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Plasma Cutting of Concrete: Heat Propagation and
Molten Material Removal From the Kerf

Juan Camilo Chamorro , Leandro Prevosto , Ezequiel Cejas , Natalio Jorge Milardovich,
Beatriz Rosa Mancinelli, and Gerardo Fischfeld

Abstract— An experimental investigation of heat propagation
in the case of plasma cutting of concrete is reported. The
experiments were carried out by using a high-enthalpy nitrogen
plasma jet generated in a dc vortex-stabilized nontransferred
arc torch. Concrete plates of different thicknesses up to 52 mm
and with and without steel reinforcement were used. The plates
were placed horizontally while cutting. The heat conduction losses
inside the material were estimated by comparing thermocouple
measurements and theoretical temperatures obtained with an
analytical model of the heat propagation in the material. The
influence of the molten concrete layer that separates the plasma to
the solid material due to the high viscosity of the liquid concrete
was accounted for. The power losses below the material in the
extinguishing plasma have also been determined from calorimet-
ric measurements. For different plate thicknesses and cutting
velocities, a complete power balance of the process is performed
with the calculation of the cutting efficiency on the basis of
various relevant power terms. In addition, the hydrodynamics
of the molten concrete layer in the kerf is analyzed. For a mean
power level of 11.2 kW and a nitrogen gas flow rate of 25 Nl/min,
the torch is able to cut a concrete plate of 52 mm in thickness
with a speed of 20 mm/min and a whole efficiency of about 30%.
The viscosity force is the main limiting factor on the cutting
velocity in thick plates.

Index Terms— Concrete, nontransferred arc torch, plasma
cutting.

I. INTRODUCTION

PLASMA cutting is mostly used for electrical conductive
materials. The plasma arc cutting process severs metal

by using a constricted arc to melt a localized area of a
workpiece (acting as the anode), removing the molten material
with a high-velocity jet of plasma issuing from a constricting
nozzle [1], [2]. Transferred arc plasma torches are widely
used in the industrial cutting process of metallic materials
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because of their ability to cut practically all metal and the
high productivity that can be achieved with this technology.
In spite of this industrial development, there are only a few
works concerning arc material interaction and heat transfer in
the plasma cutting process (see [3] and references therein).

On the other hand, plasma cutting can also be extended
to sever electrically nonconductive materials by using
(noncurrent-carrying) plasma jets.

Atmospheric pressure thermal plasma jets generated in
dc nontransferred arc plasma torches are used in a number
of applications, such as plasma surface modifications, spray
coatings, material synthesis, and waste treatment (see [4]–[8]).
Standard dc nontransferred (spraying type) plasma torches
operate with a central thoriated tungsten rod-type cathode and
a water-cooled annular copper anode. The arc currents are
in the range of a few hundred amperes. The torch voltage
depends on the nature of the plasma gas and can vary between
20 and 30 V for atomic gases, up to 100 V or more when
operating with molecular gases. As the gas passes around
the arc through the anode-nozzle constriction, it is heated
and partially ionized, emerging from the nozzle as a thermal
plasma jet with a high specific enthalpy ranging between 5 and
35 MJ/kg in molecular gases. At the nozzle exit, the centerline
value of the gas temperature is around 10 000–12 000 K (close
to the electron one) and the velocity is of a few hundreds of
meters per seconds [1]. The central core of the plasma jet is
usually close to the local thermal equilibrium at atmospheric
pressure (i.e., a “thermal plasma jet”), but large deviations
from the LTE can exist in the peripheral zone due to rapid
particle diffusion [4]–[6], [9].

The large number of possibilities for mixing, reinforcing,
and using concrete in the construction industry is contrasted
by only a few methods for pulling down and destroys old
constructions. The oxygen thermal lance technique is the
mainly used thermal cutting process for concrete and related
materials in the construction industry [10], [11]. The process
is characterized by the combustion of iron in an oxygen
jet. Gas temperatures up to about 4000 K are obtained,
thus imposing limitations on the heat flux carried out by
the jet. It is, therefore, surprising that there are only very
few papers [12] dedicated to investigate the feasibility of
the thermal cutting of concrete and related materials through
plasma jets. The improvement of this technology requires an
advanced understanding of the process.

