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Simulation of glass cutting with an impinging hot air jet
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Abstract

Thermal cutting of glass sheet due to an impinging hot air jet is simulated and analyzed. Induced thermal stresses due

to the moving heat source can be used to stably initiate and attract a crack toward the jet axis. Relative motion between

the jet and glass sheet then can be used to cut the glass sheet. This paper presents a theoretical study of this process for

straight cuts. Process simulation is accomplished by analyzing the coupled temperature and stress fields together with

the fracture mechanics criteria for the crack growth.

A finite element remeshing technique is employed for the analysis and singular elements are used around the crack

tip for a more precise computing of the stress intensity factor. It is shown that a certain minimum air jet temperature for

a given nozzle velocity and a certain maximum air jet velocity for a given temperature are required for continuous

cutting. The results of the simulation show a good agreement with the published results in the literature. However a

variating nature is detected for the distance between the crack tip and the air jet nozzle from a starting value to the

steady-state one.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Glass sheet cutting is a very important process in the industrial applications of glass sheets. The usual

process is scribing the surface in the first step and then breaking off the edges in the second step. In this

process, cutting is usually followed by a grinding operation, removing damaged material.
Several alternative thermal cutting techniques possessing some significant advantages have been devel-

oped. Most of these techniques, containing laser cutting, electron beam cutting, plasma jet cutting, etc.,

operate based on the passing of a moving heat source across the sheet. These techniques may be used in the

cutting of metallic and non-metallic materials as well as the glass. Metal cutting (or even cutting of non-

metallic materials) with any of the above-mentioned techniques has been widely studied in the literature,

either analytically or numerically by Bunting and Cornfield (1975), Modest and Abakians (1986a), Modest

and Abakians (1986b), Schulz et al. (1993), Sheng and Joshi (1995), Cai and Sheng (1996), Kuang and

Atluri (1985), Kim et al. (1993) and Yu (1997). The base of these studies is the solution of the heat transfer
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equation considering the effect of movement of the heat source in this partial differential equation. The

reason for this matter lies in the fact that the cutting process occurs based upon the phase change of the

material in the cutting area, i.e., it occurs as a result of melting and/or vaporizing the material.

Thermal cutting of glass has been more or less developed and will get successive applications in future
(Buerhop and Weissmann, 1996). Glass cutting with an impinging hot air jet is one of these techniques,

which operates by establishing a thermal stress field in the glass allowing stable propagation of a pre-

existing crack. The advantages of this technique are that intricate and curved shapes and also thick sections

can be cut and superior edge quality is obtained. In spite of the advantages of the glass cutting with

impinging hot air jet, the only systematic research on simulating the process found in the literature is that of

the Muralidhar et al. (1999). This paper presented a theoretical and experimental study of the process for

straight cuts. The related quasi-static thermoelasticity problem was analyzed by FEM and temperature and

stress fields in the sheet were obtained. The main disadvantage of this work is that the stress analysis is
performed without the presence of the crack and thus it is unable to predict the variations of the stand-off

distance, which is the distance between the crack tip and heat source after the crack starts to propagate,

during cutting process. Also, it cannot predict if the crack growth (i.e., cutting) continues or stops, after

being started at first.

In this paper, the attempt is made toward gaining a mathematical model compatible with the actual

process. In this regard, the governing equations of the problem, i.e., the quasi-static coupled thermoelasticity

equations are derived in accordance with the moving nature of the non-concentrated heat source. The finite

element modelling is then accomplished with the standard FE code ANSYS 5.4. The quarter point singular
elements are used around the crack tip. Since the crack is to propagate, a remeshing technique is used in each

crack extension step. For this to be achieved, ANSYS Parametric Design Language, APDL, is employed.

