
Introduction

     Through developments in science
and technology, newer welding meth-
ods such as laser beam welding (Ref.
1), friction stir welding (Ref. 2), and
magnetic pulse welding (Ref. 3) have
been developed and applied in manu-
facturing. However, to date, arc weld-
ing is still the most widely used
process for metal joining. Since Vasily
Petrov discovered the phenomenon of

continuous electrical discharge in
1802 and scientists subsequently pro-
posed its practical applications for
welding (Ref. 4), through
developments in power sources and
welding materials, a large number of
arc welding processes/variants have
been invented. Arc welding processes
have played and are expected to
continue playing an irreplaceable role
in metals joining. 
     A welding arc delivers the density

and distribution of current, heat flow,
and pressure needed for welding on
the surface of the weld pool where the
complex welding phenomena
originate. It plays the most critical role
in determining how the welding is per-
formed, how the weld is made, if qual-
ity welds are made, and how fast qual-
ity welds are made. Improved
understanding about the physics of
the welding arc may lead to improved
processes, designs, productivity, and
quality. While many researchers have
focused on micro scales, including
studies on arc column temperature
measurement using spectroscopes
(Refs. 5–7) and probes (Ref. 8), on
cathode spots (Ref. 9), and on energy
distribution (Refs. 10, 11), some have
studied on macro scales, whose
subjects of study include voltage-arc
length relationship (Ref. 12), voltage-
current relationship (Ref. 13), and arc
reignition and stability (Ref. 14).
Other researchers are working on
mesoscopic scales with interests in
electrons and plasma flow.
     References exist that define
welding arcs (Refs. 15–17). In particu-
lar, Ref. 15 gives the definition that “a
welding arc is a particular group of
electrical discharges that are formed
and sustained by the development of a
gaseous conduction medium.” The arc
current follows through the arc
plasma, “the ionized state of a gas
composed of nearly equal numbers of
electrons and ions of gas atoms and
molecules.” It is clear that due to the
small mass and high mobility,
electrons that emit from the cathode
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to move to the anode count for the
flow of the charges. However, there is
a shortage of details on how the arc
plasma and current flow would behave
if the arcing conditions are subject to
changes from typical.
     In traditional welding arc theory
(Refs. 18–24), the welding current (ac-
tually the electron flow) is carried by
the arc plasma and keeps it ionized.
Based on Lancaster (Ref. 18), “The in-
teraction of the current and its self-
induced magnetic field results in
forces that induce plasma flow from
the electrode towards the plate.” A
common understanding may thus be
that the arc has a certain quality of
stiffness to retain its shape such that
it is relatively inflexible and difficult to
bend. It is true that, when the
electrode points in a particular direc-
tion, the arc would tend to point to
that same direction. However, as the
authors experimentally observed and
demonstrate in this initial study, more
complex phenomena occur in the
absence of such ideal arcing conditions
when the anode is deviated from the
direction pointed to by the electrode.
     To explain such experimentally ob-
served phenomena, the authors
propose to clearly and intentionally
consider the following: 1) the welding
arc is a composite of two physical bod-
ies, the arc plasma and current
flow/electron flow, and 2) these two
bodies are separable under a certain
condition. For convenience of discus-
sion, the authors propose separability
as a property of the welding arc. As is
demonstrated in this paper, with the
separability, certain phenomena
observed in the absence of ideal arcing
conditions may be effectively
explained. As developments of novel
arc welding processes such as hybrid
laser-arc welding (Refs. 25, 26) and

double-electrode arc welding (Refs. 27,
28), ideal arcing conditions as in tradi-
tional “single electrode to workpiece”
arc welding processes may not always
be kept. In this regard, an intentional
use of separability as a property of the
welding arc may help the development
and understanding of innovative arc
welding processes.