In this paper, an experimental investigation of heat propa-
gation in the case of cutting of concrete by using a thermal
plasma jet generated in a nontransferred arc torch operated
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Fig. 1. Schematic of the nontransferred arc torch used in the experiments.

with nitrogen as the plasma gas is reported. The hydro-
dynamics of the molten concrete layer in the kerf is also
analyzed. Section II presents the used experimental setup,
while Section III describes the theory of heat diffusion in the
material and power balance, as well as the hydrodynamics
of the molten concrete. The results and its discussion are
presented in Section IV. Section V summarizes the conclusion.

II. EXPERIMENTAL SETUP

A. Nontransferred Vortex-Stabilized Arc Torch
The experiment was carried out using an atmospheric pres-

sure nontransferred vortex-stabilized dc arc torch with a water-
cooled thoriated tungsten (2 wt.%) rod-type cathode and a
water-cooled copper anode nozzle of Dn = 5-mm internal
diameter and 30 mm in length. A schematic of the employed
arc torch is shown in Fig. 1. The torch was operated in the
so-called restrike mode (see [6]) with a (measured) nitrogen
flow rate of 25 Nl/min (corresponding to a mass flow rate
G = 0.47 g/s). The arc voltage and discharge current were
monitored on a Tektronix TDS 1002 B digital oscilloscope
equipped with a high-voltage probe (Tektronix P6015A) and
a current probe (Tektronix A622). The instantaneous arc power
signal (obtained as the product of the discharge voltage and
current) is shown in Fig. 2. The time-average arc power (Qarc)
was about 11.2 kW.

Two thermocouples, located at the inlet and outlet of the
torch water cooling system, were used to measure the power
lost from the arc to the cooling system (Qwc). A temperature
rise in the coolant water of about 20 °C was measured for
a (measured) coolant flow rate of 3 L/min under the quoted
torch operating conditions.

B. Cutting Conditions
The operating conditions of the torch were fixed during

the experiments (Qarc = 11.2 kW and G = 0.47 g/s).
The plates were placed horizontally while cutting. The dis-
tance between the nozzle exit and the top of the plates
was also fixed at h = 10 mm. The cutting speed was varied
from 20 to 26 mm/min, according to the plate thickness.
A schematic of the whole experimental arrangement used for
studying the heat transfer while cutting is shown in Fig. 3.

Fig. 2. Instantaneous arc power signal.

Fig. 3. Schematic of the whole experimental arrangement used to study the
heat transfer while cutting.

C. Thermocouples Array

For measurements inside the concrete, the temperature sen-
sors were inserted into the plate (Fig. 3). Thermocouples were
selected to this end as they are more robust than resistance
temperature detectors and they can make measurement over
a wider range of temperatures. Fast response K-type ther-
mocouples (<1600 K), 1.5 mm in diameter, were used. The
measurements were performed with an array of four thermo-
couples inserted into the concrete at the same depth (of half the
thickness of the plate), perpendicularly to the kerf. A detailed
schematic of the thermocouples array is shown in Fig. 4.
The distance d between the first thermocouple and the kerf
was determined experimentally after each cutting. With this
experimental configuration, it was possible to access heat
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Fig. 4. Schematic of the thermocouples array inside a concrete plate.

conduction losses (Qdiff) inside the material by comparing the
thermocouples experimental data with theoretical temperatures
calculated on the basis of [13]–[15]; as it will be presented in
the following section.

D. Calorimetric Technique
Power losses below the material due to the remaining

plasma jet enthalpy (Qre) have been determined from calori-
metric measurement in a vessel filled with water and posi-
tioned below the plate at the place of cutting (Fig. 3). The
water temperature increase has been measured while cutting.
The result calculations took into account the additional heat
brought by the molten concrete ejected from the kerf by the
plasma jet and collected at the bottom of the vessel.

E. Concrete Composition
Concrete plates of different thicknesses H = 25, 32,

and 52 mm, and with or without steel reinforcement, were
used in the experiments. The composition of the used con-
crete is as follows: Portland cement is 446 kg/m3, sand is
1051 kg/m3, crushed stone aggregate is 1115 kg/m3, and
water is 301 kg/m3. The concrete was reinforced by using an
armature of steel bars of 5 mm in diameter with 50 × 50 mm
mesh, embedded into the plates.

