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Abstract. The forces acting on the melt 
(aerodynamic drag, gravity, viscosity and 
surface tension) during plasma arc cut- 
ting are analyzed. The main forces acting 
on the melt are believed to be the aero- 
dynamic drag force and surface tension. 
Estimations show that gravity is signifi- 
cant only for thick metal plates. The 
equation of motion of the liquid metal is 
derived. This equation allows the veloc- 
ity and thickness of the liquid metal in- 
side the cut to be calculated (if the gas 
flow rate is known). 

In order to determine the gas flow 
rate, the heat transfer through the liquid 
layer should be considered. (The plasma 
jet heats and melts the solid metal 
through this layer.) As was shown by 
Shamblin and Amstead (Ref. 6), a thick 
liquid layer can constitute significant 
thermal resistance for heat transfer. In 
order to use the power of the plasma jet 
efficiently, the liquid layer thickness 
should not exceed a certain limit. Since 
the layer thickness decreases as the 
plasma gas velocity increases, this im- 
plies a lower limit to the gas flow rate. It 
is found that the actual gas flow rates are 
close to but do not exceed this limit. 

Introduction 

In the plasma arc cutting process, the 
plasma jet plays two roles. First, it heats 
and melts the metal, and second, it re- 
moves the molten metal. The heat trans- 
fer processes have been considered in 
many works, starting from the well- 
known papers of Rosenthal (Refs. 1, 2), 
and Swift-Hook and Gick (Ref. 3). Con- 
trarily, the force interaction of the plasma 
jet and metal to be cut did not attract as 
much attention as did heat transfer. How- 
ever, this interaction is very important. 
The action of the plasma jet on the liquid 
metal has to be strong enough in order to 
remove the metal fast enough. Weaken- 
ing of this action leads to the loss of the 
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cut: the molten metal rejoins itself behind 
the jet as in the case of keyhole welding. 

Although substantial experience has 
been accumulated during creation of dif- 
ferent plasma arc cutting systems, the 
theory of plasma arc-liquid metal inter- 
action has not been developed. When 
designing a new cutting system, the 
proper gas flow regime has to be found 
empirically. Therefore, it is desirable to 
have a model of interaction of a plasma 
jet with liquid metal. This helps to un- 
derstand the major features of this inter- 
action and, thus, helps in designing cut- 
ting systems for conditions not yet 
achieved. Such a model for plasma cut- 
ting is described in this paper. A similar 
task for gas-assisted laser beam cutting 
has been performed in the work by Robin 
and Nordin (Ref. 4). The difference be- 
tween the proposed model and the 
model of Robin and Nordin is also pre- 
sented. 

Hydrodynamics of the Liquid Metal 
in the Cut 

The schematic of liquid metal and 
plasma jet flows during cutting is shown 
in Fig. 1. The plasma gas in the jet is trav- 
eling with very high speed Vg inside the 
cut. The liquid metal is moving in the 
same direction with relatively small ve- 
locity, v. The torch and hole pattern are 
moving along the plate with speed, u. 
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To describe the motion of the liquid 
metal, assume a coordinate system mov- 
ing with the torch. Let the z axis point 
downward from the top of the plate, and 
let the x axis coincide with the torch mo- 
tion direction. In this coordinate system, 
the as-yet-unheated metal moves toward 
the immobile plasma jet, is melted by this 
jet, and then flows downward. The 
amount of the molten metal flowing 
downward changes across the plate in 
the z direction: it linearly rises from zero 
at the top of the plate (z = 0) to a maxi- 
mum value at the bottom of the plate (z 
=H) - -F ig .  1. 

The plasma jet melts an amount uDH 
(ms/s) of the metal per second. Each sec- 
ond this amount of the melt leaves the 
bottom of the plate. If d is the liquid metal 
layer thickness at the bottom, and v is the 
speed of the melt, then from the law of 
mass conservation it follows that: 

vd = uH (1) 

Several forces act on the metal liquid 
layer: 

1) The aerodynamic drag force, F(~r~, 
arises due to jet friction over the much 
more slowly moving liquid layer. This 
force is similar to that which arises when 
gas flows inside a pipe. For this force one 
has (Ref. 5): 

I 
F~I,.~, ~ =2C/.p~V~,A (2) 

where pg and Vg are plasma gas density 
and velocity, respectively, and A = 
rcDH/2 is the molten surface exposed to 
the jet. Here C, is the drag coefficient, 
which depends on the flow Reynolds 
number, Re = pgVgD//a~; (~g is plasma gas 
viscosity). For gas flowing in a pipe, the 
C~ dependence on the Reynolds number 
is shown in Fig. 2. 