Separability 

     Per the arc minimum voltage prin-
ciple (Steenbeck’s minimum principle)
(Ref. 29), the arc column keeps the
minimum electric field strength. This
implies that the arc has the property
to minimize energy consumption.
When the anode deviates from the
axis of the tungsten cathode, it is com-
monly believed that the arc always
finds the shortest path from the cath-
ode to the anode. However, the obser-
vations from the following
experiments present a challenge if one
would still try to apply the minimum
voltage principle directly without
keeping possible constraints in mind.
With separability, these observations
can be easily explained.
     Figure 1A illustrates the experimen-
tal principle. This is plasma arc welding

(PAW) or gas tungsten arc welding
(GTAW) without filler metal but has
been modified such that the typical
workpiece anode is replaced with an
anode deviated from the tungsten axis.
The deviated distance is 6 mm as
marked in Fig. 1A. The anode is a water-
cooled copper block. Figure 1B shows
the behavior of a gas tungsten arc under
120-A current and 4-mm tungsten eval-
uation above the anode. Figure 1C is the
behavior of a plasma arc under 80-A
current, 3.0-L/min plasma gas flow rate,
3-mm orifice diameter, 4-mm tungsten
setback, and 6-mm tungsten evaluation
above the anode.
     When the classical arc minimum
voltage principle is directly applied
without constraints, a bright area
(Zone A in Fig. 2) should be expected
where A stands for the arc. However,
in addition to Zone A, Zone IG is also
observed as can be seen in Fig. 1B, C
where IG stands for the ionized gas.
The questions that need to be
answered here are why Zone IG is also
observed and what are Zones A and IG
and how the minimum arc voltage
principle should be applied. 
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Fig. 1 — Anode deviation experiments. A — Experimental principle; B — gas tungsten arc; C — plasma arc.

Fig. 2 — Illustration of a separated arc. Fig. 3 — Free jet experimental setup. The
elevation of the tungsten above the
anode surface was 6 mm. The left 
surface was 6 mm from the tungsten 
arc axis.

A B C
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     The authors would argue that Zone
A is an arc (arc composite) where the
arc plasma and electron flow coexist
and Zone IG is a pure arc plasma body
formed only by the ionized gas in
which there is no current/electron
flow. To understand this, one can con-
sider the shielding gas and the plasma
gas as a gas flow from the nozzle
and/or orifice approximately along the
tungsten axis direction with certain di-
vergence, especially in GTAW. The gas
flow is first ionized around the tung-
sten tip. The ionized gas itself is still
electrically neutral, and its inertia in
the direction of the gas flow from the
nozzle/orifice is unchanged. If there is
no deviation in the anode, such
ionized gas will flow together with the
electron flow in the same direction
and be continuously ionized by the
electron flow. With the anode
deviation, the electric field direction
deviates toward the deviated anode
from the direction of the ionized gas

(arc plasma) flow. Due to the inertia,
the arc plasma will continue flowing
forming Zone IG, which consists
purely of ionized gas. The electrons
with the trajectory toward the anode
will form Zone A. In Zone A,
previously unionized gas is
continuously ionized gradually along
the trajectory toward the anode. As a
result, under a deviated anode, the arc
is of classical definition. In such a clas-
sical definition of an arc, the electron
flow shares the trajectory with the
electrically neutral arc plasma; such
electrically neutral arc plasma was the
result of the earlier ionization caused
by the electron flows. The electron
flow continuously maintains the ion-
ization of this arc plasma previously
ionized by it has been changed into 1)
an electrically neutral arc plasma that
has been separated from the electrons
that ionized it — Zone IG; and 2) an
arc in which the electron flow continu-
ously ionizes a significant amount of

the fresh shielding gas that was not
ionized earlier in addition to maintain-
ing the ionization to the previously
ionized arc plasma — Zone A. In
short, Zone A is an arc where the elec-
tron flow and ionized plasma are both
present but a significant amount of
fresh gas is also ionized. Zone IG is an
ionized gas body from which its
ionization electron flow is separated.
Zone IG is bright in the image because
its temperature is still high. 
     The above analysis leads to the fol-
lowing statement about a property of
the welding arc that is referred to as
the arc separability in this paper.  

Arc Separability

     The ionized electrically neutral arc
plasma and the electron flow in an arc
(arc composite) may be spatially physi-
cally separated forming their own
trajectories.
     Of course, after separation, the
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Fig. 5 — Deviated anode experiment with disturbance gas for constrained PA in Experi
ment 1. A — PAW arc without disturbance; B — PAW arc with disturbance.

Fig. 6 — Deviated anode experiment with disturbance gas for unconstrained free GTA in
Experiment 2. A — GTAW arc without disturbance; B — GTAW arc with disturbance.

