain precursors) be-
gins to form the diamond film. Using the embodiment with
a single flowable material injector separates hydrocarbon
and hydrogen from the cathode, thus preventing the cath-
ode erosion, and at the same time ensures that the two
gases spend enough time in the heated plasma to com-
pletely decompose into the elemental particles.
[0050] An important factor in CVD is the thickness of
the layer in which the diamond grows, called a boundary
layer. The thickness of the boundary layer determines
the rate of the diamond film growth, and ideally it should

be as thin as possible. The thickness of the layer is in-
versely proportional to the square root of the velocity of
the plasma flow that is used to deliver the elemental par-
ticles. Accelerating the plasma with a throttling portion to
supersonic speeds, therefore, facilitates the formation of
a thinner boundary layer.
[0051] Embodiments of the device of the invention may
also be used for destruction of hazardous materials or
waste in solid, liquid and gaseous forms. For example,
an embodiment of the plasma generating device may be
integrated in a waste management system or a motor
vehicle exhaust system. At high temperatures, the or-
ganic materials are pyrolysed. Then, in the cooler sec-
tions of the systhem the elemental particles and ions may
recombine prior to rapid alkaline quench to form simple
molecules. The resulting end products include gases
consisting of argon, carbon dioxide and water vapor and
aqueous solutions of inorganic sodium salts.
[0052] It is also possible to combine the function of
destruction hazardous material and waste with CVD. For
example, when using an embodiment of the device, the
destruction chamber may include a substrate holder
where the diamonds can be grown from the elemental
carbon.
[0053] Embodiments of the device with multiple flow-
able material injectors enable the use of the device in
applications for which the embodiments of the device with
a single flowable material are not suitable.
[0054] For some coating applications, such as for ex-
ample thermal barrier coating (TBC) used to coat turbine
parts, it is necessary to have two layers of coating: the
top coat and the bond coat. The bond layer is necessary
due to a mismatch of thermal expansion coefficients of
the coated metal and the top coat, which is typically ce-
ramic. The bond coat is applied first to the metallic surface
to be coated. The bond coat serves as an adhesive layer
between the top coat and the metallic surface. For better
adhesion as well as for producing a thicker coating, a
method known as Graded Functional Coating is used.
With Graded Functional Coating, two powders are inject-
ed into the plasma flow. However, the relative amounts
of the injected powders vary with time. In the beginning
of the coating process, only the powder used to form the
bond coat is injected. Gradually, the fraction of the pow-
der used to form the top coat is increased, while the frac-
tion of the powder used to form the bond coat is de-
creased. Finally, only the powder used to form the top
coat is supplied. The powders used for the formation of
the two coats have very different characteristics, such as
particle size, melting point, etc. Using the embodiment
of the device with a single flowable material injector would
require optimizing the parameters of the device for two
different powders. Even if satisfactory parameters are
found, the performance of such device would not be op-
timal.
[0055] Using the device with multiple flowable material
injectors enables creation of a device that accomplishes
optimal conditions for spraying both powders. Turning,
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for example, to the embodiment of the device shown in
FIG. 5, the powder used to form the top ceramic layer
has a higher melting point than the powder used to form
the bond layer. Accordingly, the powder used to form the
top layer is supplied to the upstream flowable material
injector through the inlets 94 and 95. The powder used
to form the bond coat is supplied to the downstream flow-
able material injector through the inlets 124 and 125. The
lengths of the respective portions 160 and 162 may be
configured to ensure that both powders spend optimal
time in the plasma channel 26 before exiting from the
outlet 34 of anode 8 and then exit the device from outlet
34 at optimal temperature.
[0056] The foregoing description of the embodiments
of the present invention has been presented for purposes
of illustration and description. It is not intended to be ex-
haustive nor to limit the invention to the precise form dis-
closed. Many modifications and variations will be appar-
ent to those skilled in the art. The embodiments were
chosen and described in order to best explain the prin-
ciples of the invention and its practical applications,
thereby enabling others skilled in the art to understand
the invention. Various embodiments and modifications
that are suited to a particular use are contemplated. It is
intended that the scope of the invention be defined by
the accompanying claims.

