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Summary

The aim of the project was to qualify the abrasive water jet cutting technique for appli-
cation in nuclear decommissioning.

First, the cutting parameters which are known from industrial application had to be
adapted to the special conditions of dismantling contaminated or activated material.
Mainly, the minimisation of the secondary waste was of importance. Therefore tests
were carried out to reduce the amount of abrasives as well as the consumption of water
by optimising the cutting parameters. The efficiency of the abrasives was increased by
reducing the abrasive flow rate and by increasing the working pressure. The minimisa-
tion of the water consumption can be realised by using a high working pressure and a
small nozzle diameter.

The operation during dismantling work has to be remote controlled. Therefore, meth-
ods are required to control the state of the wear of the cutting tool as well as the cutting
Tesult.

The tool control can be realised by measuring the sucked-in air flow rate. By this tech-
nique the state of wear as well as the conditions of abrasive transport can be supervised.
Experiments have shown, that sound analysis are no sufficient method to check the
cutting result (cutting through or kerfing only). But in case of kerfing the reflected jet
can be detected by a deflector plate and an adapted accelerometer.

Different tests have been carried out to quantify the secondary waste. Abrasive water
jet cutting produces a small amount of aerosols, especially when cutting under water.
Most of the waste is sedimented dross. During the cutting process the abrasive particles
disintegrate, so the mean diameter of the particles is less than 150 gm in most cases.
When kerfing the use of a suction hood can lower the spreading out of the secondary
waste. The adaptation of a separation unit like a hydrocyclone can help to clean the
water of the cutting basin. During the tests about 70 % of the solid waste was caught
and separated by the cyclone.

Using optimised cutting parameters to minimise the consumption of water and abra-
sives and separating the waste from the water by using a cyclone can lead to an impor-
tant reduction of waste. In addition methods have to be investigated in future to recycle
the separated abrasives. First tests point out that a recycling of 80-90 % of the abrasives
is within reach.



Introduction

An increasing number of technical installations are hazardous by themselves (like
nuclear installations) or they have taken place in inaccessible environment (like off-
shore structures). When finishing lifetime all these facilities have to be removed without
exposing the operation staff to danger and without contaminating the environment.

Conventional tools to do these jobs are percussive hammers, different kinds of saws,
blasting techniques and thermal cutting methods like plasma cutting /1/. But unfortu-
nately all cutting techniques have specific disadvantages: They produce a lot of dust and
mechanical load (hammer, blasting, saw), the weight of the tools is quite high (saw,
hammer) and it is difficult to use them remote-controlled (hammer). Plasma cutting
technique is applicable to dismantle nuclear installations, but the tool produces diffi-
cult-to-handle aerosols even when working under water /2/.

An alternative non-thermal method is the abrasive water jet cutting technique: Small
mineral particles accelerated by a high speed water jet, are able to cut any kind of
material. Advantages of this technique are /1,3/:

- non-contacting process

- small cutting forces (for the manipulator)

- small and lightweight cutting head

- non-thermal cutting process, no fire risk

- no chemical reaction products

- small kerfs (small amount of radioactive waste when cutting activated structures)
- all kinds of material can be cut

The main disadvantage is the great amount of secondary waste produced during opera-
tion. Therefore, it is necessary in case of dismantling operations in nuclear environment
to reduce the added abrasives and to reach a high cutting performance with respect to
the minimisation of secondary waste. Additionally the generation of aerosols has to be
investigated.

For using this cutting technique remote controlled it is necessary to adapt controlling
devices to check the reliability of the tool as well as the cutting result during operation.

ABRASIVE JET GENERATION

Pressure generation

For pressurising the water slowly working pressure intensifiers are used. These intensi-



fier pumps are normally double-ended pistons utilising differential areas to multiply
pressure provided by a standard variable displacement hydraulic pump (fig. 1). With a
commercial available intensifier pump pressures up to 4000 bar are achievable, but at a
comparatively low level of flow rate of 2 to 4 1/min. Up to three intensifiers are mount-
ed in one pumping set.

| pressure
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inlet
intensifier pump Figure 1
Draft of an intensifier pump
Jet generation

The abrasive water jet is formed in a special mixing head. First a plain water jet is
produced and the abrasives are added afterwards in a hard metal or ceramic mixing
nozzle.

The mixing head works according to the principle of waterjet pump, what means that
the high speed water jet generates a suction pressure in the suction port, which produces
a pneumatic transport of the abrasives into the mixing head.

For all the cutting tests a self-designed abrasive cutting head was used /3,4/.

To adjust the axis of the focusing nozzle on the high speed water jet a ball-and-socket
joint was created (fig. 2).

So the focusing nozzle is movable around the water jet nozzle within small angles. In
case of not adjusting the cutting head the irregular wear in the focusing nozzle increases
rapidly and cutting efficiency decreases because of friction loss.

After adjusting, the movable part of the cutting head is fixed by adjusting screws.
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Figure 2 Abrasive cutting head

The abrasive feed is realised by a vibration feeder, the particles are transported by air
stream. Figure 3 shows SEM-pictures of new and used garnet sand.

a) new wm_l b) used

Figure 3 New and used garnet sand




Obviously there is a disintegration of the particles during the cutting process.

For the cutting experiments samples of austenitic steel X2 CrNil8 8 (1.4301)) and
aluminium alloy (AIMgSi 0.5) have been used. All the samples were not cut through but
kerfed to measure and compare the depth of kerf. For measuring aerosols also samples
made out of copper have been used.

Figure 4 gives an overview of an abrasive water jet cutting system. In addition to the
equipment mentioned before a handling system is necessary as well as a catcher unit to
protect the environment from the hazardous jet.

abrasive
feeding system flexible
high
pressure
tubing

handling
system

catcher

Figure 4 Abrasive water jet cutting system

The reported tests were carried out in a water basin with a numerical-controlled 2-
dimensional traverse mechanism. All tests took place under water.

Experimental Work and Results
B.1. Definition of cutting parameters

For the application of abrasive water jets in case of decommissioning nuclear facilities it
is necessary to reduce the abrasive flow rate as well as the amount of used water to
minimum values due to the problems of handling the secondary waste.

Up to now there is no recycling technique available to reuse the abrasives several times.
The used abrasives are mixed with removed workpiece material - so they have to be
treated as radioactive waste in case of cutting contaminated or activated material. Also
the handling of the water is quite difficult because it has to be cleaned very carefully.



Due to these facts the cutting performance related to the amounts of used abrasive and

water has to be optimised. Important process parameters are

- traverse rate

- distance

- pressure

- nozzle diameter

- abrasive flow rate

All tests carried out were kerfing tests. The sample materials were not cut through but

kerfed only. The depth of kerf gives an easy method to determine the cutting perform-

ance.

There are several ways to compare the cutting performances:

- The cutting performance is defined as the area of the shoulder of the cut related to
the time used for the production. It can be calculated by multiplying the obtained
depth of kerf with the traverse rate being used (units: mm?2/min).

- To quantify the efficiency of water and abrasives specific cutting performances were
defined: The obtained area of the shoulder of the cut can be divided by the con-
sumed amount of water or abrasives (units: mm?2/1 or mm?/g).

The cutting performance related to the energy consumption (mm?2/J) was not investi-

gated in this contract, because providing energy is neither a technical nor an economical

problem for decommissioning purposes.