Fig. 4 — Welding experimental setup.
The upper surfaces of the neutral and
anode copper blocks are at the same
level. The elevation of the tungsten
above their upper surface varies in the
experiments. The left surface of the
anode block is 8 mm from the tungsten
axis. The gap between the blocks is 1
mm. A — Separated arc mode, the con
tactor is disconnected; B — composited
arc mode, the contactor is connected.
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B
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electron flow will have to ionize fresh
gas to continue its trajectory toward
the anode forming “newly born” arc
plasma. The arc formed by the
electron flow and this newly born,
electrically neutral arc plasma should
still satisfy the minimum arc voltage
principle. However, the arc plasma
after the separation of the electron
flow is electrically neutral and is no
longer an arc. The minimum voltage
principle thus does not apply to it.
     Separability is a property of the
welding arc that can be well
understood and explained using exist-
ing knowledge/theory. This paper ex-
perimentally demonstrates this prop-
erty, applies it to explain experimental
observations, and establishes the the-
oretical foundation to analyze and un-
derstand the separation as a physical
process. To this end, additional experi-
ments were conducted. 

Experimental Procedure

Experimental Setup

     Two types of arcs were involved in
this study: separated arc and compos-
ited arc. Two types of experiments

were conducted using the setups illus-
trated in Figs. 3 and 4. One was the
free jet experimental setup, to
compare the free jet in GTA and PA, as
shown in Fig. 3, and the type of arc
was a separated arc. This setup
consisted of a welding torch, a water-
cooled copper block, and an
interference source. The torch was ver-
tically fixed on a test stand; its
position could be adjusted three-
dimensionally. The water-cooled cop-
per block used as the anode was placed
horizontally 6 mm away from the
torch/tungsten axis. Its left surface
was coated with ceramic for insulation.
A GTAW torch or PAW torch was used
to produce unconstrained free GTA or
constrained PA. The power source was
chosen based on the torch (GTAW or
PAW) used. An external disturbance
argon gas flow was used as the
interference source to apply an exter-
nal force on the electrically neutral arc
plasma. 
     Another experimental setup,
referred to as the welding experimen-
tal setup, was designed to simulate the
real welding condition. There were two
working modes in this setup to
provide a separated arc or composited

arc. The first was the separated arc
mode, shown in Fig. 4A, in which an-
other water-cooled copper block was
added with a narrow gap with the
anode water-cooled copper block. It
was electrically neutral and insulated
from the anode block by a ceramic
coating on the facing surface of both
blocks. A high-power DC contactor
was used to electrically connect the
two copper blocks for easy arc ignition
and when needed for conducting com-
parison experiments without anode
deviation but still with interference. In
the separated arc mode, as shown in
Fig. 4B, the contactor was
disconnected to provide a separated
arc. The second mode was the compos-
ited arc mode. Here the contactor was
connected with the same setup, so the
two water-cooled copper bocks were
electrically connected to provide the
composited arc.

Experimental Procedure

Experimental Setup

     An external disturbance gas flow
was used as an interference to affect
the plasma jet and electron flow. Pure
argon with a flow rate of 12 L/min was
used as the shielding gas in all experi-
ments. The disturbance gas flow (pure
argon) was applied using a 6-mm-ID
copper pipe, when interference was
needed, perpendicular to the tungsten
at the middle of the arc. The distance
from the pipe outlet to the tungsten
axis was 20 mm. Table 1 lists the
major parameters for the designed ex-
periments. An ultrahigh shutter speed
vision system was used to image the
arc and arc plasma in all of the experi-
ments. The arc types and setup types
in Table 1 are defined below.
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Fig. 7 — Constrained PAs under different interference gas flow rates in Experiment 3. No anode deviation, current: 100 A, arc length: 6
mm, plasma gas flow rate: 3.0 L/min.

Table 1 — Major Experimental Parameters

No. Arc Type Setup Type Interference Current Arc Plasma Gas
if Applied(a) Length(b) Flow Rate

1 PA FJ 10 L/min 100 A 6 mm 3.0 L/min
2 GTA FJ 10 L/min 150 A 6 mm —
3 PA WEC 0–20 L/min 100 A 6 mm 3.0 L/min
4 GTA WEC 0–20 L/min 120 A 6 mm —
5 PA WES 0–20 L/min 100 A 6 mm 3.0 L/min
6 PA WES 20 L/min 100 A 6 mm 2.5–3.5 L/min
7 PA WES 20 L/min 80–120 A 6 mm 3.0 L/min
8 PA WES 20 L/min 100 A 4–8 mm 3.0 L/min