Claims

1. A plasma generating device comprising:

a. an anode (8);
b. a cathode (4);
c. a plasma channel (26), extending longitudi-
nally between said cathode and through said an-
ode, and having an outlet opening (34) at the
anode end, a part of the plasma channel being
formed by two or more intermediate electrodes
(12, 14, 16, 18, 20, 22, 24) electrically insulated
from each other and said anode; the plasma
channel having a throttling portion (80) formed
by one of the two or more intermediate elec-
trodes, the throttling portion dividing the plasma
channel (26) into:

i. a high pressure portion (82) positioned on
the side of the throttling portion closest to
the cathode, the high pressure portion being
formed by at least one (12, 14, 16) of the
intermediate electrodes, and
ii. a low pressure portion (84) positioned on
the side of the throttling portion closest to
the anode,

the throttling portion having a throat (86), the throat
having a cross sectional area transverse to the lon-
gitudinal direction of the plasma channel (26) smaller

than both the minimum cross sectional area of the
high pressure portion (82) transverse to the longitu-
dinal direction of the plasma channel and the mini-
mum cross sectional area of the low pressure portion
(84) transverse to the longitudinal direction of the
plasma channel; and
one or more flowable material injectors, each com-
prising a flowable material feeder (98), character-
ised by
said material feeder having an opening into the low
pressure portion (84) of the plasma channel between
the throttling portion and the anode, wherein the one
or more flowable material injectors further comprise
a flowable material chamber having an inlet, and the
at least one (12,14, 16) of the intermediate elec-
trodes of the high pressure portion is distinct from
the intermediate electrode (18) forming said throt-
tling portion.

2. The plasma generating device of claim 1, wherein
the high pressure portion (82) is formed by two or
more intermediate electrodes (12, 14, 16) distinct
from the intermediate electrode (18) forming said
throttling portion (80).

3. The plasma generating device of claim 1, wherein
the low pressure portion (84) is formed by one or two
or more intermediate electrodes (20, 22, 24).

4. The plasma generating device of claim 3, wherein
the throttling portion (80) is a supersonic nozzle.

5. The plasma generating device of claim 3, wherein
the minimum cross sectional area of the high pres-
sure portion (82) transverse to the longitudinal direc-
tion of the plasma channel (26) is smaller than or
equal to the minimum cross sectional area of the low
pressure portion (84) transverse to the longitudinal
direction of the plasma channel.

6. The plasma generating device of claim 3, wherein
the low pressure portion (84) is formed by an inter-
mediate electrode (20, 22, 24) distinct from the in-
termediate electrode (18) forming said throttling por-
tion.

7. The plasma generating device of claim 6 further com-
prising means for cooling the anode, optionally fur-
ther comprising means for cooling the intermediate
electrode forming the throttling portion separate from
the means for cooling the anode.

8. The plasma generating device of claim 3, wherein
each of the flowable material feeders has one of the
following orientations: (a) perpendicular to the lon-
gitudinal direction of the plasma channel, (b) angled
toward the anode, and (c) angled away from the an-
ode.
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9. The plasma generating device of claim 3, wherein a
portion of the plasma channel between any pair of
adjacent feeders is formed by two or more interme-
diate electrodes.

10. A method of plasma-spraying one or more flowable
materials with a device according to one or more the
preceding claims, the method comprising:

a. creating a flow of plasma in the channel;
b. heating the plasma in the flow to at least
10,000 °K;
c. after heating the plasma, passing the plasma
through the throttling portion of the channel;
d. injecting one or more flowable materials into
the flow of plasma after passing the plasma
through the throttling portion of the channel;
e. after each flowable material is injected, heat-
ing the particles of all flowable materials in the
flow by heating the plasma in the flow; and
f. outputting the resultant heated particles and
plasma.

11. The method of claim 10, wherein passing the plasma
through the throttling portion of the channel results
in increasing velocity pressure of the heated plasma
in the flow and decreasing the static pressure of the
heated plasma in the flow.