III. HEAT DIFFUSION IN THE MATERIAL, POWER

BALANCE, AND HYDRODYNAMICS

OF THE MOLTEN CONCRETE

A. Heat Propagation Model

The arc power (Qarc = 11.2 kW) is partially lost inside
the torch, mainly through heating the torch electrodes. This
loss approximately corresponds to the power transferred to
the cooling water (Qwc = 4.2 kW). The remaining part goes
into plasma jet enthalpy (Qjet = 7 kW), thus indicating an
operating torch efficiency of about 62%.

Between the nozzle exit and the top of the plate, a part of
this jet power is mainly lost through convection (Qlu). The
radiated power losses can be neglected in this case due to the

Fig. 5. Geometry used in calculations. Heat is delivered along the
plasma-concrete boundary (hemi circle of radius R). The melting front has
radius R + δ.

relatively low average temperature of the plasma (see [16]).
The rest corresponds to the available power brought by the
jet inside the kerf (Qkerf). The convection losses above the
plate were estimated with the aid of the Nusselt number
Nu ≡ 0.023 × R0.8

e × P0.3
r [17], [18]; as Qlu = 2πhλplTpl Nu

(λpl and Tpl are the plasma thermal conductivity and average
temperature, respectively). The Reynolds number, based on
the nozzle diameter and average plasma properties, Re ≡
Gν−1

pl D−1
n (νpl is the kinematic viscosity of the plasma) is

about 1000. The Prandtl number, Pr ≡ νplα
−1
pl (αpl is the

plasma thermal diffusivity), is about 0.7. The Nusselt number
is Nu ≈ 5.5. The plasma properties were taken from [1].
The power losses above the plate were finally estimated as
Qlu ≈ 0.2 kW. The jet power reaching the kerf can then be
estimated as Qkerf = 6.8 kW.

To evaluate Qdiff , it is necessary to study theoretically and
experimentally the heat propagation inside the material. The
mathematical theory of heat distribution during welding and
cutting has been first described in [13], and then was treated
in a number of works (see [14]). In [14], heat transfer inside
the workpiece during plasma arc cutting was based on the
assumption that the molten metal is instantaneously removed
from the kerf due to aerodynamic forces; i.e., no molten
layer separates the plasma column and the solid metal. The
effect of this liquid layer on the heat propagation was recently
addressed in [15].

Because the viscosity μ of the molten concrete is very large,
the concrete cannot be instantaneously removed from the kerf,
and a liquid layer separating the plasma jet from the solid
concrete should exists. Note that typical values of μ for molten
concrete are μ ≈ 1–0.1 Pa·s [19], [20] for temperatures in the
range of 1500–2200 K, i.e., about 100 to 1000 times higher
than the viscosity of the molten steel (≈3–5 × 10−3 Pa·s [21]).

Under the present cutting conditions, the temperature distri-
bution T at any point P in the material (see Fig. 5) is created
not only by the heat sources at the plasma-concrete boundary
(forward-directed half of the cylindrical jet column moving
with a constant velocity U) but also by the heat sinks at the
melting front that separates the liquid concrete from that not
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yet molten. If the plate is large enough as compared to the
extent of the heat source, the heat distribution around the heat
source soon becomes constant, reaching the so-called “quasi-
stationary” state [13] (i.e., the isotherms around the kerf will
move at the same speed U as the torch without undergoing
any modification in the temperature field). This is justified
if the characteristic Péclet number is significantly larger than
unity. In addition, assuming that the heat sources and sinks
are uniformly distributed, the temperature field in the plate is
given by [15]

T (P) − T∞

= Qcut

π2κ H

∫ π/2

0
exp

(
−Pe

x(θ)

2R

)
× K0

(
Pe

r(θ)

2R

)
dθ

− Qm

π2κ H

∫ π/2

0
exp

(
−Pe

x �(θ)

2R

)
×K0

(
Pe

r �(θ)

2R

)
dθ (1)

where x(θ) = x1 − X , r(θ) = ((x1 − X)2 + (y1 − Y )2)1/2,
X = Rcos(θ), Y = R sin(θ), x �(θ) = x1–X �, r �(θ) = ((x1–
X �)2 + (y1–Y �)2)1/2, X � = (R + δ) cos(θ), and Y � = (R + δ)
sin(θ) (x1, y1 are the coordinates of the point P measured from
the reference frame moving with the torch.) Qcut is the jet
power transferred to the material, R is the average half-width
of the kerf (the plasma jet radius), and δ is the average width
of the liquid layer. T∞ is the material temperature far from the
kerf (= 300 K), and κ and α are the concrete thermal con-
ductivity and thermal diffusivity, respectively. Pe ≡ URα−1 is
the Péclet number. K0 is the zero-order and the second kind
of modified Bessel function [22]. The average half-width of
the kerf and the width of the liquid layer were measured after
each cutting, the latter was estimated by measuring the average
thickness of the rapidly resolidified molten concrete layer at
the edge of the kerf. Qm is the power involved in the melting
of concrete [15]