Finally the temperature and stress distributions in the sheet and the variations of the stress intensity factor at

the crack tip due to the movement of the heat source are obtained and the effects of the velocity and tem-

perature of the hot air jet on starting and continuance of the cutting process are studied. It is shown that the

stand-off distance increases until it reaches a steady-state value, in the cases where cutting is possible.
2. Physical model of thermal cutting of glass

Fig. 1 shows the physical model of the glass thermal cutting process. A sheet of thickness H is to be cut

via a moving hot air jet. A pre-crack exists in the plane of symmetry of the glass sheet. Hot air-jet impinges

on the glass sheet through a nozzle as shown in the figure. The heat source moves with a constant velocity u
on a straight path within the plane of symmetry of the sheet.

A fixed coordinate system xyz is selected at the plane of symmetry, the origin of which lies on the crack

mouth on the edge of the sheet, and a moving coordinate system XYZ, moving with the hot air jet nozzle,

lies at the same plane with an origin on the lower surface of the sheet.

Due to continuous motion of the heat source with a proper constant velocity and a sufficient air tem-

perature, the pre-crack starts to propagate after the heat source exceeds a certain distance in front of the

crack tip. During cutting, the crack tip trails the heat source at a stand-off distance. It will be shown that

this distance is not constant and varies with time until it reaches a steady-state value.
3. Mathematical formulation of the problem

The glass cutting process should be accomplished in a certain range of relatively low velocities, in order

to have a continuous cutting. This implies that the process should be considered as a quasi-static one.
Therefore the governing equations of the problem are:
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Fig. 1. Schematic model of the thermal cutting.
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rij;j ¼ 0 i; j ¼ 1; 2; 3

kT ;ii ¼ qCp
oT
ot

ð1Þ
where k is the thermal conductivity coefficient, Cp the specific heat and q the density of the glass. Eqs. (1) are

the well-known quasi-static equations of thermoelasticity. The associated boundary and initial conditions

can be classified as follows.
4. Thermal boundary and initial conditions

The temperature distribution is generally a function of coordinates and time, T ðx; y; z; tÞ. It is assumed

that the glass sheet is initially at the ambient temperature, T1:
T ðx; y; z; 0Þ ¼ T1 ð2Þ
Heat transfer occurs between the glass sheet and the air at the top and bottom surfaces. The heat

convection through the thin edges of the sheet may be neglected. When there is a single hot air-jet impinging

on the top surface, heat transfer from the bottom surface can be neglected, because of the vast difference in
heat transfer coefficients of the two surfaces. However, the analysis can easily be extended to the case where
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there are jets on both surfaces. For the present case, the boundary conditions on the top and bottom

surfaces are:
k
oT
oz

����
z¼H

¼ hðTa � TsÞ

k
oT
oz

����
z¼0

¼ 0

ð3Þ
where h ¼ hðx; yÞ is the distribution of the heat convection coefficient on the top surface, Ta the air tem-

perature distribution on the top surface, and Ts ¼ T ðx; y;H ; tÞ is top surface temperature distribution. It is

obvious that at locations far from the heat source, Ta ! T1.
5. Mechanical boundary conditions

Traction-free boundary conditions are assumed on the top and bottom surfaces and on all edges of the

sheet including the crack surfaces.
6. Thickness-averaged formulation of the problem

Following the same approach of Muralidhar et al. (1999) the problem can be formulated on a thickness-

averaged base. Since the thickness of the glass sheet is small compared with the other dimensions and no
traction acts perpendicular to the sheet, the stress analysis reduces to a plane stress analysis of the glass sheet.

On the other hand, the thermal conduction analysis corresponding to the second of Eq. (1) may also be

reduced to a two-dimensional one using the thickness-averaging technique. Integrating this equation across

the thickness of the sheet and dividing the resultant equation by the thickness H , we have
1

H

Z H

0

kr2T dz ¼ 1

H

Z H

0

qCp
oT
ot

dz ð4Þ
Defining the thickness-averaged temperature as
T ðx; y; tÞ ¼ 1

H

Z H

0

T ðx; y; z; tÞdz ð5Þ
and assuming constant thermal conductivity, k, we obtain after using Eqs. (3)
1