12. The method of claim 11, wherein passing the plasma
through the throttling portion further results in in-
creasing the speed of the plasma in the flow, option-
ally wherein the speed to which the plasma in the
flow increased is supersonic.

13. The method of claim 10, wherein the step of heating
the particles is performed until at least some particles
of at least one flowable material reach a predeter-
mined temperature.

14. The method of claim 10, wherein the quantity of at
least one flowable material that is injected is varied
over time.

15. The method of claim 10, wherein at least one of the
flowable materials is a nanoparticle precursor solu-
tion.

16. The method of claim 10, wherein at least one of the
flowable materials is a mixture of hydrogen and a
hydrocarbon.

17. The method of claim 10, wherein at least one of the
flowable materials is one of:

(a) waste and (b) hazardous material, optionally
further comprising, for at least one flowable ma-
terial, decomposing the flowable material into

two or more elements comprising carbon.

18. The method of claim 10, wherein heating the plasma
in the flow to at least 10,000°K is accomplished by
maintaining an electric arc in the channel.

19. The method of claim 18, wherein after each flowable
material is injected, heating the particles of all flow-
able materials in the flow by heating at least a part
of the plasma in the flow is accomplished by main-
taining an electric arc in the channel.

Patentansprüche

1. Plasmaerzeugungsvorrichtung umfassend:

a. eine Anode (8);
b. eine Kathode (4);
c. einen Plasmakanal (26), der sich sich in
Längsrichtung zwischen der Kathode und durch
die Anode erstreckt und eine Austrittsöffnung
(34) am Anodenende aufweist, wobei ein Teil
des Plasmakanals durch zwei oder mehrere
Zwischenelektroden (12, 14, 16, 18, 20, 22, 24)
gebildet wird, die elektrisch voneinander und der
Anode isoliert sind; wobei der Plasmakanal ei-
nen Drosselteil (80) aufweist, der von einer oder
mehreren der zwei oder mehreren Zwischene-
lektroden gebildet wird, wobei der Drosselteil
den Plasmakanal (26) in folgendes aufteilt:

i. einen Hochdruckteil (82), der auf der Seite
des Drosselteils der Kathode am nächsten
positioniert ist, wobei der Hochdruckteil von
mindestens einer (12, 14, 16) der Zwischen-
elektroden gebildet wird, und
ii. einen Niederdruckteil (84), der auf der
Seite des Drosselteils, die am nächsten zu
der Anode positioniert positioniert ist,

wobei der Drosselteil einen Hals (86) aufweist, wobei
der Hals eine Querschnittsfläche quer zur Längsrich-
tung des Plasmakanals (26) aufweist, der kleiner als
sowohl die minimale Querschnittsfläche des Hoch-
druckteils (82) quer zur Längsrichtung des Plasma-
kanals und die die minimale Querschnittsfläche der
Niederdruckteil (84) quer zur Längsrichtung des
Plasmakanals ist; und
ein oder mehrere Einspritzdüsen für fließfähiges Ma-
terial, von der jede eine Zuführvorrichtung für
fließfähiges Material (98) umfasst, dadurch ge-
kennzeichnet, dass
die Materialzuführung eine Öffnung in den Nieder-
druckteil (84) des Plasmakanals zwischen dem
Drosselteil und der Anode aufweist, wobei die eine
oder mehreren Injektoren für fließfähiges Material
ferner eine Kammer für fließfähiges Material mit ei-
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nem Einlaß umfassen und die mindestens eine
(12,14, 16) der Zwischenelektroden des Hochdruck-
teils von der Zwischenelektrode (18) verschieden ist,
die das Drosselteil bildet.

2. Plasmaerzeugungsvorrichtung nach Anspruch 1,
wobei der Hochdruckteil (82) durch zwei oder meh-
rere Zwischenelektroden (12, 14, 16) gebildet wird,
die von der Zwischenelektrode (18) verschieden
sind, die den Drosselteil (80) bilden.

3. Plasmaerzeugungsvorrichtung nach Anspruch 1,
wobei der Niederdruckteil (84) von einem oder zwei
oder mehr Zwischenelektroden (20, 22, 24) gebildet
wird.