2) Gravity also pushes the liquid metal 
downward. Let us assume that the liquid 
layer has a triangular shape, the top of 
this triangle being located at the top of 
the plate, and the base of the triangle 
being located at the bottom - -  Fig. 1. For 
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the gravity force one has 

/[,.,,,,, = (1 /2 )p , , ,gdDH (3) 
where p,,, is the metal density and g is the 
acceleration of gravity. 

3) The liquid metal wets the unmelted 
surface. Therefore, in order to remove the 
melt, the surface tension force has to be 
overcome. This force is equal to the prod- 
uct of the surface tension (:()efficient, y, 
and the perimeter of the l iqu id-solid con- 
tact line: 

F .............. ,,,, =TD (4) 

4) The viscosity inside the liquid layer 
slows down its motion. Assuming a lin- 
ear distr ibut ion of the melt veloci ty 
across the layer, one can write 

F .......... = F l , , v D H / d  (5) 

where B,,, is the viscosity of the l iquid 
metal. 

The sum of all of the above-men- 
t ioned forces accelerates the l iquid 
metal. In the integral form, the equation 
of l iquid metal motion states that the net 
force is equal to the momentum flux car- 
ried by the metal leaving the plate 

p,,,v. 'dD = Fj, ,. + F,, ,,, 
F .......... - F ......... ,,,. ........ (6) 

Together with the mass conservation 
equation l ,  this equation determines the 
thickness and velocity of the l iquid layer. 
These parameters can be determined if 
the gas velocity is known. Now the ques- 
tion arises, how thick should the l iquid 
layer be (luring the cutting process? This 
question is connected with the melting 
efficiency of the plasma jet. 

The plasma jet does not heat the solid 
metal directly. It heats the adjacent l iquid 
metal. The heat is transferred through the 
l iquid layer to the solid by means of ther- 
mal conduction. In Ref. 6, it has been 
shown that even a relatively thin l iquid 
layer constitutes significant resistance for 
heat transfer across the layer, especially 
when the cutting speed is high. Namely, 
it has been shown (Ref. 6) that only 
exp(-ud/2c0 fraction of the total heat that 
inlpinges on the layer heats the solid 
metal ahead of the cut and melts it. (Here 
(~ is the thermal diffusivity of the liquid 
metal.) The remainder of the power heats 
the rnetal on the side of the cut or leaves 
the plate with the molten metal. This heat 
is lost for the cutting process. Therefore, 
in order to use the plasma jet power ef- 
fectively, the l iquid layer thickness must 
not exceed d* = 2(~u. As an upper limit 
of the layer thickness, one can put 
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Fir4. 1 - -  Schematic o f  the plasma jet and mol ten metal f lows durin,~ cuttin14. H is plate thi( kness, 
D is jet width, d is mol ten layer thickness. 

d,,,.,, = d * / 2  : ~x./u (7) 

The condition in Equation 7 is obtained 
from consideration of the heat transfer ef- 
fectiveness. However, this consideration 
is not the only one to consider. In order 

to obtain good cut quality (small bevel 
angle, dross-free cut), higher gas velocity 
might be necessary. Our calculat ions 
provide, therefore, only the minimum 
gas velocity. To indicate this, the calcu- 
lated values of the gas velocity are sup- 

Table 1 - -  Relative Importance of Gravity for Cutting of Steel 

Plate thickness, mm Cutting speed, cm/s 

19.1 L8 
25.4 3.2 
38.1 1.7 
50.8 1.2 
76.3 0.55 

Fgravity/Pi 
0.004 
0.007 
0.06 
0.2 
2 

Table 2 - -  Material Parameters Used in Calculations 

Thermal conductivity, W/cm K 
Specific heat, J/g K 
Density, g/cc 
Viscosity, g/cm s 
Surface tension, N/m 