H

Z H

0

o2T ðx; y; z; tÞ
oz2

dz ¼ 1

H
oT
oz

����
z¼H

�
� oT

oz

����
z¼0

�
¼ h

kH
ðTa � TsÞ ð6Þ
Substituting this result into Eq. (4), yields
kr2T þ h
H
ðTa � TsÞ ¼ qCp

oT
ot

ð7Þ
In this equation the Laplacian operator stands for r2 ¼ o2

ox2 þ o2

oy2. With the applied averaging technique we
can say:
Ts ¼ T ðx; y; tÞ ð8Þ
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This assumption is valid for thin plates, but can be improved considerably by assuming that the temper-

ature variations along the z-direction are approximated by a function f ðzÞ as
f ðzÞ ¼ Az2 þ Bzþ C ð9Þ
With this definition, the top surface temperature may be computed
Ts ¼ T ðx; y;H ; tÞ ¼ AH 2 þ BH þ C ð10Þ
Substituting Eq. (9) into Eq. (5) results in
�f ¼ T ðx; y; tÞ ¼ A
3

� �
H 2 þ B

2

� �
H þ C ð11Þ
Assuming the boundary conditions on the top and bottom surfaces of the plate, Eq. (3), in conjunction with

the assumed distribution of temperature in Eq. (9), we obtain
of
oz

����
z¼0

¼ B ¼ 0 ð12Þ
of
oz

����
z¼H

¼ 2AH þ B ¼ h
k
ðTa � TsÞ ð13Þ
From Eqs. (11)–(13) the constants A, B and C may be obtained in terms of the boundary conditions, which

can be substituted into Eqs. (9) and (10) to give
Ts ¼
NuTa þ 3T ðx; y; tÞ

3þ Nu
ð14Þ
where
Nu ¼ hH
k

ð15Þ
is the local Nusselt number. When Nu � 1, the sheet can not support temperature gradients through the
thickness and Eq. (14) reduces to Eq. (8). When heat transfer is dominated by convection (Nu � 3),
Ts ¼ Taðx; y; tÞ ð16Þ
Substituting Eq. (14) into Eq. (7) results in
kr2T ðx; y; tÞ þ 3

3þ Nu
h
H

� �
ðTa � T ðx; y; tÞÞ ¼ qCp

oT
ot

ð17Þ
The advantage of Eq. (17) is that it is expressed in terms of the average temperature T and the air tem-

perature Ta.
7. Distribution of heat-convection coefficient and air temperature

The distribution of the heat transfer coefficient and air temperature is dependent on many process

parameters including nozzle diameter (D), the distance between the nozzle exit and the glass sheet (Zn) and
air jet velocity (u). Muralidhar et al. (1999) give the following relation for the heat convection coefficient

according to the previous extensive investigations (Gardon and Cobonpue, 1962 and Hrycak, 1983):
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hðrÞ � h1
ho � h1

¼ exp

�
� r

bh

� �n�
ð18Þ
where r is the radial distance from the nozzle axis, ho the stagnation point heat convection coefficient (at
r ¼ 0), h1 its value far from the heat source, bh a characteristic decay distance, and n a characteristic

exponent. The maximum value of ho is achieved for 2 < Zn
D < 8, where D is the nozzle diameter.

Here we have used the values reported for bh and n by Muralidhar et al. (1999), i.e., bh ¼ 3:75D for
Zn
D < 8, and also n ¼ 1. The value of ho could also be computed from the following relation
hoD
ka

¼ 13Re0:5o

D
Zn

� �
ð19Þ
where ka is the thermal conductivity of air and Reo is the Reynolds Number based on the exit velocity, vj,
and nozzle diameter, D:
Reo ¼
vjD
m�

ð20Þ
where m� is the kinematic viscosity of the air. Since the nozzle operates under chocked condition, the exit

velocity, which is the sonic velocity, may be computed using the relation:
vj ¼ ðc�RTeÞ0:5 ð21Þ
where c� ¼ 1:4 and R ¼ 287 J/kg �C for the air jet and Te is the absolute air jet exit temperature.