4. Plasmaerzeugungsvorrichtung nach Anspruch 3,
wobei der Drosselabschnitt (80) eine Ultraschalldü-
se ist.

5. Plasmaerzeugungsvorrichtung nach Anspruch 3,
wobei die minimale Querschnittsfläche des Hoch-
druckteils (82) quer zur Längsrichtung des Plasma-
kanals (26) kleiner als oder gleich der minimalen
Querschnittsfläche des Niederdruckteils (84) quer
zur Längsrichtung des Plasmakanals ist.

6. Plasmaerzeugungsvorrichtung nach Anspruch 3,
wobei der Niederdruckteil (84) durch eine Zwischen-
elektrode (20, 22, 24) gebildet wird, die von der Zwi-
schenelektrode (18) verschieden ist, die den Dros-
selteil bildet.

7. Plasmaerzeugungsvorrichtung nach Anspruch 6,
ferner umfassend Mittel zum Kühlen der Anode, ge-
gebenenfalls ferner umfassend Mittel zum Kühlen
der Zwischenelektrode, die den Drosselteil bildet,
getrennt von der Einrichtung zum Kühlen der Anode.

8. Plasmaerzeugungsvorrichtung nach Anspruch 3,
wobei jede der fließfähigen Materialzuführungen ei-
ne der folgenden Orientierungen aufweist: (a) senk-
recht zur Längsrichtung des Plasmakanals, (b) zu
der Anode hin abgewinkelt, und (c) von der Anode
weg abgewinkelten.

9. Plasmaerzeugungsvorrichtung nach Anspruch 3,
wobei ein Teil des Plasmakanals zwischen jedem
Paar benachbarter Zuführvorrichtungen durch zwei
oder mehrere Zwischenelektroden gebildet wird.

10. Verfahren zum Plasmasprayen eines oder mehrere
fließfähige Materialien mit einer Vorrichtung nach ei-
nem oder mehreren der vorhergehenden Ansprü-
che, wobei das Verfahren umfasst:

a. Erzeugung eines Plasmastoms im Kanal;
b. Aufheizen des Plasmas im Strom auf mindes-

tens 10.000 °K;
c. Nach Aufheizen des Plasmas Durchleiten des
Plasmas durch den Drosselteil des Kanals;
d. Injizieren eines oder mehrerer fließfähiger
Materialien in den Plasmastrom, nachdem das
Plasma durch den Drosselteil des Kanals hin-
durchgeleitet wurde;
e. nachdem jedes fließfähige Material einge-
spritzt wurde, Aufheien der Partikel aller fließfä-
higer Materialien im Strom durch Aufheiten des
Plasmas im Strom; und
f. Ausleiten der resultierenden aufgeheizten
Partikel und des Plasmas.

11. Verfahren nach Anspruch 10, bei dem das Durchlei-
ten des Plasmas durch den Drosselteil des Kanals
in einer Erhöhung des Geschwindigkeitsdrucks des
erhitzten Plasmas im Strom und der Verminderung
des statischen Drucks des erhitzten Plasmas im
Strom resultiert.

12. Verfahren nach Anspruch 11, bei dem das Durchlei-
ten des Plasmas durch den Drosselteil ferner in einer
Erhöhung der Geschwindigkeit des Plasmas im
Strom resultiert, gegebenenfalls wobei die Ge-
schwindigkeit, auf die das Plasma Strom erhöht wird,
Ultraschall ist.

13. Verfahren nach Anspruch 10, bei dem der Schritt
des Erhitzens der Partikel durchgeführt wird, bis zu-
mindest einige Partikel mindestens eines fließfähi-
gen Materials einer vorgegebene Temperatur errei-
chen.

14. Verfahren nach Anspruch 10, bei dem die Menge
des mindestens einen fließfähigen Materials, die ein-
gespritzt wird, über die Zeit variiert wird.

15. Verfahren nach Anspruch 10, bei dem wenigstens
eines der fließfähigen Materialien eine Nanopartikel
Precursorlösung ist.