To start the optimisation process it is necessary to know about the influence of different

parameters to find the right starting position. At first the influence of the traverse rate

on the depth of kerf was investigated. Figure 5 gives the results for different pressures.
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Figure 5 Effect of traverse rate on depth of kerf




The relation appears approximately inverse proportional: Increasing the traverse rate
causes a decrease in depth of kerf by the same factor. Figure 6 shows the attainable
cutting performance for the variation of the traverse rate.
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Figure 6 Effect of traverse rate on cutting performance

When reaching a specific traverse rate for all pressures the cutting performance is not
affected by increasing traverse rates. For these traverse rates the depth of kerf is in-
verse proportional to the traverse rate.
For any lower traverse rate the obtained kerfing depth increases not as much as pre-
dicted. The reason can be found in figure 5. For example when using 3000 bar at a
traverse rate of 20 mm/min a depth of kerf of more than 60 mm can be reached in
austenitic steel. For a further reduction of cutting speed the depth of kerf will grow
further on, but the friction between abrasive water jet and the shoulder of the cut and
the increasing distance between cutting head and the bottom of the kerf will cause a loss
of hydraulic power. So for kerfs deeper than about 30 mm (calculated from fig. 6) the
cutting process is not as effective as for less deep kerfs.

The conclusions of these tests are:

- To compare the cutting performances for different parameters it is useful to take
traverse rates which allow to kerf less than 30 mm deep. For these conditions the
product of traverse rate and depth of kerf is nearly constant, so the results for differ-
ent traverse rates are comparable.

- For real cutting jobs which make it necessary to cut deeper than 30 mm the decrease
in cutting efficiency has to be taken into account.

According to figure 7 the best cutting performance resp. depth of kerf is attainable for

small working distances. Increasing the distance causes a decrease in depth of kerf for



kerfing in air as well as under water. As reported in /5/ the decrease of the depth of
kerf under water is more important than in air, but when using special methods /5,6/

the effect can be reduced. Nevertheless, if possible, a working distance of 2 mm seems
to be the best.
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Figure 7 Effect of working distance on depth of kerf

For the comparison of cutting performances for different pressures and nozzle diame-
ters it is necessary to use the most favourable abrasive flow rate for each parameter set.
For that reason the influence of the abrasive flow rate on the depth of kerf was investi-
gated for different pressures (fig. 8) and nozzle diameters (fig. 9).

traverse rate: 100mm/min
focus: dp = 085 mm I = 40 mm
nozzie-@: 0.25 mm distance: 2mm — uW
30 - + kmx abrasive: Minersiv sample-mat.: 1.4301
= o] k
£ 25 min
E ; ; + p = 3000 bar
- a
z 20 + : :
S 151 *
- M p = 2000 bar
S 10 -
I H
= 1
Q. 5 - ! 1
S ./U’T—*“," p = 1000 bar
0 T T T T i T — T : T T J LI 1
0 2 4 6 8 10 12 14
abrasive flow rate m, [g/s]
Figure Effect of abrasive flow rate on depth of kerf
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Figure 9 Effect of abrasive flow rate on depth of kerf
(dp: nozzle diameter; df: focus diameter)

For all pressures and nozzle diameters being used there is an optimal abrasive flow rate
existing. Lower as well as higher flow rates lead to a decrease in depth of kerf. The
optimal flow rates are corresponding very good to the water flow rates, as figure 10
shows. The water mass flow can be calculated by the first equation of figure 11.

pressure p [bar]

1000 2000 2400 3000} | 1000 2000 2400 3000)) 1000 2000 2400 3000
0.15§ 5.2 1.3 78 9.2 2.6 3.0 033 0.33
0.20| 10.0 140 155 175 5.1 5.8 0.33 0.33
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Figure 10 Water flow rates
Optimal abrasive flow rates
Abrasive mass ratio R
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Figure 11 Calculation of the water flow rate

According to the results in figure 10 for all tests a mass ratio R of about 0.33 has been
used to reach the optimal cutting performance.

Minimisation of consumed water

As shown in figure 11 the water flow rate is influenced by the pressure and the nozzle
diameter. The effect of both parameters on the specific cutting performance will be
described in the following figures.

Figure 12 gives the effect of the pressure on the cutting performance as well as on the
specific cutting performance related to the water consumption.
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Figure 12  Effect of pressure on cutting performance
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An increasing pressure causes a linear increase in cutting performance and also a better
specific cutting performance. For the highest pressure the exploitation of the water is
the best. So it is useful to increase the pressure to values above 3000 bar, but in that case
the tool life of the pressure pump (sealing) and the nozzles will be decreasing rapidly.
For the tests the abrasive flow rate was adjusted to the water flow rate according to
figure 10 (R = 0.33).

The results of a variation of the nozzle diameter are given in figure 13.
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o 10 55 E
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nozzle diameter dy, [mm]

Figure 13  Effect of nozzle diameter on cutting performance

Although the cutting performance is increasing for bigger nozzles the specific perform-
ance has an optimum for medium sized nozzles because of the rapid increase of the
water flow rate for bigger nozzles. The abrasive flow rate was adjusted in the way
already mentioned. To reach the optimal efficiency related to the water consumption a
nozzle with a diameter of 0.20-0.25 mm should be used.

Summing up for an optimal exploitation of the water the pressure should be as high as
possible using a medium sized nozzle. The abrasive flow rate should be fixed to a mass
ratio of about 0.33 according to figure 10. In addition it has to be mentioned that for
these chosen parameters the machining time for a given job is not minimal, because the
cutting performance (related to the time) is not maximal (see fig. 13) because of the
smaller nozzle size.
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Minimisation of used abrasives

To find parameters for the best exploitation of the abrasives two strategies can be used.
On one hand the best values regarding pressure and nozzle diameter can be determined
for the optimal abrasive flow rate (fig. 10), on the other hand the abrasive flow rate can
be lowered to values smaller than mentioned in figure 10. In that case the cutting per-
formance related to the cutting time will be decreased (see fig. 8, 9), but the exploita-
tion of the abrasives will be better as shown later in the report.

Figure 14 gives the effect of the abrasive flow rate on the specific cutting performance
(related to the abrasive flow rate) for different pressures.

= 107 prossure p | | Pozze-d: O
P o 1000 bar i |F2=40m§:
stance: 2 mm u
‘-g-' 8 1 + 2000 bar abrasive: Minersiv
.-n ¢ 3000 bar | |sample—mat.: 1.4301

0 2 4 6 8 10 12 14
abrasive flow rate m, [g/s]

spac. cutting performance P

Figure 14  Effect of abrasive flow rate on specific cutting performance

The increase of pressure causes a better exploitation of the abrasives. Additionally the
smaller flow rates result in a better specific cutting performance. The smallest flow rate
causes the best exploitation regarding the abrasives. But, to fulfil a given cutting job, for
smaller flow rates the time which is necessary to do the job will increase and so does
the consumption of water and energy.