(a) Each experiment may be performed with or without the interference for comparison and will clearly be specified. 
(b) The elevation of the tungsten above the anode copper block. 
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     GTA: Gas tungsten arc, which was
provided by a GTAW torch and power
source, as a comparison with plasma
arc. 
     PA: Plasma arc, which was provided
by a PA torch and power source.
     FJ: Free jet experimental setup, as
shown in Fig. 3. This experimental
setup provided a separated arc. The arc
plasma could move freely without
blockage. 
     WES:Welding experimental setup
working in separated arc mode, as
shown in Fig. 4A. This experimental
setup provided a separated arc and had
a water-cooled copper block to replace
the workpiece in normal welding 
condition. This simulates the real
welding condition except for the 
anode deviation.
     WEC:Welding experimental setup
working in composited arc mode (nor-
mal welding arc mode), as shown in
Fig. 4B. This experimental setup
provided a composited arc as in
normal welding except that the 
workpiece was replaced by a water-
cooled copper block. 

Experimental Results 
and Analysis

Arc Constraint

     Experiments 1 and 2 were designed
to examine the effect of arc constraint
on separability. While the arc in Exper-
iment 1 was constrained PA, the arc in
Experiment 2 was free GTA without
constraint. In both experiments, the
anode was deviated. When there was
no interference gas, as can be seen
from Figs. 5A and 6A, the deviated
anode caused the separation resulting
in distinguishable Zones A and IG for
both constrained PAW and

unconstrained free GTA. However,
after the interference gas was applied,
for the arc without constraint in
Experiment 2, the arc separation was
no longer distinguishable, as can be
seen in Fig. 6B. On the other hand, de-
spite the applied interference gas, the
arc separation observed in Fig. 5A was
still similarly distinguishable in Fig.
5B. From this point of view, a
constraint on the arc enhanced the arc
separation.
     In particular, in Experiment 1 for
the constrained PA, the direction of
the arc plasma (Zone IG in Fig. 2) was
not significantly changed except for a
slight reduction in length. Further, the
shape of the composite arc (Zone A in
Fig. 2) was similar for both with and
without the interference gas. The be-
havior of the separation remained ap-
proximately unchanged. However, in
Experiment 2 for the free GTA without
constraint, Zones A and IG are clearly
present in Fig. 6A without an interfer-
ence gas. After the interference gas
was applied, as can be seen in Fig. 6B,
Zones A and IG were approximately
merged and became indistinguishable.
While Zone A was not affected, the di-
rection of Zone IG changed toward the
deviated anode. The flexibility of the
arc plasma without constraint helped
prevent the arc from separating. 

Interference

     In this group of experiments, the
interference gas was applied at three
different rates — zero, 10, and 20
L/min — in each of the experiments. 
     Figure 7 shows the results from Ex-
periment 3 for constrained PA under
100-A current, 6-mm arc length, and
3.0 L/min plasma gas flow rate. In this
experiment, the neutral block in setup

2 was connected to the anode and thus
became an anode. The anode was thus
not deviated. Each arc observed thus
should be an arc composite. The
images in Fig. 7 for different interfer-
ence gas rates show that with an
increased interference gas flow rate,
the arc composite deviates more per
the interference direction. However,
there was no discrete deviation in the
anode such that the electron flow was
relatively flexible and moved with the
arc plasma. In this case, the arc was
not separated because of the flexibility
of the electron flow. Hence, in
addition to the flexibility of the arc
plasma, the flexibility of the anode
also affects separability of the arc. 
     Experiment 4 changes the
constrained PA to free GTA without
constraint. Figure 8 shows the behav-
iors of the composite body of a free arc
under 120-A current and 6-mm arc
length. Again, there was no discrete
anode deviation and the electron flow
was flexible. Because of the free arc,
the arc plasma was also flexible. As can
be seen in Fig. 8, despite the large flex-
ibility of the free arc and the large de-
viation of the arc plasma caused by the
interference gas, it appears that the
electron flow deviated together with
the arc plasma due to the flexibility in
the arc plasma and the anode.
     In Experiment 5, a discrete anode
deviation was used by disconnecting
the neutral block from the anode. The
flexibility of the anode was eliminated.
The electrons had to flow toward the
anode, which deviates 6 mm from the
tungsten axis. In the meantime,
constrained PA was used to reduce the
flexibility of the arc plasma. The sepa-
ration should be expected. As shown
in Fig. 9, under 100-A current, 6-mm
arc length, and 3.0-L/min plasma gas
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Fig. 8 — Unconstrained free GTAs under different interference gas flow rates in Experiment 4. No anode deviation, current: 120 A, arc
length: 6 mm.
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flow rate, despite the strong interfer-
ence, the inflexibility of the arc
plasma, the inflexibility of the
anode/electron flow, and their devia-
tion cause an arc separation.  
     It is apparent that the experimental
results show three major conditions
for the arc separation: 1) the inflexibil-
ity of the arc plasma; 2) the inflexibil-
ity of the electron flow (anode
position); and 3) the deviation in the
direction between the inflexible arc
plasma and the inflexible electron
flow. 