Qm = πι(R + δ)U

{∫ Tm

T∞
C(T )dT + Lm

}
(2)

where ι and C(T ) are the concrete density and heat capacity,
respectively. Lm is the latent heat of fusion and Tm is the
temperature melting point of the concrete.

The heat diffusion inside the workpiece (Qdiff ≡ Qcut–Qm)
can be calculated by varying Qcut in (1) to find the best
agreement between the theoretical temperatures and thermo-
couples measurements. However, it should be noted that the
homogeneous and uniform heat transfer along the whole
thickness of the plate is probably not completely justified.
In addition, thermal conductivity and diffusivity in (1) are
supposed to be constant with temperature, which is a crude
approximation.

The values of thermal conductivity and thermal diffusivity
at a high temperature corresponding exactly to the concrete
composition used during the experiments were not found in
the literature. Furthermore, the physical properties of concretes
at high temperature (close or above the melting point) are
scarce [19], [20], [23]. Average values of appropriate con-
crete thermal properties for various compositions are: ι =
2300–2600 kg m−3, κ = 0.5–3 W·m−1 K−1, α = 2–10 ×
10−7 m2·s−1, and Lm = 1–2 MJ·kg−1, for solid concrete; and

Fig. 6. Theoretical and experimental temperatures distributions inside the
workpiece. (H = 25 mm, d = 15 mm, and R = 5 mm). The radial
positions (y1) of the thermocouples are also shown.

ι = 2200–2600 kg m−3, κ = 1–1.2 W m−1 K−1 and α =
3 × 10−7 m2 s−1, for molten concrete (Tm = 1300–1800 K).
The following values were used in this paper: κ =
2 W·m−1·K−1 and α = 6 × 10−7 m2·s−1. These two coef-
ficients correspond to average values in the temperature range
300–600 K, which typically correspond to the temperatures
measured by the thermocouples (Fig. 6). In order to evaluate
the influence of these parameters on the model results, a series
of calculations was performed with different κ and α values.
A modification of κ up to ±25% induces a 5% maximum
variation in Qcut. The effect of α is somewhat higher: a change
of ±25% produces a Qcut deviation of less than 10%. More-
over, as the heat capacity and thermal conductivity vary in the
opposite way with temperature [23], their effects are partially
compensated, and the diffusivity does not significantly vary in
the temperature range 300–600 K.

The power losses beneath the material mainly correspond to
the residual enthalpy in the extinguishing plasma jet (Qep) and
the power involved in superheating the molten concrete (Qsh).
Note that Qep can be estimated from calorimetric measure-
ment, while the power term Qsh has to be estimated by
realizing a global power balance of the cutting process (Qsh =
Qkerf–Qcut–Qep).

With the power balance, it is possible to calculate two
different efficiencies. The first one is the efficiency η of
the whole process, corresponding to the ratio between the
power involved in the melting of concrete Qm , and the total
power provided by the arc Qarc. The second one is the
kerf efficiency, ηk , defined as the ratio between the power
effectively involved in melting Qm and Qcut.

B. Hydrodynamics of the Molten Concrete Layer in the Kerf

The plasma jet melts a massιπ (R + δ) HU of the
concrete per second that leaves the bottom of the plate with
a velocity v. This speed can be estimated from the law of
mass conservation, as v = UHδ−1

b . δb is the width of the
liquid layer at the bottom of the plate. δ = 1/2δb for a liquid
layer width increasing linearly along the thickness of the plate.
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The momentum flux carried by the molten concrete leaving the
plate is ιπ (R + δb)δbv

2.
Several forces act on the liquid layer [24] are as follows.
1) The aerodynamic force Fdrag = ½G2ι−1

pl C f Hπ−1 R−3,
arising due to the jet friction (drag) over the much more
slow motion of the melt, that pushes the liquid material
downward. ιpl is the average plasma density and C f

is the drag coefficient (depending on the Reynolds
number).