For using different nozzle sizes the effect is is given in figure 15.
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Figure 15 Effect of abrasive flow rate on
specific cutting performance

Smaller abrasive flow rates cause a better exploitation of the abrasives. For high flow
rates bigger nozzle are being more useful, but a decrease of the abrasive flow rate for
smaller nozzle diameters leads to a faster increase of the specific cutting performance.
Again it has to be mentioned that using smaller nozzles and lower abrasive flow rates
help to save abrasives but leads to an increasing machining time, energy and water
consumption. Figure 16 gives an example for this effect.
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pressure [bar]

2000 2400 3000

abrasive flow rate [g/s]

2 10 20 2 10 20 2 10 20
t [min] 1333 | 25.0 | 333 | 286 | 20.0 | 25.0 | 25.0 | 125 | 16.7
m, [g] | 4000 | 15000; 40000{ 3430 | 12000{ 30000{ 3000 { 7500 | 20000
Vw [I] {415 | 31.2 | 41.6 | 412 | 288 | 36.0 | 40.0 | 20.0 | 26.8
E [kJ] |8300 | 6240 | 8320 | 9890 | 6912 { 8640 | 12000{ 6000 | 8040
Am [g] 160
nozzle diameter: 0.25 mm
material: austenitic steel, 20 mm thickness
cutting length: 1 m
nozzle diameter [mm]
0.40 0.30 0.25
abrasive flow rate [g/s]
2 10 20 2 10 20 2 10 20
t [min] |25.0 | 9.1 7.7 25.0 | 10.0 | 11.1 | 25.0 | 125 | 16.7
m, [g] {3000 | 5460 | 9240 | 3000 ; 6000 { 13320| 3000 ; 7500 ; 20000
vy [1] 1975 { 355 | 30.0 | 57.5 | 23.0 | 25.5 | 40.0 ; 20.0 | 26.8
E [kJ] | 29250; 10650{ 9000 | 17250{ 6900 ; 7650 | 12000{ 6000 | 8040

Am [g] 250 200 160

pressure: 3000 bar
material: qustenitic steel, 20 mm thickness
cutting length: 1 m

Figure 16  Cautting of steel, 20 mm thickness
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The upper part gives the results for a variation of pressure and abrasive flow rate using
a fixed nozzle diameter, the lower part shows the effect of different nozzle diameters.
The increasing pressure (upper part) leads to a decrease in used machining time (1.
line). The consumption of abrasive, water and energy decreases, too (line 2, 3, 4). The
smallest abrasive flow rate causes the best abrasive efficiency per meter of cut, but
leads to a high energy and water consumption compared to higher flow rates of abra-
sive.

An increasing nozzle diameter (lower part of fig. 16) causes a better exploitation of the
abrasive (line 2) but also an increase of the water and energy consumption (line 3 and
4). In general smaller abrasive flow rates effect a better exploitation of the abrasives,
but lead to a much higher consumption of water.

So it is mecessary to find a compromise between the amount of abrasives and the
amount of water and the cutting time.

B.2. Development of control systems

For remote controlled operation of abrasive water jets it is necessary to control the state
of the tool as well as the cutting process (cutting resuit) /7/.

Controlling the state of the tool means both supervising the geometry inside the cutting
head (water nozzle and abrasive mixing nozzle) and monitoring the operation condi-
tions of the cutting tool like the generation of the water jet or the abrasive transport
(broken or clogged transport hose) (fig. 17).

* water

abrasive

transport of
abrasive

state of nozzle

state of focus
and alignment

i abrasive water jet

Figure 17  Aspects of tool control
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Controlling the cutting result means the detection if cutting through or kerfing only.

Additionally it would be helpful to supervise the quality of the shoulder of the cut
during operation.

B.2.1. Preparation of the test equipment

To develop useful sensor systems tests were carried out in a water basin (fig. 18).
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Figure 18 Water basin

For controlling the tool different measuring devices were installed (fig. 19).

The supervision of the state of the water jet nozzle can be realised by measuring the
water flow rate passing the pressure pump (# 1)

To supervise the conditions of the abrasive transport tests were carried out to use sound
analysis. For this purpose a hydrophone (bruel & kjaer 8103) was installed near the
cutting head (# 2).

For the supervision of the state of the cutting head a system to measure the sucked-in
air flow rate was adapted /4/ (# 3).

Additionally it has been tried to detect the pressure loss in a special part of the transport
hose (hose length L) and to correlate this with the air flow rate (# 4).

For both measuring methods it has been tried to correlate the measuring results with the
diameter of the focusing nozzle.

16
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Figure 19  Experimental setup

The hydrophone was used also for the detection of the cutting result (# 2). The fre-
quencies of the sound pressure were analysed by Fourier-Transformation. Sound fre-
quencies were measured for cutting through and kerfing a standard workpiece (austenit-
ic steel).

In addition it has been tried to use the reflected abrasive water jet in case of kerfing the
workpiece to detect this fact. On the cutting head a deflector with an accelerometer was
installed (# 5) to measure signals produced by the deflected jet.

B.2.2. Tool control

The reliability of the cutting tool mostly depends on the conditions of the feeding
(water and abrasives) and the state of the water jet nozzle and the focus.

The state of the water nozzle can be supervised by measuring the water flow rate. In
case of broken nozzle plate or water hose leakage the flow rate will increase rapidly, in
case of a clogged nozzle the flow rate decreases. The flow rate can be measured at the

17



water inlet of the pump which means that the measurement system can be adapted at
the low pressure side of the pump (pressure level of drinking water).

One possibility to supervise the conditions of the abrasive transport is measuring the
sound pressure produced by the cutting head. Figure 20 shows the results of the sound
measurements.

normal working
water jet,
sucking in air

sound pressure

o water jet,
p = - -
5 sucking in
@ ambient water
g_ broken abrasive
eed hose)
0
o
=3
o]
(7]
1
water jet,

froducing vacuum im
he mixing chamber
Sclodg%ed abrasive

eed hose)

sound pressure

0 2 4 fimein s

Figure 2 Control of the abrasive transport by sound analysis

For normal conditions (abrasives sucked in by air) the sound pressure is very low. In
case of sucked-in water (broken transport hose) the sound level increases rapidly. Also
when the transport hose is clogged (in that case the cutting head produces a vacuum)
the sound level is very high because of cavitation effects.

The focusing nozzle can be controlled by measuring the flow rate of the sucked-in air.
Figure 21 gives the results of some tests for different pressures.
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Figure 21 Effect of focus diameter on sucked-in air flow rate

The air flow rate is nearly linear with the diameter of the focusing nozzle for a constant
diameter of the water jet nozzle. An increasing water pressure causes an increase in air
flow.

For different nozzle diameter the results are given in figure 22.

"c 501 nozzle diameter d [mm] pressure: 3000 bar
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Figure 22 Effect of focus diameter on sucked-in air flow rate

19



Bigger water jet nozzles cause a higher air flow rate. The results of the nozzles 0.25 and
0.40 mm are not in the usual range of air flow, because for these tests nozzles with a
changed inlet geometry were used. This changed geometry effects a better jet stability
and so the efficiency of the water jet pump (abrasive cutting head) decreases.

All the tests were carried out without feeding abrasives into the air flow because of the
prevention of wear of the measurement device and the focusing nozzle.

Figure 23 gives a comparison of results obtained with and without abrasives.
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Figure 23 Effect of focus diameter on sucked-in air flow rate

Feeding abrasives into the air flow causes a decrease in flow rate due to friction and
momentum loss. But the results show the same dependence of flow rate and focus
diameter for both with and without abrasives.