Liquid Metal (Ref. 8) 

Fe 

0.46 
0.82 
7.0 

5x10  2 
1.2 

AI 

1.0 
0.26 
2.4 

1.2 x 10 _2 
0.86 

Pressure, atm 
Temperature, K 
Density, g/cc 
Viscosity, g/cm s 

Nitrogen and Oxygen Plasmas (Ref. 9) 
3-5 

10,000-12,000 
4 x 1 0  s 
2 x 10 -~ 
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Table 3 - -  Estimated Values of Plasma Velocity 

Current, A D, mm G, g/s 

250 3.2 1.17 

400 4 1.35 

600 5.1 1.74 

750 5.8 2.31 

Re H, mm u, cm/s d, mm v, m/s Gcal, g/s 

2300 4.8 8.5 0.07 5.6 1.48 
6.4 5.9 0.10 3.7 1.18 

2200 6.4 6.8 0.09 4.8 1.92 
9.5 5.8 0.11 4.9 1.81 

12.7 4.7 0.13 4.5 1.53 
19.1 2.5 0.24 2 0.79 
25.4 1.9 0.31 1.5 0.63 

2200 12.7 5.5 O.t 1 6.3 3.09 
19.1 3.2 0.19 3.2 1.75 
25.4 2.7 0.22 3.6 1.51 
38.1 1.4 0.43 1.2 0.80 
50.8 0.93 0.65 0.72 0.57 

2500 19.1 3.8 0.16 4.5 2.86 
25.4 3.2 0.19 4.2 2.54 
38.1 1.7 0.36 1.8 1.30 
50.8 1.2 0.51 1.2 0.94 

plied with the subscript "min." 

Relative Importance of Different Forces 

Not all of the forces acting on the liq- 
uid layer are equally important. To eval- 
uate the relative importance of the grav- 
ity force, let us compare F~,,,.~,y with the 
momentum flux, P, = p,,,vedD. Taking into 
account Equations 1 and 7, one has 

F~ra~.i0. _ I H g  1 go~ 2 

Pi 2 V 2 2 Hu 4 (8) 

In Table 1, this ratio is shown for sev- 
eral regimes of low-carbon steel cutting 
with nitrogen plasma (Ref. 7). (Material 
parameters used in this paper are listed in 
Table 2.) One can see that gravity is sig- 
nificant only in the case of cutting very 
thick plates (thicker than 2 in.). Although 
it is relatively easy to take gravity into ac- 
count, very thick plates wi l l  not be con- 
sidered. 

The contribution of the viscosity in- 
side the molten metal is also negligible. 
To show this, let us compare Fv~,o~tv with 
the momentum flux, P~. In view of Equa- 
tions 1 and 7, one can see that 

Fvisc°sity - ]'tmvDH/d /'tin = Pr 

Pi p,,,v-dD pmO~ (9) 

th i s  ra t io  is e q u a l  to  t h e  l iqu id  m e t a l  
Prandt l  n u m b e r .  This n u m b e r  is 9 x 10 e 
for liquid iron and 3 x 10 ~ for liquid alu- 
minum (Table 2). Neglecting the gravity 
and viscosity, one can obtain the expres- 
sion for the layer thickness: 

pmu2 H 2 

d = (~r/4)Ctp~V~ rain2 H _ ~' 
. . . .  (10) 

Tak ing  in to  a c c o u n t  t h e  c o n d i t i o n  in 
Equa t ion  7, t h e  n e c e s s a r y  gas  ve loc i ty  
m a y  b e  e x p r e s s e d  as fo l lows:  

I 4 + u H "  ) 

' (11) 
From a practical point of view it is more 
convenient to use gas f low rate, which is 
equal to 

~D 2 
Groin - -  V4P~.~.min (1 2) 

Finally, one obtains 

Gntin - 
~D 2 ~4pg  u3H 2 

(13) 

Comparison with the Model for Gas- 
Assisted Laser Beam Cutting 

Before going to the results of calcula- 
tions, let us compare the proposed model 
with the model (Ref. 4) for gas-assisted 
laser beam cutting. In both cases, the 
aerodynamic drag is the main force act- 
ing on the melt. In our case the main 
slowing force is surface tension. The ef- 
fect of viscosity is negligible. The aero- 
dynamic drag is balanced only partially 
by surface tension. As a result, the melt is 
accelerated continuously from the top to 
the bottom of the plate. Its movement is 
so-called inertia controlled. 