A similar radial distribution may be used for the air temperature:
TaðrÞ � T1
To � T1

¼ exp

�
� r

ba

� �n�
ð22Þ
where To is the stagnation-point temperature, ba a characteristic decay distance and Ta the air temperature

far from the jet. According to Muralidhar et al. (1999) we have ba ¼ bh ¼ b and n ¼ 1.
8. Crack growth criterion

Since glass is a brittle material, the necessary condition for cutting is the brittle fracture criterion, i.e.:
KI PKIC ð23Þ
where KIC is the fracture toughness of the glass. From Eq. (23), the crack length a can be found at any

instant of time. On the other hand, it is well-known that at the crack growth stage, the stress component

contributing the opening of the crack reaches a critical value, i.e., the ultimate strength of the material.
9. Finite element modeling of the problem

Because of symmetry, only one half of the sheet is modeled by FEM, regarded that the displacement

component in the y-direction of the connecting surfaces in the symmetry plane must be confined, Fig. 2. The

FE standard code ANSYS 5.4 is used for modeling the problem. Quadratic isoparametric triangular elements

are employed for the discretization of the model. In the first step using this type of elements with the single

degree of freedom (per node) for temperature (Plane35, ANSYS 5.4, 1997), the thermal analysis of the
problem is accomplished. In the second step, the obtained nodal temperatures are introduced as the body

forces for the structural analysis. Afterby, the structural analysis is done by the quadratic isoparametric tri-



Fig. 2. Finite Element model of the problem. (a) The entire model of half-plane. (b) The meshes generated around the crack tip.
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angular elements with two degrees of freedom for each node (Plane2, ANSYS 5.4, 1997). These elements are

capable of constructing singular elements, first introduced by Barsoum (1977), which are used for modeling

the familiar square root singularity at the crack tip (Fig. 2b). The half plane is discretized by 519 elements.
10. Remeshing technique

Since the loading and geometry of the problem are time-dependent, ANSYS Parametric Design Lan-

guage, APDL, is used for mesh generation and applying the loads and boundary conditions in each step of

time. This time-dependency is due to the movement of the heat source and transient behavior of the

temperature distribution in the sheet.
Fig. 3 shows the flow-chart of the prepared APDL program algorithm. The time interval of the analysis

is divided into steps of length Dt. Each time step corresponds to an incremental movement of the heat

source. After each incremental movement of the heat source, a thermal analysis followed by a structural

analysis are accomplished and then the stress intensity factor, KI, is computed by the software.

Indeed, in each step Dt the heat source is displaced by an amount uDt, where, u is the heat source

velocity. If the stress component ryy becomes large enough to cause KI to exceed KIC in this step, provided

that ryy is a tensile stress, the crack extends and the crack tip moves with an amount uDt. Otherwise, the

crack does not grow in this step. The accuracy of the method will be assured if the time steps Dt are chosen
small enough.



Fig. 3. Flow-diagram of the FEM algorithm of the problem.
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If the crack grows in a specific time step, the following finite element analysis of the problem will be

proceeded by remeshing of the plate. In fact, remeshing starts from singular elements of the crack tip and
thus after each crack growth, a new mesh generation with this start point is done. At this step, the nodal

data of the previous mesh should be used to interpolate the corresponding data in the present nodes. These

data are then used as the set points of the present FE analysis.
11. Results and discussion

In this part of the paper some numerical examples are considered regarding various parameters affecting

the thermal cutting process. Numerical values for the geometry, material properties and processing

parameters are given in Table 1. At first, it is assumed that the heat source is fixed over the crack tip (r ¼ 0).