As mentioned before the problem of measuring the flow rate during cutting is the flow
of abrasives. To measure the flow rate of air two possibilities are practicable (fig. 24).
On one hand the flow rate has to be measured in the hose between abrasive feed
mechanism and cutting head (1). In that case the abrasives pass the measurement de-
vice, t0o, and cause wear. On the other hand the abrasive feed unit has to be encapsu-
lated to measure the ingoing air flow rate (2). Both methods are difficult to handle and
not useful for practical application.
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Figure 24  Methods for controlling the air flow rate

So, according to #4 in figure 19 the pressure drop in a specific length of the transport
hose was measured.

The relation between this pressure difference (pq - py) and the air flow rate is as fol-
lows:

pl_p22/p1 =c*l* QZ
P1; Po:pressure
c constant
l: hose length
Q: air flow rate

Figure 25 gives the results of detailed tests for different nozzle diameters. The cutting
parameters are the same as in figure 22.

An increasing nozzle diameter causes an increase in air flow rate and therefore an
increase in pressure loss.

The pressure loss of the nozzles with a diameter of 0.25 and 0.40 mm again indicates a
smaller air flow rate compared to the other nozzles.

Nevertheless, the pressure loss can be correlated with the focus diameter. For fixed
cutting parameters like pressure, abrasive flow rate and water nozzle diameter it is
necessary to prepare calibration curves at first with different focusing nozzles of known
diameters. After this, the change in diameter during operation can be calculated from
the measured pressure loss by using the calibration curves.
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Figure Effect of focus diameter on pressure loss

Additionally rapid changes of the pressure loss indicate irregular changes in tool beha-
viour. The reasons could be changes in the condition of transport, damages of the water
jet nozzle or changes in alignment of water jet and focusing tube due to a collision with
the workpiece. Measuring the air flow rate or, better, the pressure loss gives the oppor-
tunity to detect such defect.

B.2.3. Control of the cutting result

For remote controlled operation of the abrasive cutting process a special method is
necessary to detect the cutting result. In case of using abrasive water jets optical and
mechanical sensor systems are difficult to apply. Because of the suspended particles the
optical conditions in the water are very bad, additionally optical parts and mechanical
systems can be destroyed by reflected abrasives. The produced kerf is very small so
there is no possibility to bring in sensor systems.

Additionally when cutting irregular structures (offshore structures with marine growth)
all contacting sensor systems are not applicable because of the risk of sticking.

So the measurement of the sound pressure (according to #2 of fig. 19) seemed to be one
useful method to detect the cutting result, because it is a non-contacting system which
also is not sensitive against the particle load. To distinguish between cutting through and
kerfing sound frequencies were analysed.

Figure 26 gives the typical analysis of cutting through.
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Figure26  Sound analysis of cutting through

The upper part of the figure gives the sound intensity, the lower part gives the frequen-
cy analysis.

This analysis shows a significant maximum between 400 and 500 Hz. The signals were
analysed up to frequencies of 1000 Hz. Higher levels show no significant intensity. The
position of the hydrophone was fixed by carrying out different preliminary tests. The
optimal position for a good sound pressure input seems to be quite close to the surface
of the workpiece upside (close to the cutting head). The instrument should not be fixed
in the reflection zone of particles but perpendicular to the feed direction of the cutting
head. All tests were carried out with this measurement geometry.

Figure 27 gives the results for the kerfing tests. The magnification of the sound intensity
signal (upper part of the figure) is the same as in figure 26.
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Figure 27  Sound analysis of kerfing

The measured value for the sound pressure in case of kerfing is not as constant as for
cutting through. For this reason, also frequency analysis are different at different times.
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Figure 2 Frequency analysis for kerfing and cutting through
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Unfortunately for a number of kerfing and cutting tests different results were obtained.
Also cutting through causes different frequency maxima for constant cutting parame-
ters. Figure 28 gives different frequency analysis of cutting through and kerfing. There
is no significant difference to distinguish kerfing and cutting through.

All the tests were carried out on standard samples (size, material) under similar condi-
tions (cutting parameters, position in the water basin). So, there should be no influence
of these parameters on the resuits.

But, unfortunately, the frequency analysis does not seem to be a reliable method to
detect the cutting result, because besides the results of figures 26 and 27 different analy-
sis are occurring often, too. Up to now there isn’t found out any reason for this scatter-
ing of the occurring frequencies.

Also differences in the sound intensity have not been reproducable. So they can’t be
used for the detection of the cutting result, either.

Finally, there are differences in the sound pressure signal for kerfing and cutting
through (cutting through: constant intensity - kerfing: changing intensity like in fig. 27)
but to use these differences for controlling the cutting resuit during cutting a specialised
equipment is necessary.

For this reason another method to detect the case of kerfing has been tested /8/. A
deflector plate was fixed at the cutting head (see #5 in fig. 19) and an accelerometer
was adapted. During kerfing the reflected jet hits the plate and the accelerometer can
detect the excitation of the plate. When cutting through there is no excitation of the
plate.

During preliminary tests the optimal position and size of the plate was tested. It is
necessary to take care about the wear of the deflector plate due to the reflected parti-
cles. On the other hand the measuring position has to be close enough to the kerf to
receive signals which are significant for kerfing.

Especially for deep kerfing the reflected particles are slowed down by the friction at the
shoulder of the cut. To reach a sufficient impact on the deflector plate the distance to
the surface of the sample has to be 10 mm or less. Due to this small distance there is a
high rate of wear on the plate for kerfing not as deep as mentioned.

Figure 29 gives the comparison of the signals for cutting through and kerfing.
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in water

The first peak is caused by opening the water jet valve. When kerfing there is a signal
produced by the reflected particles (left side of the sample). In case of cutting through
there is no excitation of the deflector. When the abrasive water jet runs in water without
cutting bubbles hit the deflector (right side of fig. 29); when cutting through the work-
piece it is like a shield - no bubbles can reach the deflector.

During a series of tests sometimes a time delay was measured regarding the signal when
changing from kerfing to cutting through. This effect is caused by particles, which are
reflected from the shoulder of the kerfed workpiece. Because of the track of striation
the particles hit the part of the sample which was already cut (see fig. 30).

abrasive
cutting
head
accelerometer
deflector
abrasive jet
| workpiece
Figure30  Reflection of particles in case of cutting through after kerfing
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Changing from cutting to kerfing causes a significant signal in time. For normal applica-
tion this is the more interesting situation because in cause of kerfing only the traverse
speed has to be lowered immediately.

To make the method of detection more reliable it can be combined with a suction
device as shown in figure 31.

- . i w
abrasive water jet high pressure water
reflected jet R + accelerometer

abrasives

\ ‘ suction

duct
mixin
workpiece hood heuc? *

abrasive water jet

reflected jet

Pz

deflector

3

Different reflection conditions Accelerometer and hood

workpiece workpiece

Figure 31 Deflector plate and suction hood

During kerfing the angle of reflection changes periodically due to the machining proc-
ess. Also when producing very deep kerfs or very small kerfs the detection of the re-
flected particles is difficult because the friction between the reflected jet and the shoul-
der of the cut is quite high. So the kinetic energy of the particles reaching the deflector
plate is low. This facts might cause problems in measuring the impact of the reflected
particles by the deflector plate. In addition it seems to be useful to reduce the spreading
of the secondary waste. To protect the environment from reflected particles a suction
device can be used during kerfing. Inside of this device, as shown in figure 31, the de-
flector plate can be adapted.

