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ABSTRACT

LASOX is a cutting technology used to dismantle nuclear power plants. The core component of the
laser-assisted oxygen hybrid cutting process is the supersonic nozzle. To design optimized supersonic nozzles ,
an experimental design was established and computational fluid dynamics was used to analyze the supersonic
nozzles. The main factors affecting the supersonic nozzle performance were identified using Minitab. Further,
the correlations and interactions between the main factors of the supersonic nozzle design were analyzed. The
fluid analysis results were examined for the major factors and standardized response variables as well as
main effects to ensure suitability of the supersonic nozzle design for the laser-assisted oxygen cutting process.

Key Words : Supersonic Nozzle(ZSZ £Z), Laser-assisted Oxygen Cutting(Z|0|& &k HEh CED(EAMF
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1. Introduction materials but produces an significant amount of
secondary radioactive waste®®l. Alternatively, laser
cutting involves a smaller amount of kerf and

Nuclear decommissioning is emerging as a crucial

technique due to the increasing number of produces less by-products; however, a high-powered

permanently closed and outdated nuclear power laser is required to cut thick materials, and there is

plants. However, among the related techniques for a limit to the thickness of material that can be cut.

proper nuclear decommissioning, a suitable cutting To overcome these drawbacks, a hybrid of oxygen

technology must be developed!'?. One method is and laser cutting technology can be applied to the

oxygen cutting, which enables the cutting of thick dismantling of radioactive metal structures, such as

nuclear power plants and steam generators.
# Corresponding Author : ytcho@changwon.ac.kr The laser-assisted oxygen cutting (LASOX)
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process, which was first introduced approximately 20
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years ago, utilizes a laser to supplement oxygen
cutting to reduce kerf and increase cutting speed.
The advent of this shortened the
preheating time and enabled the cutting of thick

technique

sheets, even with a low-power laser, while

minimizing thermal impact™,

LASOX maximizes the utilization of combustion
heat generated from the Fe- O reaction when
heating steel to a high temperature using a
high-power laser. The cutting nozzle wused for
LASOX includes a short focal length lens for laser
focusing and acts as a gas chamber for supplying
oxygen coaxially. Figure 1 shows a schematic
diagram of the LASOX process. The focus of the
laser beam 1is placed in the lens housing, and the
gas from the nozzle moves directly towards the
surface of the base material. The width of the gas
jet should be smaller than the diameter of the
nozzle at the base material surface to allow the gas
jet to be contained within the laser beam diameter,
thus enabling every oxygen molecule that touches
the surface to undergo a reaction process. More
specifically, the nozzle should be designed such that
the temperature of the steel surface is heated to
over 1000°C using a laser beam and a gas jet. This
paper describes the design process of a supersonic
nozzle through a simulation for increasing the
efficiency of the LASOX process. Numerical and
empirical  analyses of the application of
supplementary gas in conventional laser cutting
techniques are referenced™®. A flow simulation
identified the interactions between the key factors
affecting the performance of the supersonic nozzle
and supported the suitable design of a LASOX
technique.

2. Main Factors of Supersonic Nozzle
Design

The structure of supersonic nozzles is an

important parameter affecting laser fusion -cutting

Plate temperature >
1000°C in the region

Fig. 1 Schematics of LASOX process
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Fig. 2 Schematic Supersonic nozzle

performance because it directly affects the gas flow
characteristics. The supersonic nozzle shape generally
follows the de-Laval shape, as shown in Figure 2
. To reach Ma = 1 (sonic) in the throat, which is
a relatively important section in the supersonic
nozzle structure, the diameter of the supersonic
nozzle inlet must be much larger than the throat
diameter, and the converging section should have a
larger diameter than the nozzle inlet, as described
by equations (1) and (3)®'". In the converging
section, the gas flow is accelerated while
maintaining uniform and parallel flow. The factor
affecting the characteristics of this section is the
convergence ratio (inlet area/throat area), given by
equation (2). In the diverging section, the gas flow
accelerates even further, and the Mach number at
the exit is determined by the area ratio of the
nozzle (exit area/throat area), as per equation (4).
Therefore, the nozzle area ratio is one of the major
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factors in the design of a supersonic nozzle.