2) The gravity force Fgravity = ιgπ (R + δ)δH (g is
the acceleration of gravity) that also pushes the liquid
material downward.

3) The surface tension force Fsurface−tension = γπ (R + δ),
(where γ is the surface tension coefficient of the molten
concrete) that slows down the movement of the liquid
layer.

4) The viscosity force Fviscosity = μvδ−1π (R + δ)H that
also slows down the movement of the liquid layer.

The sum of all the above-entioned forces accelerates the
molten concrete. According to the momentum conservation
law

G2C f H

2π R3ιpl
+ ιgπδH (R + δ) − γπ(R + δ) − μ

v

δ
π(R + δ)H

= ιπδb(R + δb)v
2. (3)

The average thickness δ of the liquid layer can then be
obtained from (3). However, not all the forces acting on the
liquid layer are equally important, as it will be shown in the
next section.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Thermocouples and Calorimetric
Measurements: Power Balance

An example of thermocouples measurements inside a con-
crete plate is given in Fig. 6 as a function of the axial dis-
tance x1 (see Fig. 5), for the following cutting conditions: plate
thickness H = 25 mm and torch velocity U = 26 mm/min.
For comparative purposes, theoretical temperatures calculated
with (1) were also shown in Fig. 6. Note that the thermocou-
ple recorded temperatures are time-dependent, but, with the
assumption of a “quasi-stationary” state, and the knowledge of
cutting speed and the distance D between the thermocouples
array and the plate edge (as shown Fig. 4), a coordinate
change: time → space (x1) was operated [25] (the Péclet
number characterizing the transport of heat in the plates is
about 3–10). The best agreement between the experimental
and model results for the concrete plate of 25 mm in thickness
was obtained when the power transferred to the concrete is
fixed at Qcut = 3200 W. Considering the simplifications
assumed in the analytical model [15], the agreement between
the experimental and calculated temperatures (within ±15%)
is satisfactory. There are several possibilities to explain the
discrepancies. First, the thermal properties of the concrete are
supposed to be constant with the temperature. This assumption
could introduce some modifications in the temperature field.
Second, the thermocouples inserted into the concrete plate
induce inhomogeneities which could also modify conduction

Fig. 7. Theoretical temperature distributions: (a) H = 25 mm, (b) H =
32 mm, and (c) H = 52 mm.

properties of the material with temperature. Finally, the ther-
mal properties values corresponding exactly to the concrete
composition used during the experiments were not found
in the literature; hence, the appropriate characteristic values
were used.
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For the other sets of cutting parameters (H = 32 mm and
U = 24 mm/min; and H = 52 mm and U = 20 mm/min),
thermocouples measurements have also been used to recon-
stitute the temperature field inside the concrete plates. Again,
a good correspondence between the experimental (not showed)
and calculated temperatures was observed. The model results
are shown in Fig. 7. Fig. 7(a) shows the calculated temperature
distribution for the plate of H = 25 mm. For the plate
of 32 mm in thickness, as shown in Fig. 7(b), the best accuracy
is obtained with Qcut = 3800 W, while for the thicker plate,
as shown in Fig. 7(c), the best accuracy is obtained with
Qcut = 4700 W. As expected, the material temperature close
to the kerf-front (≈ 1300–1700 K) results in all the cases
close to the temperature melting point of the concrete. Large
temperature gradients are observed close to the kerf due to the
small thermal diffusivity of the concrete.

For the thermocouples temperature measurements, only
concrete plates without steel reinforcement were used.

The average half-width of the kerf as well as the average
width of the molten concrete layer were measured during the
experiments to estimate the amount of removed material for
the Qm power term evaluation. The latter was inferred by
measuring the width δb of the liquid layer at the bottom of
the plate, namely, δ = ½δb. Both kerf parameters do not show
noticeable variations with the concrete plate thickness, with
average values of about R = 4–5 mm and δb ≈ 1 mm.