Additionally the flow of water, air and abrasives, which is sucked away, can be con-
trolled regarding the particle load of this flow. For cutting through the loading rate has
to be very small because the particles pass the gap to the opposite side of the workpiece.
For kerfing the particle loading will be increased as well as the amount of air in the
flow, because the air as well as the particles are not able to move through the finished
cut. For controlling purposes the amount of air or abrasives in the aspirated flow gives
an information about kerfing or cutting through. Using an air separator to measure the
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air or adapting a cyclone to separate the solid particles can give this additional informa-
tion.

When cutting through often it is not possible to fix a suction device at the cutting head
to move it during cutting on the backside of the workpiece to suck away the used abra-
sives. The reason is that in most cases the backside is not accessible or structures are too
big to move a suction hood parallel. But when kerfing 90 % of the thickness of the
workpiece during a first pass and cutting through the remnant with a much higher tra-
verse rate in a second pass it can be a useful method to catch as much waste as possible.

Summing up only the analysis of changes of sound intensity during cutting resp. kerfing
has the potential to be a method to control the cutting result when research work will be
done in future.

Measuring the present intensity of the sound only or analysing the frequency of the
sound signal are no sufficient methods for supervising the cutting process.

The method of using the reflected jet to excite an accelerometer gives sufficient results.
It is possible to distinguish between cutting through and kerfing by measuring the inten-
sity of the excitation of the plate. This measuring method is also non-contacting and
easy to apply. The reliability of this technique can be increased by combining it with the
detection of the air or particle amount in the flow sucked away by a special hood.

B.3. Methods to replace worn parts of the cutting head

When cutting large structures remote controlled under water it can be necessary to
replace worn parts of the tool by handling systems. In case of abrasive water jet cutting
mainly the focusing nozzle has to be changed.

The tool life for a normal tungsten carbide nozzle (as used as state of the art up to 1991)
is about 5 - 10 hours, however these values depend on the chosen cutting parameters.
But new developments in material science result in more resistant materials for these
nozzles. Since 1991 a substitute of the Dow Chemical Company in USA sells focusing
tubes out of composite carbides, which have a highly increased tool life /9/. Figure 32
gives the comparison of both kind of nozzles.

For the given parameters the tool life of composite carbide tubes is increased by the
factor of more than 30. The prize of such nozzles is about 250 US-8$.
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Figure 32  Wear rate of focusing nozzles

Figure 33 gives the influence of the diameter of the focusing nozzle on the attainable
depth of cut.
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Figur Effect of focus diameter on attainable depth of kerf

Defining a scattering range of 10 % of the maximal depth of kerf the focusing tube has
to be changed when the diameter reaches about 1.4 mm. According to figure 31 this fact
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enables to cut up to 100 h without changing the focusing nozzle for the given conditions.
Especially the kind of abrasive has an important effect on the wear rate. For corundum
the tool life is less than 10 % of the tool life for garnet sand.

But for normal cutting jobs (steel, aluminium, concrete) the properties of garnet sand
are a good compromise between wear of the tool and cutting efficiency.

So, for the given cutting conditions, the tool life of the focusing nozzle has reached the
same level as the life time of the water jet nozzle. Due to this fact it does not seem to be
useful to adapt a handling system, which is able to replace the focusing nozzle remote
controlled. For maintenance work the whole tool (water nozzle, focusing tube, align-
ment, condition of the mixing chamber, status of the abrasive feed hose) has to be
checked; for that purpose the tool has to be removed from the cutting job to a job shop

anyway.
4. Characterisation and handling of secondary waste

To reduce the waste produced by cutting with abrasive water jets at first cutting param-
eters have to be optimised. This is done under B.1.

On the other hand for the treatment of the remaining waste it is necessary to quantify
and analyse the sedimented waste as well as the aerosols. Results of doing so are given
in the following.

B.4.1. Preparation of the test facility

To characterise the produced waste tests were carried out in cooperation of IW and
CEA. In a hermetically sealed water basin steel and copper samples were cut and
kerfed. Particles suspended in water as well as aerosols were measured and analysed.
Figure 34 shows the setup of the test equipment.
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The top of the basin was covered by a plate. The traverse mechanism of the cutting
head was sealed against this plate. All the water used for cutting as well as the suspend-
ed particles remained in the basin. After settlement the sediments were removed and
analysed. Water samples were taken to quantify suspended particles a certain time after
finishing cutting.

The plates to be cut were either placed underwater (for cutting and kerfing underwater)
or the water level is lowered to cut in air. However water is kept in the tank in order to
absorb the water jet.

The experimental device with the associated samplings is schematised on the figure 35
(comparable to the tests described in /10/); a view of the exhaust duct with some sam-
plings and the cutting basin is given in figure 36.
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Figure35  Schematic drawing of the ventilation system
and the associated samplings
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Figure 36  View on the exhaust duct with associated samplings (right) and the cutting
basin with the water jet valve (left)

The ventilation circuit is composed of an inlet HEPA filter (in order to filtrate the air
entering into the tank), an integral filter of 160 mm diameter (in order to collect all the
aerosols drawn into the exhaust duct), an orifice plate (which has been calibrated and
allows to know the flow rate) and a fan. The ventilation flow rate is set up to 24 m3.hL,
Nozzles are installed in the exhaust duct to allow isokinetic sampling into:

- afilter of 130 mm diameter

- afilter of 47 mm diameter

- an Andersen impactor

Total aerosol mass concentrations are measured by filtration and weighing. The fibre
glass filters are 130 mm and 47 mm in diameter. They have a collection efficiency of
more than 99.99 % for particles of size superior to 0.3 micrometer.

The Andersen impactor in which the collection of particles is made on 8 stages allows to
determine the aerosol size distribution between 0.35 and 15 micrometers.

The exhaust duct and the pipes until the sampling filters are heated with a regulated
heating cable in order to avoid any condensation.

The three dryers put in series after the sampling filters enable to know the quantity of
vapour water drawn into the exhaust duct. Dryers are also put between the impactor
and the pump for its protection.

The sedimented drosses are collected manually at the bottom of the tank and their size
distribution is determined with the use of several sieves which openings are respectively
0.032, 0.063, 0.125, 0.250 and 0.500 mm.

The mass concentration of particles remaining in suspension after a cut was measured
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by filtration and weighing. The samples of water (1 1) were taken 5 minutes after the
end of cutting or kerfing.

When the cut took place under water, an hydrogen analyser was being used which
sampled the air after the integral filter in the exhaust duct.

About 80 samples (suspended particles in water, abrasives, and mainly deposits on fil-
ters) have been analysed by ICP (Inert Coupled Plasma) in order to measure the pro-
portion of several elements (Cu, Fe, Mg, Ni, Cr).

Figure 37 gives a diagram of the investigated masses and their abbreviations used in this
report.

w: water o
a: abrasive
w a, m aerosols
m: removed
material
g water suspended
” particles
abrasive cutting
‘ process am
workpiece |
g, m .
M5: material loss on Zig;r:enfed

focusing tube

Figure 37  Diagram of material flow

The common operating conditions were as follows:

- volume of the tank: 1140 m3
- pressure of water: 3.000 bar
- nozzle: 0.25 mm
- focus diameter: 1 mm
length: 40 mm
- abrasive: Garnet Minersiv
- size distribution of abrasive: see figure 38
- water flow rate: 1.63 1/min
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- standoff distance:
- air ventilation flow rate:
- air flow rate cutting head:
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Figure 3

The used copper plates were out of Cu 99.9 %; the steel and abrasive compositions are

indicated in the tables I to II.