Table 1

Numerical values of the problem parameters (Muralidhar et al., 1999)

Parameter Value

Nozzle diameter, D 1–3 mm

Nozzle height, Zn 2–10 mm

Maximum air temperature, To 37–500 �C
Ambient temperature, T1 25 �C
Modulus of elasticity, E 70.6 GPa

Poisson�s ratio, t 0.25

Thermal conductivity, k 0.79 W/m �C
Thermal coefficient expansion, at 9.75· 10�6 /�C
Fracture toughness, KIC 0.5 MPa

ffiffiffiffi
m

p

Density, q 2500 kg/m3

Specific heat, Cp 460 J/kg �C
Maximum heat transfer coefficient, ho Should be computed from Eq. (19)

Minimum heat transfer coefficient, h1 0.1ho
Sheet thickness, H 3–6 mm

Heat source velocity, u 0–6 mm/s

Glass sheet dimensions 1 m · 1 m

Softening point temperature of glass �600 �C
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For a sheet thickness H ¼ 3 mm, nozzle diameter D ¼ 2 mm, nozzle height Zn ¼ 5 mm and the air stag-
nation temperature To ¼ 377 �C, the contours of the temperature around the crack tip at t ¼ 40 s are shown

in Fig. 4. It is seen that the zone of constant temperature is of circular forms with centers at the crack tip. It

is also seen that the observed temperature distribution is local and at a distance not very far from the crack

tip the average temperature exceeds the ambient temperature.

Fig. 5 shows the temperature variations along the symmetry line (X -axis) together with the stress

distribution along the same line. The parameters were normalized in order to compare the results with the
Fig. 4. Temperature contours due to a fixed heat source above the crack tip.
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Fig. 7 of the simulation of Muralidhar et al. (1999),
�
X � ¼ X

H, T
� ¼ T�T1

T��T1
and r�

yy ¼
ryy ð1�tÞ

EaðT��T1Þ

�
. The com-

parison shows a good qualitative and also quantitative (for the peak and steady-state values) agreement.

The difference is because of the unexpected difference in local Nusselt numbers. The results of Fig. 5 are

valid for different values of hot air temperature, To, in the range 37–377 �C. It is seen from the figure that

the stress is compressive at the crack tip and in a certain vicinity of it. Also, the stress has a singular nature
at the crack tip. The crack can not extend until the stress at the crack tip is in compressive (closure) mode.

For the purpose of validating the results of the simulation, a comparison is made with the experimental

results of Muralidhar et al. (1999). These experimental results include the measured temperatures at the top

and bottom surfaces of the glass sheet subjected to a stationary heat source. Fig. 6 shows the results of this

comparison. In this figure normalized temperature is plotted as a function of normalized radial distance

from the air jet nozzle. The top and bottom surface temperatures from the simulation are plotted using Eqs.

(14) and (9), respectively, and the average temperature is also included. It is seen that in the vicinity of the

nozzle, the top and bottom surface temperatures show a great difference, but at some distances from the
nozzle ( rH � 2), the top and bottom surface temperatures become the same and equal to the thickness-

averaged temperature. Also, it is observed that a relatively good agreement exists between the results of

simulation and that of experiment.

Now, we consider a moving heat source starting from the crack tip and traveling along the x-axis. The
corresponding temperature distribution is shown in Fig. 7 for a velocity u ¼ 3 mm/s and To ¼ 77 �C, D ¼ 2

mm, Zn ¼ 4 mm and H ¼ 3 mm at the instant t ¼ 10 s. It is apparent from the figure that the contours are

stretched in such a manner they become nearer to each other ahead and farther from each other behind the

heat source. This result accords with theoretical results of Nowinski (1978).
Fig. 8 gives the temperature distribution along the x-axis for different nozzle velocities under the same

condition of Fig. 7 at t ¼ 40 s. It is observed that the peak temperature at non-zero nozzle velocities occurs

somewhere behind the heat source and this distance from the nozzle axis increases as the velocity increases.