Welding Parameters

     Experiments 6–8 were designed to
examine the effects of welding param-
eters on separability. All these experi-
ments were performed using setup 2
with 6-mm anode deviation without
electrically connecting the neutral
block to the anode. They were
conducted with and without interfer-
ence gas for comparison and the
results are given in Figs. 10 and 11, re-
spectively. From Fig. 10, where no in-
terference was applied, it is apparent
that the arc plasma is not deviated de-
spite the deviation of the electron flow
due to the deviated anode. In Fig. 11,
the arc plasma is deviated by the inter-
ference gas applied.
     Figure 11A shows the results with
interference gas from Experiment 6.
The flow rate of the plasma gas was
applied at three levels from 2.5 to 3.5
L/min. The current, arc length, and
disturbance flow rate remain
unchanged at 100 A, 6 mm, and 20
L/min. An increase in the plasma gas
flow rate implies an increase in the arc
plasma speed, reduction in the travel
time across the interference flow field,
and thus an increased inflexibility of

the arc plasma. On the other hand, the
electron flow is determined by the po-
sition of the anode, which is fixed de-
spite the change in the plasma gas
flow rate. Hence, the separation phe-
nomenon is more obvious as the
plasma gas flow rate increases. 
     The first image in Fig. 11A
corresponds to the relatively low
plasma gas flow rate (2.5 L/min). The
inflexibility of the arc plasma is
relatively low. On the other hand, the
arc plasma deviates per the
interference flow. The relatively low
inflexibility allows the arc plasma to
deviate relatively easily toward the de-
viated anode. In the second and third
image in Fig. 11A, the plasma gas flow
rate increases to 3.0 and 3.5 L/min, re-
spectively. Per this analysis, the arc
plasma should deviate less and less.
The comparison among three images
in Fig. 11A verifies this prediction
based on the inflexibility of the arc
plasma.
     Figure 11B gives the results for dif-
ferent currents from Experiment 7.
The welding current ranged from 80 to
120 A, and the flow rate of plasma gas,
arc length, and disturbance flow rate
remain unchanged at 3.0 L/min, 6
mm, and 20 L/min. Under these condi-
tions, the arc plasma diameter
increases as the current increases as
can be seen in Fig. 10B due to the tem-
perature rise caused by the increased
current. One can easily understand
that the inflexibility of the arc plasma
should increase as the current
increases. When the interference gas is
applied toward the deviated anode, an
increased inflexibility should reduce
the deviation of the arc plasma toward
the deviated anode. The resulting arc
separation thus should reduce as the
current increases. The three images in

Fig. 11B clearly show that the arc
plasma becomes less deviated and the
separation becomes less pronounced
as the current increases. 
     Figure 11C shows the results under
other conditions (Experiment 8) in
which the arc length ranged from 4 to
8 mm, and the welding current,
plasma gas flow rate, and disturbance
flow rate remain unchanged at 100 A,
3.0 L/min, and 20 L/min. It is
apparent that the temperature of the
arc plasma gradually reduces when it
travels without the continuous ioniza-
tion from the electron flow. The
inflexibility thus should reduce as the
arc length (actually the length of the
arc plasma) increases. The deviation of
the arc plasma toward the deviated
anode under the applied interference
gas thus should increase as the arc
length increases. As can be seen from
the three images in Fig. 11C, the devi-
ation of the arc plasma indeed
increases as the arc length increases
such that the resultant arc separation
reduces. 