Size distribution of unused Garnet "Minersiv"

Duplex steel: 60 % ferritic, 40 % austenitic

C Si Mn P S Cr Mo Ni N Fe
min (%) - - - - - 21.0 25 4.5 0.08 63.7
max (%) | 003 | 1.0 2.0 003 | 002 | 230 35 6.5 020 | 720
Table I Steel composition

Composition of abrasives (Garnet)

FeO
Si0,
MnO
Ca0
MgO

Table II

20 %
30 %
36 %
1%
2%
6 %

Composition of abrasive garnet "Minersiv"

34




Copper was chosen as material to be cut in order to distinguish by chemical analyses the
secondary emissions coming from the cut plate on one part and from the abrasives on
the other part (Garnet contains an important proportion of FeO).

The duplex (austenitic/ferritic) steel was chosen to find cut material by magnetism.

B.4.2. Measurement and characterisation of the secondary emissions

Eight experiments were carried out in a first series as indicated in table III.

. Material Abrasive
No. of . Material .
. Operation Place thickness flow rate
expenment pature
(mm) g/s)
1 cutting underwater copper 10 7.2
2 cutting air copper 10 6.8
3 cutting air stee] 10 6.8
5 kerfing air copper 20 6.3
617 kerfing underwater copper 20 5.9
g kerfing air steel 20 7.1
9 cutting air copper 10 3.4
10 cutting air copper 10 1.8
Table ITT Main features of the experiments

The total secondary emissions were evaluated for all the experiments (see fig. 37). The
sedimentation times were very different, so suspended particles for some experiments
had no time to sediment. The sedimented dross on the walls and on the bottom of the
tank were collected after 16 hours (a night) for the experiments No. 1 and No. 2.

The sedimentation behaviour for test No. 1 is shown in B.4.4 together with other results
(fig. 53).

The thickness of the plates of copper and steel was 10 mm for cutting and the depth of
kerfing was 15-18 mm (experiments No. 5 and No. 6/7) and 17-19 mm (experiment No.
8).

A) Balance of secondary emissions

Solid emissions

The results of weight analyses are given in table IV.
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. Suspended Water in
. . Workpiece Used Sedimented particles Aerosols Used exhaust duct Aerosols
Cut | Material { Operation | Cut length . dross 4 "
| mass loss abrasive ,, g.m % water g.m % 2
No. { thickness place mm 1 o g.m % m % TC o of used g.m
gm & Tc|¥ & of cut edge
TC water
1 copper cutting 6528 99.6 30744 3003.5 97.5[77 241210 11 688 4.7 1.2 102
10 mm | underwater 3.6 10* 0.04
2 | copper | cutting 6528 110.1 2914 |2819.2 0.027 11688 {19.5 . 2.7
10 mm in air 9.7 10 0.17
3 steel cutting 3672 80.3 3704 3 464.9 0.035 14 788 23.6 3.5
10 mm in air 9.8 10" 0.16
5 | copper | kerfing 3672 158.5 2693 |2674.6 0.136 11683 |194.9 8.2
20 mm in sir 510° 1.7
6/1 | copper | kerfing 6533 152.9 2532|2324 987{315  1.3|710° J e |ss 42107
20 mm | underwater 3.10° 0.05
8 | steel kerfing 3672 143.5 380 |3196.3 0.211 J| 14788 |268 1.7
20mm | inair 6510 1.8
9 | copper | cutting 6528 100.3 1862 [1419.1 0.0165 1 14813 |40.4 1.65
0mm | inair L1 0.27
10 : 0.0136
copper cutting 6528 98.0 1534 15155 23 284 7.1 1.36
10mm | inair 8.3 10% 0.30

TC = total solid mass collected

Table IV

Recapitulative secondary emissions results

For the given working conditions following results can be given:
- 4.109% t0 7.10"39% of the total solid mass is drawn into the exhaust duct (M4).
- When the cutting or the kerfing takes place underwater (depth = 100 to 200 mm), the
quantity of aerosols is divided by about 200 (comparison between experiments No. 1
and 2 and experiments 5 and 6/7).
- The amount of aerosols increase linearly with the amount of used abrasives (fig. 39).
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- The kerfing produces three to four times more aerosols than the cutting as indicated
in the table V.

Aerosols Aerosols
e g/m*/kg Aerosols bv kerfing
& of used abrasives Aerosols by cutting
of cut edge
per meter
Copper kerfing underwater 4.2 107 1.7 10? 4.3
Copper cutting underwater 1.2 107 0.39 102
Copper kerfing in air 8.2 3.0 3.2
Copper cutting in air 2.7 0.93
Steel kerfing in air 11.7 3.0 3.2
Steel cutting in air 3.5 0.94
Table V Comparison of aerosol production by kerfing and cutting

There is no significant difference between copper and steel.

The water placed beneath the plate when the cutting takes place in air probably mini-

mises the amount of aerosols.

- 1to 3 % of the total solid mass is composed by suspended particles (M3) when the
operation takes place under water.
The kerfing induces less suspended particles (754 g/ (mz*kg/ m) - mass of suspended
particles per m? of shoulder of the cut and per kg of used abrasive per meter) than
the cutting (2505 g/(m2*kg/m)).

By chemical analyses of the water of experiments No. 2 and No. 6/7 (annex 3) it can be
noted:

- taking into account the composition of the abrasives there is a good agreement
between the chemical results and the mass M3 of suspended particles indicated in the
sheets of annex 1 (within 13 %),

- the proportion of copper and abrasives in solution in the sampling bottles three
months after the experiments is in the range 1 to 3 % for copper, inferior to 0.1 % for
particles of abrasives,

- theratio of

mass of particles of copper

mass of particles of abrasives + mass of particles of copper

in the suspended particles five minutes after the cut is comprised between 7 and 9 %.
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This seems to indicate that the particles of copper suspended in the water after an
operation underwater (kerfing and cutting) have a smaller diameter than the particles
of abrasives because the ratio mentioned above is higher than the same ratio in sedi-
mented dross (3 to 5.7 %) for the two concerned experiments, and this whereas the
density of copper is higher than the density of abrasives. The sedimentation of copper
needs more time.
- The remainder of the solid emissions is composed by dross sedimented in the tank
(M1).
The proportion of abrasives in the sedimented dross is dependent on the type of
operation (cutting or kerfing), the nature of the material and of course the flow rate
of abrasives as indicated in the table VI. As sedimented dross represents almost all
the solid secondary emissions especially when the operation takes place under water,
the ratio
used abrasives
used abrasives + workpiece mass loss

can be considered coarsely as a representative of the proportion of abrasives in the
sedimented dross.

. Abrasive % of abrasives

Cut Material Operation flow rate in the sedimented
No. : place gls dross

1 copper cutting underwater 7.2 97.0

2 copper ‘ cutting in air 6.8 96.4

3 steel cutting in air 6.8 97.9

5 copper kerfing air 6.3 94.4
6/7 copper kerfing underwater 5.9 94.3

8 steel kerfing in air 7.1 96.4

9 copper cutting in air 34 94.9

10 copper cutting in air 1.8 94.0

Table VI Proportion of abrasives in the sedimented dross

The proportion of abrasives in the sedimented dross increases for cutting (compared to
kerfing), for steel (compared to copper) and there is no difference for operation in air
or under water.
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Liguid emissions (vapours)

Between 0.15 to 2 % of the used mass of water is drawn into the exhaust duct (M2),
mainly in the vapour phase.