Meanwhile, the peak value of temperature decreases as the velocity increases, since a less amount of energy

is delivered to the sheet at higher velocities. These results are in agreement with those cited in the literature

by Manca et al. (1995) and Manca et al. (1999).
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Fig. 9 shows the effect of the velocity of the hot air jet on the stress component, ryy , at the crack tip, for
the air temperature To ¼ 77 �C. It is seen that for all velocities in the given range 0.3–6 mm/s, ryy experiences

a compressive nature at the crack tip and thus, the crack cannot extend because it is in closure (and not in
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opening) mode. Anyway, after the heat source reaches a certain distance from the crack tip, it changes from

compressive to tensile. But the crack propagation does not occur until the stress reaches a critical value, at
which the crack starts to propagate. It is observed that this distance is not the same for all values of the heat

source velocity and it increases as the velocity increases. These starting values of the ‘‘stand-off’’ distance

are given in Table 2.

It is worth mentioning that as the air jet nozzle moves and reaches its certain stand-off distance, the stress

component ryy is a tensile stress with the critical value at the crack tip and always has a compressive nature

under the nozzle. In fact, this stress gradient is responsible for the stable crack extension, i.e., stable cutting

of the sheet.

It is also seen from Fig. 9 that ryy remains constant after it takes its critical value. More accurate
observation shows that at this air stagnation temperature, To ¼ 77 �C, the cutting process will be continued

only for velocities u ¼ 0:3 and 1 mm/s and for other velocities, the stress ryy at the crack tip ceases to

maintain the critical value and this means the cutting stop. It can be concluded that at any given air

temperature the start and continuance of the cutting process depend on the heat source velocity.

Fig. 10 gives the stress intensity factor values at the crack tip for different nozzle velocities. It may be seen

that as the heat source starts to move from the crack tip, the KI-value is zero through some distance from

the tip at any velocities. This is because, as we saw, the ryy component at the crack tip has a compressive

nature until the nozzle reaches a certain distance from the crack tip. Thus, the crack is in closure mode in
this range and the crack opening displacement and hence, the KI-values are zero. Further, the KI-value takes

a positive value which after experiencing a local maximum, it increases again and reaches a critical value,

i.e., the fracture toughness of the glass, KIC. Again, the starting and continual conditions of the cutting

process are the same as that discussed about Fig. 9.

The variations of the stand-off distance, a, for different values of nozzle velocities are shown in Fig. 11.

The start of the crack extension (i.e., the cutting process) and the according stand-off distance are recog-

nized in the figure, by the first breaking point of the curves, the corresponding values of which were given in

the second column of the Table 2. It is also noticeable that, as previously said, the stand-off distance for the
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Table 2

The starting and steady-state values of the stand-off distance for different heat source velocities for the input data To ¼ 77 �C,
D ¼ 2 mm, Zn ¼ 4 mm and H ¼ 3 mm

u (mm/s) Starting value of stand-off distance (mm) Steady-state value of stand-off distance (mm)

0.3 6.72 7.83

1 9.5 16.7

2 12.8 –

3 15.9 –

4 19.2 –

5 23.5 –

6 28.8 –

A.R. Shahani, M. Seyyedian / International Journal of Solids and Structures 41 (2004) 1313–1329 1325
nozzle velocities u ¼ 0:3 and 1 mm/s increases successively and reaches a steady-state value with which the
cutting is continued. This can be described by the transient nature of the temperature distribution in the

sheet. Indeed, the temperature field also increases in a transient manner until it takes a steady-state value

and hence, the transient nature of the stand-off distance is a consequence of that of the temperature field.