Separability Analysis 

     As can be seen, the experiments
have shown that the electrically
neutral arc plasma and its causing elec-
tron flow that ionized the arc plasma
can be separated, i.e., they are separa-
ble. Further, the separation occurs
when the arc plasma and causing elec-
tron deviate in direction. In addition,
this deviation in direction is
determined by the external
conditions, including the anode devia-
tion and external interference and by a
property of the arc plasma. In this
paper, this property about how easily
the arc plasma may deviate from its
initial direction is referred to as the

WELDING RESEARCH

WELDING JOURNAL / JULY 2014, VOL. 93258-s

Fig. 9 — Constrained PAs under different interference gas flow rates in Experiment 5. Deviated anode, current: 100 A, arc length: 6 mm,
plasma gas flow rate: 3.0 L/min.
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separability of the arc plasma, or sim-
ply arc separability. 
     It should be pointed out that the
separability is a property of the arc
similar to arc stiffness. However, while
stiffness is determined by electromag-
netic effects and a current pulse or
current increase may improve
stiffness, arc separability is mainly
provided by the electrically neutral arc
plasma. The constrained PA has both
good separability and stiffness. How-
ever, although arc separability is simi-
lar to arc stiffness in the present weld-
ing theory, their origins are distinct.
In this section, separation is further
discussed together with separability
and its determinant parameters.
     First, because of the electromagnet-
ically induced effect, the electrons,
which are far smaller than ions in
mass, have no choice but to move to
the anode through the path
determined by the minimum voltage
principle even though the anode is de-
viated. The electron flow thus has an
ultrahigh inflexibility. The separation
of the electron flow from the arc
plasma is thus determined by the tra-
jectory of the arc plasma.
     Second, for a constrained PA,
because of the ultrahigh temperature,

the plasma gas is heated and
accelerated to an ultrahigh speed when
exiting the nozzle/orifice. According to
the relationship between the elastic
modulus of stationary object (E) and
elastic modulus of high velocity flow
(E0),

E = ρc2 (1)

E0 = E(1 + v⁄c)2 (2)

where C is the propagation velocity of
the elastic wave and v is the velocity of
the plasma jet exiting from the orifice.
Because of the ultrahigh speed, the
elastic modulus of the plasma jet has
been greatly enhanced. If there are no
external forces acting on the plasma
jet, the trajectory of the arc plasma
will be determined by its initial speed.
     Third, consider a particle in the arc
plasma with an initial speed v along
the tungsten axis direction. In the ex-
periments in this paper, the external
force was applied perpendicularly to
the tungsten axis, and there were no
external forces acting on the particles
in the arc plasma along the tungsten
axis direction. The distance to be trav-
elled along the tungsten axis direction
to go through the external force field

was l. The time needed for the particle
to travel through the external force
field was estimated using

t = l/v (3)

The external force applied to the parti-
cle with mass m was F. The deviation
of the particle from the tungsten axis
is thus

Because m is fixed for the given shield-
ing gas, and F and l are the external
parameters, the only arc or arc plasma
parameter that determines the devia-
tion is thus the initial speed of the arc
plasma. Hence, the separability of the
arc as a property of the arc is
determined by the initial speed of the
arc plasma.
     Fourth, to analyze the parameters
that determine the initial speed of the
arc plasma (jet), the fundamental
equations should be ascertained first,
because different fundamental
equations are required to describe the
different flow regimes of high-temper-
ature gas/thermal plasma such as the
arc plasma in different environments

1
2 2

(4)2
2

= = ⎛
⎝⎜

⎞
⎠⎟s at

F
m

l
v
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Fig. 10 — Separation and constrained arcs under different welding parameters. No interference gas, deviated anode. A — Experiment 6
with different plasma gas flow rates. Deviated anode, constrained PA, current: 100 A, arc length: 6 mm. B — Experiment 7 with different
currents. Deviated anode, constrained PA, plasma gas flow rate: 3.0 L/min, arc length: 6 mm. C — Experiment 8 with different arc lengths.
Deviated anode, constrained PA, current: 100 A, plasma gas flow rate: 3.0 L/min.
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(Ref. 30). It is known that the magni-
tude of Knudsen number (Kn) is used
to determine the appropriate gas
dynamic regime. When the Knudsen
number is small in comparison with
the unity, of the order of Kn ≤ 10–1, the
fluid can be considered as a
continuous medium and described in
terms of the macroscopic variables.
The Kn (Ref. 31) is 

where L is the characteristic scale, λ is
the mean free path of gas molecules,
and k is the specific heat capacity ratio.
Ma is the mach number and defined as

where V is the velocity of the particle,
the average of which equals the initial
speed of the plasma. R is the gas con-
stant and T is the temperature of the
environment. Re is the Reynolds num-
ber and defined as