The kerfing induces 10 times more water in the exhaust duct than the cutting in air.
Underwater operation decreases the amount of water in the exhaust duct compared to
operation in air (divided by 4 for cutting and 35 for kerfing).

B) Size distribution of abrasives and sedimented dross
The size distributions of abrasives are illustrated by the figures 40 to 43.

The analysed samples are a mixture of samples taken at different places in the basin.
According to the location of sampling a wide spread of results regarding the size distri-
bution occurs.

Figures 40 and 41 give the comparison of cutting and kerfing for application in air
(right) and under water (left).
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Figure 40, 41 Size distribution of used abrasives
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Kerfing produces a bigger amount of smaller particles than cutting through. This effect
is the same for machining steel as well as copper.
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Figures 42, 43Size distribution of used abrasives

Figure 42 shows that there is no big difference between machining copper and steel. For
both materials nearly the same size distribution is given for cutting in air.

Using different abrasive flow rates (figure 43) has nearly no influence on the size distri-
bution of the used abrasives. For lower abrasive flow rates the mass mean diameter is
a little bit bigger than for higher flow rates.

As indicated in table VII, the mass mean diameter (see next page) of the abrasives
which value is between 250 and 350 um when unused, becomes comprised between 125
and 250 pm after cutting and between 65-125 um after kerfing. For some experiments
samples were taken in the bottom of the tank and on the top (along the walls of the
tank) and obviously the mass mean diameter is bigger for the bottom samples.
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No.| Material| Operation | Abr. flow |Mass median % of abr.

rate (g/s) |diam. (um) < 250 um
1 copper cut u. w. 7.2 171 75.4
2 copper cut air 6.8 170 78.2
3 steel cut air 6.8 166/169 80.8
5 copper kerf air 6.3 111 91.5
6/7| copper kerf u. w. 5.9 120 90.4
8 steel kerf air 7.1 108/122 94.7

9 copper cut air 3.4 189 74.3/87.8
10 copper cut air 1.8 184 77.7
- | new abra§ive 330 8.9

Table VII  Particle disintegration

The resulting mass median diameter is calculated according to the method of momen-
tum. Using the percentage in each particle range (C;) the average particle size can be
calculated according to the mechanical momentum. For each particle range the product
(momentum) of the mean particle size (x; - lever-arm) and the corresponding percent-
age (C; - power) is calculated. The sum of these values divided by 100 results in a parti-
cle size (dy, - replacement lever-arm) where 100% (replacement power) had to be
placed to balance the corresponding distribution.

n

Z x5*C

i=1
Mo = 700

Considering the particles of abrasive inferior to 250 um (table VII), it can be said that
more than 66 % of the total particles are broken during cutting and more than 80 %
during kerfing.

Abrasives were more easily broken from kerfing than from cutting.

Kerfing steel and copper seems to break the abrasives into the same size.

There is no significant difference between underwater operation and operation in air
for the size distribution of sedimented dross (table VII and figures 40 and 41).

When the flow rate of abrasives is decreasing, the proportion of the smaller particles of
sedimented dross (<32 um) appears to decrease (figure 43); this unexpected result
could be explained by a smaller friction in the focusing nozzie and highlight that a non
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negligible proportion of abrasives is broken before reaching the plate when the flow
rate of abrasives is high.

C. Characterisation of the aerosols in the exhaust duct

The concentration of aerosols in the exhaust duct has varied from 0.04 mg/ mS to 58.7
mg/m3 depending on the place of operation (under water or in air), on the nature of
operation (cutting of kerfing) and on the abrasive flow rate of abrasives (1.8 to 7.2 g/s).
By calculating the aerosol material mass and the total aerosol mass (aerosol material
mass + aerosol abrasive mass) from the chemical analyses (annex 2) or by calculating
the aerosol material mass and by taking the total aerosol mass from the weighing of
sampling filters (sheets of annex 1), the ratio can be estimated as

aerosol material mass loss
total aerosol mass

The value of this ratio is roughly the same as the value of the ratio

material mass loss
used abrasives + material mass loss

Cut | yrarerial Operation aerosol material mass ma:mal Imass los
No. place total aerosol mass used abrasives + material mass loss
(in %) (in %)

1 copper cutting underwater 0.7-9.9 3.1

2 copper cutting in air 4.0-4.38 3.6

3 steel cutting in air 1.4-2.1 2.1

5 copper kerfing air 5.0-10.0 5.6
6/7 copper kerfing underwater 4.4-5.6 5.7

8 steel kerfing in air 4.3-4.8 3.6

9 copper cutting in air 32-48 5.1

10 copper cutting in air 3.1-5.3 6.0

Table VIII  Aerosol calculation

Comnsidering the very small masses collected on each stage of the impactor Andersen
during the underwater operations (experiments No. 1 and 6/7), the size distribution
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cannot be determined without a big uncertainty, even versus a chemical element.

To characterise the size distribution of the aerosols, the mass mean aerodynamic
diameter (MMAD) is used. The real diameter can be calculated from the MMAD by
dividing by the square root of the density of the particles

dreal = MMAD * 6705

The MMAD is 4 um (geometric standard deviation = 2.9) for the particles produced by
cutting copper or steel in air (figures 1 and 2 of annex 3), the MMAD becomes equal to

6 um (geometric standard deviation = 2.36) for kerfing copper or steel (figures 3 and 4
of annex 3).

The sheets in annex 3 give dM/M.dlogD. That means

dM (mass in particle size class)

M(total mass) * (log Dupper - log D IOWCI')

Cut Operation Abrasive Mass median | Geometric
n° Material place flow rate Reference aerodynamic standard
gls diameter. deviation
10%m
1 copper cutting 7.2 weight ND
underwater Cu, Fe ND —
=
2 copper cutting in air 6.8 weight 4.02 2.87 3
Cu 4.93 3.00 E
)
3 steel cutting in air 6.8 weight 3.99 2.95 =
Fe 2.60 3.21 »
5
5 copper kerfing in air 6.3 weight 6.31 2.36 g
B
6/7 copper kerfing 5.9 weight ND RZ]
underwater Cu, Fe ND 'g
N
8 steel kerfing in air 7.1 weight 6.25 2.36 o
Fe 6.25 2.47 =
Cr 7.16 2.10 Y
Ni 5.59 3.58 £ 3
E S
9 copper cutting in air 3.4 weight NA -i‘-; =
S &
e 3
10 copper cutting in air 1.8 weight NA ==
Cu NA o <«
Z Z

Table IX Aerosol size
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The size distribution becomes more and more bimodal when the flow rate of abrasives
decreases (figures 5 and 6 of annex 3) with one mode around 6 um and another around

1.5 pm. The aerosol size distributions obtained from weight and from chemical analyses
(figures 7 to 12) are relatively similar.

The mass mean aerodynamic diameter based on weight and on chemical elements (Cu

for the plates of copper, Fe, Cr and Ni for the steel plates) have similar values (table
IX).

D) Gas

During the operations under water we have used the hydrogen analyser. There is no
discernible production of hydrogen ( <0.05 l.min‘l.).

E) Kerf appearance

The bottom and top widths of the kerfs are resumed in the table X.