D,> V5D, (1)
1\
Y= 2 \\2(y—1
AR @

A, = Inlet Area (mm’), A,= Throat Area (mnr’)
M, = Inlet Mach number, M.= Throat Mach number

L, =D, 3)
1)
Y 2 W\ 2(v—1
A, |t M @

A, = Exit Area (mm®), M, = Exit Mach number
= specific heat ratio(C,/C,)

Tet cell

Mach line

Fig. 3 Exit angle > 0

Jet boundary

Fig. 4 Exit angle = 0

Figures 3 and 4 display the jet flow diverging
from the nozzle exit. As the exit angle of the

Far field

Nozzle Wall
‘/Adiabaﬁc pruce‘sa

Outlet

Stagnation
Inlet

axisymmetric

Fig. 5 Computational domain and boundary condition

supersonic nozzle increases, the length of the jet
cell shortens because the starting point of the Mach
line becomes closer to the centerline of the jet!'!.
According to the study by Chi Zhang and Peng
Wen!'Z, the jet length of the nozzle flow varies
under different stagnation pressure conditions in the
supersonic nozzle, and the nozzle pressure ratio
(NPR = stagnation pressure/surrounding pressure =
P /P, ) is an important parameter.

3. Numerical Analysis

3.1 Boundary Conditions and Governing
Equations

The ANSYS Fluent commercial
fluid dynamics

computational
package and Reynolds-averaged
Navier-Stokes code were employed for the

numerical analysis.

Conservation of the mass:
dp  dV dA _ _
p + % + 1 =0, m =pVA=constant  (6)

p =density (kg/ni’), V= velocity (m/s), A=Area (m’)

Conservation of the momentum:

1
(u+ %) =3 V2= constant @)

u = velocity magnitude (m/s), p =pressure (N'n" (Pa))

Conservation of the energy:

1
h+EV2 = constant, h = enthalpy (kJ/kg) (8)
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ideal gas equation: P=pRT 9)

Equations (6) to (9™ were the governing
equations, applied as density-based and steady-state,
assuming  isentropic  flow and ideal  gas.
Sutherland’s viscosity law was adopted for the
viscosity equations. The turbulence model was based
on Menter’s shear stress transport model!'®), with the
inlet as the entry boundary conditions at a
temperature of 300 K. A nozzle wall was assumed
to be no-slip with insulated boundary conditions.
The far-field was set as the boundary of the flow
region and with the same conditions as the nozzle
wall. The outlet was set to a temperature of 300 K
with atmospheric pressure. The flow field area of
the outside of the supersonic nozzle was designed to
be 500 mm, and axial symmetricity was assumed to

be at the centerline of the jet in a 2D space.

3.2 Experimental Design

By referring to the supersonic nozzle flow
analysis study by Mohammed Darwish!'”) the design
of the supersonic nozzle was performed with the
CATIA software. The flow analysis was performed
by first establishing an experimental design to
derive the correlation between the major parameters
of a supersonic nozzle and then establishing a 3x2
(factor x level) full fractional design. For the
experimental design, the purpose of the experiment
had to be determined first. The objective of the
supersonic nozzle flow analysis was to compile
fundamental experimental cutting data for the
decommissioning of nuclear power plants. Because a
supersonic nozzle with a constant flow field and
maximum jet length must be used to section off
nuclear reactors with thick materials during
decommissioning, effective jet length [17], Mach
number stability, and pressure stability were selected
as the response variables. The effective jet length
was defined as from the nozzle exit to where the

Mach number decreases rapidly, rather than the

length of the supersonic region, as shown in Figure
6. The effective jet length was a measure of
performance of the cutting technique for nuclear
decommissioning because the length of the jet spray
outside of the nozzle exit remains important when
cutting. Mach number stability and pressure
stability were selected as response variables to
implement a constant flow field outside the nozzle
exit. This was because flow stability is important
for the jet flow outside the supersonic nozzle exit
to have the longest and most effective jet length
possible. Other major factors of supersonic nozzle
design are nozzle area ratio, exit angle, and NPR.
The full fractional 3x2 experimental design produced
8 models. The flow analysis was repeated twice,
and therefore a total of 16 flow analyses were
conducted.

Table 1 Factor & Level

Factor Low Level High Level
NPR 5 10
Nozzle Area 1.7 2.68
ratio
Exit angle 9° 15°

Table 2 Models 1-8

Nozzle length Nozzle Exit

15.5mm e ge MR
model 1 1.7 9 5
model 2 1.7 9 10
model 3 1.7 15 5
model 4 1.7 15 10
model 5 2.68 9 5
model 6 2.68 9 10
model 7 2.68 15 5
model 8 2.68 15 10
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The from the
sufficient degree of freedom

had a
The

results were then standardized, and the interactions

results flow analysis

in the error.

between key factors or the extent to which factors
affected the

examined through analysis of variance.

performance of the nozzle were

To obtain the Mach number stability in Figure 7,
all Mach data inside and outside the nozzle were
set as the population of interest, while the region
outside of the nozzle exit was sampled. Then, the
change deviations were extracted and averaged for
the region from the nozzle exit point to the
effective jet length. Using the deviation data, the
standard deviation was derived for the outside of
the nozzle exit. Pressure stability in Figure 8 was
derived in the same manner as for obtaining Mach

number stability.