In addition, observations show that the angle of declination
of the walls of the cut from the vertical (the so-called bevel
angle) is quite small (i.e., the walls of the cut are almost
vertical under the present conditions). It is important to note
for the case of cutting metals with arc plasmas that the walls
of the cut are never vertical (typically the top is wider than its
bottom). Furthermore, it was demonstrated that as the cutting
speed increases, the kerf width at the plate bottom decreases
(bevel angle increases), which is the general rule [2], [3].
The aforementioned suggests that the squareness of the cut
for the case of plasma cutting of concrete could be related
with the low velocity of the cutting process (20–26 mm/min),
imposed by hydrodynamic phenomena in the liquid concrete
layer inside the kerf (as shown Fig. 10). Heat conduction
losses Qdiff , the power involved in melting the concrete Qm ,
the losses beneath the material due to the plasma residual
enthalpy Qep, and the power term involved in superheating
the molten concrete Qsh are reported in Fig. 8. The cutting
speed is also shown.

Although systematic studies varying the torch velocity were
not performed, observations of the backward deflection of the
jet under the plates during the experiments suggest that the
reported cutting velocities (20 to 26 mm/min) are not far
from the maximum for the given torch operating conditions.
These velocity values are consistent with those reported in the
experiment [12].

Note from Fig. 8 that Qm and Qdiff exhibit more or
less the same behavior while varying the plate thickness,
thus indicating that the power involved in melting and heat
conduction losses are part of a single power term correspond-
ing to the power deposited inside the material Qcut. The
existence of a proportionality relation between Qm and Qdiff

Fig. 8. Power terms involved inside the kerf and cutting velocity as functions
of the thickness of the concrete plates.

was also found in the plasma arc cutting process [25], [26].
In [25], the experimentally inferred value of the power lost
into the metal through thermal conduction was as high as
80% of the power involved in melting. However, under the
present conditions, due to the small thermal diffusivity of
the concrete as compared with the steel, the heat does not
deeply penetrate into the concrete, and a large fraction of
the power transferred to the material is used in melting the
concrete. That is, the power lost into the concrete plate due to
thermal conduction reaches only about 25%–30% of the power
required for melting, namely, the kerf efficiency ηk reaches a
value about 75%–80% under the present conditions.

A significant decrease in (the measured) power losses under
the plate Qep is also observed with increasing the plate
thickness in Fig. 8. This behavior is related to the increases
in the power deposited inside the material Qcut at constant
arc power. The power involved in superheating the molten
concrete Qsh follows the trend of the power involved in
melting while varying the plate thickness. This result is evident
since both Qm and Qsh are directly proportional to the melting
rate that increases with the plate thickness. Note that the
superheating of the molten concrete could improve the material
removal from the kerf by reducing the viscosity [12]. This
behavior is related to the strong (exponential) decay of the
viscosity of the liquid concrete with the temperature, at values
above (but close) to the melting point [27].

The whole efficiency η of the cutting process was also
calculated. The value varies from about 25% to 30% while
varying the plate concrete thickness from 25 to 52 mm,
respectively. Note from the basis of the above presented results
that the power balance in the case of the plasma cutting of
concrete can be adequately described by a simple model in
which the input heat is mainly consumed by the process of
concrete melting (i.e., by neglecting Qdiff due to the low
thermal diffusivity of the concrete).

B. Molten Concrete Removal From the Kerf
For all the investigated cutting parameters, the plasma jet

was able to produce defined cuts in the concrete plates regard-
less of the steel reinforcement. For instance, Fig. 9 shows a
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Fig. 9. Photograph of a typical kerf in a concrete plate after the plasma
cutting (H = 52 mm).

typical kerf in a concrete plate of 52 mm after the experiments.
The dross (resolidified concrete removed from the kerf adher-
ing to the bottom of the plate) is also shown. Note that the
presence of steel reinforcement could improve the expulsion
of the molten concrete from the kerf, as it reduces the viscosity
of the mixture.

An evaluation of the thickness of the molten concrete was
obtained according to (3). The calculated δ values, together
with the relative importance of the gravity on the molten
concrete on the basis of the obtained the experimental data,
are presented in Fig. 10. The following concrete proper-
ties were used [19], [20], [23]: ι = 2500 kg·m−3, η =
0.3 Pa·s, andγ = 0.3 N·m−1. R = 4 mm. (C f = 0.01 for
Re = 1000–2000 [28]). As shown in Fig. 10, the calculated
average thickness values of the molten concrete layer (δ ≈ 0.5
mm) are in good correspondence with those experimental
inferred.

According to Fig. 10, the main forces that oppose the
removal of molten concrete from the kerf are the viscosity
and surface tension. The importance of viscosity depends on
the thickness of the plate. The thicker the plate, the greater
the role of the viscosity. The removal of the molten concrete
is mainly due to gravity. The aerodynamic drag plays a minor
(but not negligible) role compared to gravity. The reason is the
rather low momentum flux carried by the plasma jet issuing
from the wide nozzle at the above torch operating conditions.