16. Verfahren nach Anspruch 10, bei dem wenigstens
eined der fließfähigen Materialien eine Mischung
aus Wasserstoff und einem Kohlenwasserstoff ist.

17. Verfahren nach Anspruch 10, bei dem wenigstens
eines der fließfähigen Materialien eines der folgen-
den ist: (a) Abfall und (b) gefährliches Material, ge-
gebenenfalls ferner umfassend für mindestens ein
fließfähiges Material, Zersetzen des fließfähigen
Materials in zwei oder mehr Elemente, die Kohlen-
stoff aufweisen.

18. Verfahren nach Anspruch 10, die dem das Erhitzen
des Plasmas im Strom auf mindestens 10.000 °K
durch Unterhalten eines Lichtbogens in dem Kanal
erreicht wird.
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19. Verfahren nach Anspruch 18, bei dem, nachdem je-
des fließfähige Material injiziert wurde, die Partikel
aller fließfähigen Materialien im Strom durch Erhit-
zen wenigstens eines Teils des Plasmas im Strom
durch Unterhalten eines Lichtbogens in dem Kanal
erreicht wird.

Revendications

1. Dispositif de génération de plasma comprenant :

a. une anode (8) ;
b. une cathode (4) ;
c. un canal (26) de plasma, s’étendant longitu-
dinalement entre ladite cathode et à travers la-
dite anode, et ayant une ouverture de sortie (34)
à l’extrémité d’anode, une partie du canal de
plasma étant formée par deux électrodes inter-
médiaires ou plus (12, 14, 16, 18, 20, 22, 24)
électriquement isolées les unes des autres et
de ladite anode ; le canal de plasma ayant une
partie d’étranglement (80) formée par une des
deux électrodes intermédiaires ou plus, la partie
d’étranglement divisant le canal (26) de plasma
en :

i. une partie haute pression (82) positionnée
sur le côté de la partie d’étranglement le
plus proche de la cathode, la partie haute
pression étant formée par au moins une (12,
14, 16) des électrodes intermédiaires et
ii. une partie basse pression (84) position-
née sur le côté de la partie d’étranglement
le plus proche de l’anode,

la partie d’étranglement ayant une gorge (86), la gor-
ge ayant une superficie en coupe perpendiculaire au
sens longitudinal du canal (26) de plasma plus petite
à la fois que la superficie en coupe transversale mi-
nimum de la partie haute pression (82) perpendicu-
laire au sens longitudinal du canal de plasma et que
la superficie en coupe transversale minimum de la
partie basse pression (84) perpendiculaire au sens
longitudinal du canal de plasma ; et
un ou plusieurs injecteur(s) de matière fluide, chacun
comprenant une ligne d’alimentation (98) de matière
fluide, caractérisé par
ladite ligne d’alimentation de matière ayant une
ouverture donnant dans la partie basse pression (84)
du canal de plasma entre la partie d’étranglement et
l’anode, dans lequel le un ou plusieurs injecteur(s)
de matière fluide comprend/comprennent en outre
une chambre pour matière fluide ayant une entrée,
et l’au moins une (12, 14, 16) des électrodes inter-
médiaires de la partie haute pression est distincte
de l’électrode intermédiaire (18) formant ladite partie
d’étranglement.

2. Dispositif de génération de plasma selon la reven-
dication 1, dans lequel la partie haute pression (82)
est formée par deux électrodes intermédiaires ou
plus (12, 14, 16) distinctes de l’électrode intermé-
diaire (18) formant ladite partie d’étranglement (80).

3. Dispositif de génération de plasma selon la reven-
dication 1, dans lequel la partie basse pression (84)
est formée par une ou deux électrode(s) intermédiai-
re(s) ou plus (20, 22, 24).

4. Dispositif de génération de plasma selon la reven-
dication 3, dans lequel la partie d’étranglement (80)
est une buse supersonique.

5. Dispositif de génération de plasma selon la reven-
dication 3, dans lequel la superficie en coupe trans-
versale minimum de la partie haute pression (82)
perpendiculaire au sens longitudinal du canal (26)
de plasma est plus petite que ou égale à la superficie
en coupe transversale minimum de la partie basse
pression (84) perpendiculaire au sens longitudinal
du canal de plasma.