Re = ρVL ⁄ μ (7)

where ρ and μ are the density and vis-

cosity of the high-
temperature gas.
Suppose the velocity
is 1000 m/s, the am-
bient pressure is 1
atm, the
temperature is
15,000 K, and the
high-temperature
gas is argon, the re-
sultant is Kn ≤ 10–1.
This suggests that a
continuous medium
condition can be as-
sumed under this
condition. 
     Suppose the flow of the high-tem-
perature gas (arc plasma) is a one-
dimensional continuous medium and
corresponds with the conservation of
mass. As shown in Fig. 12, the mass
flow rates in input (m0) and output
(m) are equal, while after heating by
the current the gas inflates rapidly in a
fixed space and gains an increase in
the velocity, as described in the 
following  equations:

ρAQ = ρBVBB (9)
VB = ρAQ/(ρBB) (10)

where Q is the input flow rate of the
plasma gas, ρA is the density of argon
in face A, B is the area of nozzle outlet,
and ρB and VB are the initial density
and velocity of the plasma jet out of
nozzle. As ρA and B are constant and
known, the flow rate of plasma gas (Q)
is a direct acting parameter,
proportional to the initial speed of
plasma jet. In Equation 9, ρB can also
change the initial speed of the plasma
jet. For a given ambient pressure, the
ρB will depend on the temperature,
that is, it also depends on the welding

= λ =
π

Kn / L
k Ma

Re2
(5)

=Ma V / kRT (6)

(8)0 = = ρ =m m Q constant
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Fig. 11 — Separation and constrained arcs under different welding parameters. Interference gas, deviated anode. A — Experiment 6 with
different plasma gas flow rates. Deviated anode. B — Experiment 7 with different currents. Deviated anode, constrained PA, plasma gas
flow rate: 3.0 L/min, arc length: 6 mm. C — Experiment 8 with different arc lengths. Deviated anode, constrained PA, current: 100 A,
plasma gas flow rate: 3.0 L/min.

Fig. 12 — Flow in plasma torch.
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current. Hence,

Hence, the flow rate of plasma gas and
the welding current are both determi-
nant parameters that determine the
initial speed of the plasma jet, and
thus the separability of the arc.
     It should be pointed out that in the
nontransferred plasma arc welding
process, the arc plasma is generated by
the pilot arc established between the
orifice and tungsten and is not further
heated during traveling. Much energy
is lost during the compression in the
orifice. Increasing its temperature
would require a larger current and an
orifice of larger capability. However, in
this work, the arc plasma is
continuously heated by the electron
flow before it is separated. Further,
the separation can be implemented
using an external anode that is not the
workpiece. The arrangement of the ex-
ternal anode controls when/where to
separate. The arc plasma energy is
thus much more controllable. In addi-
tion, one may form two anodes, work-
piece and external anode, and control
their current distribution. While the
heat input is reduced by reducing the
current into the workpiece, the arc
pressure is approximately maintained.
This work thus suggests a method that
may complement traditional
nontransferred plasma arc welding.

Conclusions

     From the experiments with
constrained PAs and unconstrained
free GTAs under deviated anode and
external gas interference and their
analyses, the following can be
concluded. 
     1. An arc can be considered a com-
posite of two separable components:
electrically neutral arc plasma and its
causing electron flow. 
     2. The arc separation occurs if the
arc plasma and its causing electron
flow are deviated in direction. 
     3. While the direction of the
electron flow is primarily determined
by the anode for electrode-negative PA
and GTA, the direction of the electri-

cally neutral arc plasma is determined
by its initial speed, external forces,
and the distance to go through the
field of the external forces. 
     4. The separation is determined by
external conditions and an arc
property that is referred to as the arc
separability measured by the initial
speed of the arc plasma. 
     5. The initial speed of the arc
plasma, i.e., the arc separability,
increases as the current and plasma
gas flow rate increase. 
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