Fig. 10. Relative importance of the gravity for cutting of concrete and
thickness of the molten concrete layer, according to the hydrodynamic model.

As the viscosity force is proportional to the molten concrete
velocity (v = UHδ−1

b ), it imposes restrictions on the cutting
velocity: in thick plates, the cutting velocity must be so small
that the viscosity almost completely balances the gravity (i.e.,
inertia is completely negligible in this limiting case). The
molten concrete moves downward with nearly constant and
low (v ≈ 1–2 cm/s) velocity.

Contrarily, in the plasma arc cutting process (cutting veloc-
ities in the range 700–5000 mm/min), the main slowing force
is the surface tension (higher in a factor about four than that of
the molten concrete [20], [21]). The effect of the relatively low
viscosity is negligible. However, the aerodynamic drag force
is balanced only partially by the surface tension: the molten
steel is accelerated continuously from the top to the bottom
of the plate due to the high-velocity arc jet issuing from a
constricting nozzle. The movement is inertia controlled. The
gravity is significant only in the case of cutting very thick
plates [2], [24].

No vertical cuts were investigated in this paper. However,
the above model can be used to analyze the hydrodynamic of
the molten concrete layer in vertical cuts under the experimen-
tal conditions of [12]: U = 20 mm/min, H = 120 mm, plasma
gas nitrogen, G = 1.5 g/s, and Qarc = 35 kW. The calculations
show that the aerodynamic force is almost balanced by the
viscosity. The surface tension has a minor role and the inertia
is completely negligible, i.e., the movement of the liquid
concrete is viscosity controlled. (R = 4–5 mm and δb ∼1 mm
were used in the calculations). Unfortunately, at present,
the experimental data on plasma cutting of concrete and related
materials are reduced to the results in [12]. Therefore, no other
comparison with published results is possible.

The hydrodynamic model results shown in Fig. 10 seem to
be supported by the experiments. Note from Fig. 9 that the
molten concrete is effectively removed from the kerf, but the
presence of heavy dross suggests that it flows downward at
low velocity, so that the adhesion of the molten concrete takes
place at the bottom of the plate to form the dross. In addition,
it was found that at a further increase in the cutting velocities
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yields a sharp increase in the backward deflection angle of the
plasma jet under the plate, thus suggesting that the reported
cutting velocities are not far from the limiting velocities.
Furthermore, the calculated average thickness values of the
molten concrete layer for different cutting conditions are in
good correspondence with those experimental inferred.

V. CONCLUSION

Thermocouples measurements of the temperature field
inside concrete plates while cutting with a (spraying type)
plasma torch operating with nitrogen as plasma gas were
performed. The plates were placed horizontally during the
experiments. Calorimetric measurements of the remaining
enthalpy in the extinguishing plasma jet under the plates were
also carried out. A complete power balance of the cutting
process was presented. In addition, the hydrodynamics of the
high-viscosity molten concrete layer in the kerf was analyzed.
The results have shown the following.

1) The nitrogen plasma jet is capable of producing
localized cuts in concrete. For a mean power level
of 11.2 kW, and a nitrogen gas flow rate of 25 Nl/min,
the torch was able to cut a concrete plate of 52 mm in
thickness with a speed of 20 mm/min.

2) The whole efficiency of the plasma cutting process
varies from about 25% to 30% while varying the plate
thickness from 25 to 52 mm, respectively.

3) Due to the small thermal diffusivity of the concrete,
the power lost into the plate due to thermal conduction
reaches only about 25%–30% of the power required
for melting. Correspondingly, the kerf efficiency reaches
values in the range of 75%–80% under the present
conditions.

4) The main forces that oppose the removal of the molten
concrete from the kerf are the viscosity and surface
tension. The removal of the molten concrete is mainly
due to gravity. The aerodynamic drag plays a minor
role due to the rather low momentum flux carried
by the plasma jet for the operating conditions of the
torch. The importance of the viscosity grows with the
plate thickness, thus imposing restrictions on the cutting
velocity: in thick plates, the cutting velocity must be so
small that the viscosity almost completely balances the
gravity. Inertia is completely negligible in this limiting
case. These results are supported by the experimental
data found.
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