6. Dispositif de génération de plasma selon la reven-
dication 3, dans lequel la partie basse pression (84)
est formée par une électrode intermédiaire (20, 22,
24) distincte de l’électrode intermédiaire (18) for-
mant ladite partie d’étranglement.

7. Dispositif de génération de plasma selon la reven-
dication 6, comprenant en outre un moyen pour re-
froidir l’anode, facultativement comprenant en outre
un moyen pour refroidir l’électrode intermédiaire for-
mant la partie d’étranglement séparé du moyen pour
refroidir l’anode.

8. Dispositif de génération de plasma selon la reven-
dication 3, dans lequel chacune des lignes d’alimen-
tation de matière fluide a une des orientations
suivantes : (a) perpendiculaire au sens longitudinal
du canal de plasma, (b) en angle vers l’anode, et (c)
en angle à l’opposé de l’anode.

9. Dispositif de génération de plasma selon la reven-
dication 3, dans lequel une partie du canal de plasma
entre une paire quelconque de lignes d’alimentation
adjacentes est formée par deux électrodes intermé-
diaires ou plus.

10. Procédé de pulvérisation par plasma d’une ou plu-
sieurs matière(s) fluide(s) avec un dispositif selon
une ou plusieurs des revendications précédentes, le
procédé comprenant :

a. la création d’un flux de plasma dans le canal ;
b. le chauffage du plasma dans le flux à au moins
10 000 K ;
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c. après chauffage du plasma, le passage du
plasma à travers la partie d’étranglement du
canal ;
d. l’injection d’une ou plusieurs matière(s) flui-
de(s) dans le flux de plasma après le passage
du plasma à travers la partie d’étranglement du
canal ;
e. après que chaque matière fluide a été injec-
tée, le chauffage des particules de toutes les
matières fluides dans le flux en chauffant le plas-
ma dans le flux ; et
f. la sortie des particules chauffées résultantes
et du plasma.

11. Procédé selon la revendication 10, dans lequel le
passage du plasma à travers la partie d’étrangle-
ment du canal résulte en un accroissement de la
pression dynamique du plasma chauffé dans le flux
et une diminution de la pression statique du plasma
chauffé dans le flux.

12. Procédé selon la revendication 11, dans lequel le
passage du plasma à travers la partie d’étrangle-
ment résulte en outre en un accroissement de la vi-
tesse du plasma dans le flux, facultativement dans
lequel la vitesse à laquelle le plasma dans le flux
s’accroît est supersonique.

13. Procédé selon la revendication 10, dans lequel l’éta-
pe de chauffage des particules est mise en oeuvre
jusqu’à ce qu’au moins certaines particules d’au
moins une matière fluide atteignent une température
prédéterminée.

14. Procédé selon la revendication 10, dans lequel la
quantité d’au moins une matière fluide qui est injec-
tée est fait varier dans le temps.

15. Procédé selon la revendication 10, dans lequel au
moins une des matières fluides est une solution de
précurseur de nanoparticules.

16. Procédé selon la revendication 10, dans lequel au
moins une des matières fluides est un mélange d’hy-
drogène et d’un hydrocarbure.

17. Procédé selon la revendication 10, dans lequel au
moins une des matières fluides est un parmi : (a) un
déchet et (b) une matière dangereuse, comprenant
en outre facultativement, pour au moins une matière
fluide, la décomposition de la matière fluide en deux
éléments ou plus comprenant du carbone.

18. Procédé selon la revendication 10, dans lequel le
chauffage du plasma dans le flux à au moins 10 000
K est accompli en maintenant un arc électrique dans
le canal.

19. Procédé selon la revendication 18, dans lequel,
après que chaque matière fluide a été injectée, le
chauffage des particules de toutes les matières flui-
des dans le flux par le chauffage d’au moins une
partie du plasma dans le flux est accompli en main-
tenant un arc électrique dans le canal.
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