Mach number stability(%) & Pressure stability(%):

Standard deviation of nozzle exit(s) (10)

%10
Average of deviation 0

4. Analysis Results and Considerations

4.1 Factor Analysis Results

According to the Mach number results in Figure
9, pressure stability generally decreased in the
models with large pressure ratios. Particularly for
Model 5, seen that the
momentarily dropped to 0.5 as a strong normal
and the

supersonic flow jet length outside the exit was the

it was Mach number

shockwave was generated at the exit,

shortest.
Model 2 exhibited the highest jet length and most
stable data values in terms of pressure stability and

Mach  number  stability., The results were
standardized and analyzed wusing the Minitab
software, = which  produced a  Pareto chart

standardizing the data by the reaction parameters.
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Fig. 7 Mach number stability
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Fig. 8 Pressure stability
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Fig. 9 Result of Mach number graph

In this chart, it can be observed how much each
major factor affected the flow outside the supersonic
nozzle exit. In the Pareto chart of the effective jet
length, NPR had the greatest influence, followed by
nozzle area ratio and interaction between the area
ratio and exit angle. In the Pareto chart of the
Mach number stability (Figure 10), the nozzle area
ratio had the largest impact, followed by NPR.
Other factors and their interactions, especially the
exit angle, did not contribute to the Mach number
stability. In the Pareto chart of pressure stability
shown in Figure 11, it was found that the nozzle
area ratio had the greatest impact, followed by the
relationships between the nozzle area ratio and NPR

and between the exit angle and NPR.

4.2 Main Effects of Response Variables
Among the main effects on the effective jet
length, exit expansion angle had a minimal impact.
When increasing the nozzle area ratio, the exit
design Mach number increased, resulting in a
decrease in effective jet length. Considering the
main effects of the Mach number stability, when the
nozzle area ratio was high, the Mach number
stability increased and the flow outside the nozzle

exit became unstable due to relatively large changes

Pareto Chart of the Standardized Effects
(response is Mach number Stability, « = 0.05)

Term 2.306

i Factor Name

A Area ratio

B Exit angle
NPR

00 05 10 15 20 25 30 35
Standardized Effect

Fig. 10 Pareto Chart of Mach number stability

Pareto Chart of the Standardized Effects

(response is Pressure Stability, « = 0.05)

Term 2306

Factor Name

A Area ratio
B Exit angle
C NPR

00 05 10 15 20 o2 30
Standardized Effect

Fig. 11 Pareto Chart of Pressure stability

compared to other factors. When the standard
deviation of the Mach number data outside the
nozzle exit was large, the Mach number stability
generally increased and had a high change rate, thus

causing an unstable flow.

Standard deviation of nozzle exit (s)

> 1
Average of deviation 00

The changes of the exit angle led to improved
Mach number stability and unstable flow but
showed the smallest change rate compared to other
factors. In contrast, when NPR was set at a high
level, the reaction factor Mach stability became
lower, which led to a reduced change in Mach

number outside the nozzle exit, thus forming a
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Main Effects Plot for Effective jet length
Data Means

Area ratio Exit angle

Mean
/
/
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Fig. 12 Main Effects plot for Effective jet length

Main Effects Plot for Pressure Stability

Data Means

Area ratio Exit angle

Mean
~

1.70 2,68 9 15

Fig. 13 Main Effects plot for Pressure stability

uniform flow field and improving Mach number
stability. When the level of the nozzle area ratio
increased, the change rate of the pressure stability
was the largest, and the flow became unstable as a
result. Furthermore, increasing the nozzle exit angle
caused higher pressure stability and unstable flow,
while increasing the NPR caused more pressure
variation in flow and unstable flow. Thus, it can be
inferred that all factors have an impact on pressure

variation.

5. Conclusion

Based on the results of supersonic nozzle flow

analysis, interactions between major parameters and

significant ~ factors  were  confirmed  through
standardization of the results. Ultimately, a higher
NPR should be

supersonic nozzle, considering effective jet length,

employed when designing a
Mach number stability, and pressure stability. The
nozzle area ratio should be designed at a lower
level based on the jet length, Mach number
stability, and pressure stability. Lastly, pressure
stability decreases as the major factors of nozzle
area ratio and exit angle increase, indicating that the
nozzle area ratio and exit angle should be lowered

during the design process.
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