Contrarily, in the case of gas-assisted 
laser beam cutting, surface tension is 
negligible. The layer thickness is so small 
that viscosity almost completely bal- 
ances the drag, and the melt moves with 
nearly constant velocity from the top to 
the bottom of the plate. Inertia is negligi- 
ble. The melt movement is viscosity con- 
trolled. In other words, these two cases 
are opposite extremes of one general 
phenomenon - -  cutting with gas-re- 
moved melt. 

Comparison with Available 
Experimental Data 

To perform calculations, it is neces- 
sary to know the plasma flow Reynolds 
number, which requires knowledge of 
the plasma temperature. The estimation 
of the temperature, based on the mea- 
surement of the potential distribution in 
the arc, is done in the Appendix. It is 
shown there that the plasma temperature 
is in the 10,000-12,000 K range. The 
plasma viscosity corresponding to this 
temperature interval is about 2 x 10 ~ g 
cm ,s ~ (Ref. 9). With the estimated val- 
ues of plasma velocity (Table 3), it leads 
to Reynolds numbers close to 2 x 10L 
Therefore, according to Fig. 2, the drag 
coefficient C, is close to 0.01. 

Gas Flow Rate 

To the best of our knowledge no re- 
sults of any tests to determine the lower 
l imit of the necessary gas f low rate are 
avai lable in the technical l iterature. 
However, there are many operator's 
manuals for different plasma arc cutting 
systems. When comparing the model 
with data from these manuals it should 
be kept in mind that not only ability to 
cut determines the recommended gas 
f low rate but the cut quality as well. This 
is especially important for thick plates. 
Also, for the sake of convenience and 
simplicity, data on gas f low rates in these 
manuals are not precisely adjusted for 
every particular current, cut speed, and 
plate thickness. But, of course, these 
data should satisfy condit ion G > G,~,,, 

1. The clependonce of the drag ( oefficient C, 
on the Reynolds number, used in calcula- 
tions, is valid for the fully developed bound- 
ary layer. Therefore, only cuttin,g conditions 
when D < H are considered. 
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and fulf i l lnlent of this condit ion can be 
examined. A manual (Ref. 7) (an be used 
for this purpose, where the data on the 
gas f low rate for low-carbon steel cut 
with nitrogen plasma are a(cumulated. 
The results of the comparison of G and 
G,,,, are presented in Table 3 where the 
lo l low ing  parameters are shown: arc 
(urrent; nozzle orifice diameter D; gas 
f low rate G (Ref. 7); Reynolds number 
Re; plate thickness H; cuttirlg speed u; 
and the calculated paranleters shown 
are: l iquid layer thickness d; velo( i ty of 
the melt motion v; and G.,,,'. From Table 
J, one can see that calculations give the 
right order of magnitude of the gas flov,' 
rate. Furthermore, for most cutt ing 
regimes G,,,, is less than the recom- 
mended value of the gas f low rate G (Ref. 
7) Fig. "}A. Without presenting here all 
the detailed steps of the corresponding 
calculations, as was done for low-car- 
bon steel cut with nitrogen plasma, Fig. 
3B and C shows the calculated G,,,,/G 
values for AI-N, and Iow-(arbon steel- 
() ,One can see that G ...... < G condit ion 
is also fulfi l led in these cases. 

From Fig. 3 one can see that Gr~,, is 
signif icantly lower than the actual gas 
f low rate G for thick plates (small cut 
speeds). The reason for this is as follows: 
the gas f low rate is determined by the cut 
width D. When calculating G,,,,,, the noz- 
zle orifice diameter was used instead of 
the cut width. For thin plates (less than 
0.5 in.) these parameters are close. How- 
ever, in the case of high H and/or small 
speeds the cut width is bigger than the 
orifice diameter (Refs. 11, 1 2). Therefore, 
G,,,~,, should be increased in the case of 
thick plates. Taking into account this re- 
mark, the approximate character of our 
calculations and the absence of any ad- 
justable parameter, the correspondence 
between Gr,,i,, and the actual gas f low rate 
should be considered as good. 