The related values of the steady-state stand-off distance are given in the third column of the Table 2. It is

seen from the figure that the other curves corresponding to the greater velocities experience another

breaking which are related to the cutting process stop. After this point the stand-off distance successively

increases, meaning that the crack ceases to extend. The cutting stop is because of successive increase of the

stand-off distance resulting in the insufficiency of the stress component ryy for further crack growth (as may
be seen from Fig. 9).
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The effect of air temperature change on the cutting should be studied with the aid of Figs. 12 and 13. The
hot air nozzle is considered to travel with a speed u ¼ 1 mm/s and the nozzle exit diameter is D ¼ 2 mm with
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a Zn ¼ 2 mm distance from a H ¼ 3 mm thickness sheet. Fig. 12 shows the variation of the stress intensity
factor as a function of the air temperature. It is observed that for To ¼ 37 �C the KI-curve fully lies below
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the KI ¼ KIC line, meaning that cutting is not possible with this temperature. At a higher temperature

To ¼ 57 �C the KI-curve intersects the KI ¼ KIC line at two points. The first point introduces the start of

crack extension (cutting) and the second one the point at which cutting ceases to continue. For higher

temperatures the KI-values reach the fracture toughness of the glass and remain constant showing the
continuance of the process. Thus, we can conclude that at any given nozzle velocity a certain minimum air

temperature is required for the starting and continuance of the cutting process.

The assessment of the cutting process should be better accomplished with the aid of Fig. 13. It can clearly

be seen that at the temperature To ¼ 37 �C, the cutting is impossible, since the �a�-curve is a 45� angle

straight line, the slope of which is the velocity of the nozzle, i.e., unity. At To ¼ 57 �C, the crack extension

starts when the nozzle reaches a certain distance from the crack tip, but stops after some moment. The

To ¼ 77 �C is a temperature at which continuous cutting is possible. At any higher temperature, continuous

cutting occurs. It may be observed that the higher the air temperature, the smaller the starting and the
steady-state values of the stand-off distance.

The results of simulation show that the effect of the variations of the nozzle height from the sheet is small

in the range 2 < Zn
D < 8, (the graphs of which are not given here for the sake of brevity), which are in

accordance with the experimental results of Muralidhar et al. (1999).
12. Conclusions

The problem of straight line cutting of glass sheets by an impinging hot air jet has been analyzed by the

coupled quasi-static thermoelasticity theory and fracture mechanics. A remeshing technique in the FEM

context is used based on the propagating characteristics of the crack. The results of the analysis have been

in good agreement with the published results in the literature. The following conclusions have been made

from the above-mentioned simulation of the cutting process:

• As the hot air jet nozzle starts to move from the crack tip, the crack tip falls into the induced compres-

sion zone via the heat source, to some extent of the travel of the nozzle and thus the crack cannot extend
in this range. After the nozzle reaches a certain stand-off distance, the crack may start to propagate (if

the cutting requirements are fulfilled), which may be regarded as the start of cutting. Indeed, there exists

a stress (ryy) gradient, from the tensile critical value at the crack tip to the compressive stress under the

heat source, causing the stable crack propagation, i.e., the stable cutting.

• The stand-off distance is not a constant value and may vary from its starting value to the steady-state

value (if the cutting is possible). These variations could be understood keeping the transient nature of

the temperature distribution in mind.

• For the case when the cutting is impossible, two different cases can be distinguished:
(i) The requirements for the start of cutting (explained later) are not met and so the cutting could not be

started at all.

(ii) The cutting is started because of the fulfillment of its requirements, but could not be continued due

to the reduction of the stress intensity factor from its critical value. This reduction may be caused by

the successive increase of the stand-off distance, which makes the stress ryy not to be sufficient for the

further crack growth.

• For a given nozzle velocity, a certain minimum air temperature is required for the starting and conti-

nuance of the cutting process, in an acceptable range of the nozzle height from the glass sheet.
• At a certain air temperature with a reasonable range of the nozzle height from the sheet, the start and

continuance of the cutting process depends on the heat source velocity. In fact, the nozzle velocity is con-

fined to a certain maximum value.

• The effect of the variations of the nozzle height from the sheet is small in the range 2 < Zn
D < 8.
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• For a given air temperature, the higher the nozzle velocity, the larger the starting and steady-state values

of the stand-off distance.

• For a given nozzle velocity, the higher the air temperature, the smaller the starting and steady-state val-

ues of the stand-off distance.
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