Droplet Diameter 

The molten layer at the bottom of the 
plate thickness (orresponds to the di- 
ameter of the droplets ejected from the 
(ut. Collecting and measuring the size 
of the droplets showed that droplet di- 
ameters are on the order of magnitude 
of a fraction of a millimeter. This agrees 
wi th  the results of our calculat ions.  
However, the scatter of the droplet sizes 
is relatively large. 

Liquid Metal Velocity 

Additional proof of the validity of the 
proposed model can be obtained by 
(omparison of the (alculated velocity of 
the melt with the measured one. A very 
simple observation allows one to esti- 
mate the velocity of l iquid droplets leav- 
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Fig. 4 - -  The trajectory era droplet 1 deflected by the plate 2. L is the length of the droplet 
travel in the horizontal direction. 

ing the plate, a velocity that corresponds 
to the melt velocity. 

The arrangement used is shown in Fig. 
4. Being deflected by any kind of tilted 
plate, droplets are able to travel some dis- 
tance L in the horizontal direction - -  Fig. 
4. Assuming elastic collision of droplets 
wi th  the plate, one can see that v = 
gL/sin2[3, where [3 is the angle of the ini- 
tial part of the trajectory. From observa- 
tions with [3 ~ 45 deg, it was found that L 
= 1 to 3 m, which corresponds to droplet 
speeds of from 3 to 5 m/s. Our calcula- 
tions (Table 3) give the same order of 
magnitude. 

Conclusion 

A simple model of the molten metal 
interaction with the plasma jet during 
plasma arc cutting is proposed. Accord- 
ing to this model, the main forces acting 
on the l iquid metal layer are aerody- 
namic drag and surface tension. For steel 
cutting, gravity plays a significant role for 
plates more than 2 in. thick. Proper gas 
f low rate is determined by the condit ion 
that the molten layer is thin enough for 
good heat transfer through this layer. Cal- 
culat ions performed according to the 
proposed model agree with actual data 
for the gas f low rate and the velocity of 
the molten layer inside the cut. 
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Appendix 

Plasma conductivity is a strong func- 
tion of the temperature. Therefore, con- 
ductivity estimation is a good tool to es- 

timate plasma temperature. 
In order to evaluate plasma conduc- 

tivity, the potential difference between 
the nozzle and the workpiece has been 
measured. The plasma column in this 
root opening has a shape close to cyl in- 
drical. For an arc current of I = 250 A, 
nozzle-work distance h = 0.5 in. (12.7 
mm), and plasma jet width D = 
0.1 5-0.20 in. (3.8-5.1 mm), the voltage 
difference was U = 80 V. This leads to the 
fol lowing estimation of the plasma con- 
ductivity: 

41h 
c r  - - -  = ( 3 0  - 5 0 ) O h m - l c m  I 

- 7rD2U 

These values correspond to a 
10,000-12,000 K temperature range. 

Nomenclature 
A molten metal area exposed 

to the plasma jet, m 2 
C~ aerodynamic drag coeffi- 

cient 
d molten metal layer thick- 

ness, m 
D kerf width of the cut, m 
Fdrag force experienced by the 

melt due to aerodynamic 
drag, N 

Fv~cos~ty force experienced by the 
melt due to viscosity, N 

Fgravity force experienced by the 
melt due to gravity, N 

Fsuffacetensio a force experienced by the 
melt due to surface tension, 
N 

G gas f low rate, kg/s 
Gmi n estimated min imum gas 

f low rate, kg/s 
h nozzle to work distance, m 
H metal plate thickness, m 
I arc current, A 
P~ momentum f lux of the 

ejected metal, N 
Pr Prandtl number 
Re Reynolds number 
u cutting speed, m/s 
U nozzle to work voltage 

drop, V 
v melt velocity in the cut, m/s 
Vg plasma gas velocity, m/s 
c~ molten metal thermal diffu- 

sivity, m2/s 
iLL m molten metal viscosity, kg/m s 
Y molten metal surface ten- 

sion coefficient, N/m 
9g plasma gas density, kg/m~ 
Pm molten metal density, kg/m 3 
(~ plasma electrical conductiv- 

ity, Ohm-~m 
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