Ny Material O*:‘:‘ct;“ o mre portwidh | kerf width
gls mm mm
1 copper cutting underwater 7.2 0.9 1.2
2 copper cutting in air 6.8 1.0 1.3
3 steel cutting In air 6.8 1.0 1.3
5 copper kerfing in air 6.3 0.9 1.2
6/7 copper kerfing underwater 5.9 0.9 1.2
8 steel kerfing in air 7.1 1.1 1.4
9 copper cutting in air 3.4 1.0 1.3
10 copper cutting in air 1.8 1.0 1.3

Table X Kerf widths

The top kerf width is always larger than the bottom kerf width (by about 30 %).

There are no significant differences between underwater operation and operation in air
and between kerfing and cutting. There is no influence of the abrasive flow rate in the
studied range.



As an example the kerfs of experiments No. 1 are shown in figure 44. Figure 45 gives a
view of a cross-section of a kerfing test in copper (thickness 20 mm).

Figure44  Front and rear view of test plate 1 (cutting through of 10 mm copper)

Fi 4 Cross-section of a kerfed test plate (kerfing of copper - 20 mm thickness)
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B.4.3. Methods to lower the spreading out of the emissions

The expense of handling the secondary waste is mostly influenced by the spreading out
of the abrasives after machining. A reduction of the spreading out causes a decrease of
mass of material which has to be treated to separate all the waste from the environ-
ment.

In order to find a way to lower the spreading out the two methods of abrasive machin-
ing - cutting through and kerfing - have to be investigated separately.

Cutting through

In case of cutting through the abrasive water jet is passing the workpiece producing the
cut. A reduction of the spreading out of the used particles can be realised by using a
catcher system on the opposite side of the workpiece. The passing jet enters this catcher
system and the remaining kinetic energy of the jet is changed into heat by friction of the
catcher material. The abrasive can be sucked out of the catcher and has to be treated
for disposal in case of cutting radioactive components.

®0
Al
connection abrasive cutting head
workpiece
s — outiet
f,ﬁ','{?ﬁe?f the catcher

Figure 4 Catcher system for cutting through

Such systems are working in manufacturing industry sufficiently because of the small
size of the workpieces. During cutting operation the catcher system has to be moved in
the same manner as the abrasive cutting head. Therefore either a connection of the
cutting head and the catcher is necessary (see fig. 46) or a second handling system has to
be installed to move the catcher. The use of such systems for cutting large structures is
nearly impossible because of the size of the workpieces. A connection of cutting head
and catcher can’t be realised; a second handling system needs a sophisticated controlling
unit to follow the jet on the rear side of the workpiece. In many cases the rear side is not

46



accessible (tubes, housing of machines and pumps).

So for decommissioning purposes a general solution of the problem in case of cutting
through is not possible. For most applications the only way seems to be to filter the
water of the basin in which the cutting takes place. To reduce the amount of water
which has to be filtered the size of such a basin has to be as small as possible.

To separate the particles from the water different techniques can be used. With regard
to the reduction of "tertiary” waste such as filters the use of a hydrocyclone for separa-
tion seems to be a sufficient solution. The working principle of a hydrocyclone is given
in figure 47.

outlet
upstream

water inlet

outlet
downstream

Figure47  Working principle of a hydrocyclone
The tangential inlet of the suspension flow causes a vortex inside the cylindrical part of

the cyclone. The flow runs downwards according to the effect of gravity. When reaching
the conical part a second vortex is being created. Because of the decreasing diameter of
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the cyclone the whole suspension flow is not able to pass the conical part, so the inner
vortex runs upwards. Using the effect of inertia the solid particles remain in the
downward flow while the water flow leaves the cyclone through the upper outlet. The
solid particles are gathered in a hopper at the bottom. The geometry of the conical part
and the size of the cyclone effects the cut-off-diameter. Because of the disintegration of
the abrasive particles during the cutting process the size of some particles to be separat-
ed is very small. Hydrocyclones in general are able to separate particles starting at a size
of a few um. In addition the use of a filter seems to be useful to gather the smallest-
sized particles, too.

A hydrocyclone which is designed for cleaning applications in nuclear power plants was
tested during the reported research work. The results of the tests are given in B.4.4.

The system has been lend to the project by the company GRADEL. The technical de-
tails are given in annex 4.

Another possibility to lower the spreading out in case of cutting through is the method
of multiple-pass cutting. During a first pass the workpiece is kerfed as deep as possible.
The remaining thickness is only a few mm. A second pass is used for cutting through the
workpiece.

Vy —

1. pass: kerfing Vtraverse direction
I 3 1\
x| E
o El=x
4
y %
Kenax = Kenin = 01 * ko abrasive water jet
. YV, ————
Kmax= @ — 3 mm 2. pass: cutting 2'rrczverse direction

remaining thickness:
0.1 kg + 3 mm

- - 3
=> V2 Cc V1 / ]

Figure 48  Multiple-pass cutting
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Because of the small remaining thickness the traverse rate can be very high. A calcula-
tion is given in figure 48. The waviness of the ground of the kerf is about 10 % of the
maximum kerfing depth. Additionally there has to be a remaining thickness of the
workpiece of about 3 mm to be sure to kerf only. Both together - remaining thickness
and waviness of the ground of the kerf - effect the traverse speed of the second pass for
cutting through. The speed can be calculated according to the figures of B.1. (fig. 5 and
6). For material thicker than 20 mm the traverse speed of the second pass can be more
than 5 times higher than the first pass. This fact causes a reduction of spread out abra-
sives by the factor of 5, too, in case the reflected particles during kerfing are caught in
total by a hood.

During kerfing the particles are reflected by the ground of the kerf and can be sucked
away by a hood which is adapted at the cutting head. In this case there are no problems
regarding the connection and movement of the hood; access to the rear side of the
workpiece is not necessary. The application of such a hood is tested during the contract.
The results are reported in the following.

Kerfing
. water
zl‘ﬂwn + abrasives
hood
under
water

7%

hood

air
bubbles

Fi 4 Suction hood
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According to the principle given in figure 31 the reflected particles can be caught by a
hood during kerfing. The hood has to be fixed as close as possible to the cutting head
and the workpiece to catch as much reflected abrasives as possible. The volume of the
hood can be sucked away continuously and has to be treated for final storage or recy-
cling. The water inlet into the hood is realised by the gap between workpiece and hood.
The flow through this gap makes sure that the particles are not spread out.

The first type of such a hood is shown in figure 49.

The hood is fixed at the cutting head and covers it symmetrically. The high pressure
water feed and the abrasive transport hose are integrated in the suction duct. To obtain
a small gap and therefore a high water flow velocity into the hood the gap is closed
partly by brushes.

The hood was tested by a kerfing test (test nr. 12 in the following chapter).

The main problem to use such a hood is caused by the air entrainment of the abrasive
water jet. The abrasive transport is realised by an air flow. This air flow causes air
bubbles during kerfing operation, which are gathered inside the hood. When using the
mentioned hydrocyclone and the adapted water pump to aspirate the flow from the
hood the system breaks down because the equipment is not able to handle the air. The
water flow through the hood amounts according to the performance of the pump to
about 350 1/min, the air flow into the cutting head and so the hood was less than 30
1/min. The hydrocyclone wasn’t able to aspirate and separate the resulting flow with an
air content of less than 10 vol.-%.

For that reason the hood was modified as given in figure 50.

suction water
duct * ‘ abrasives
hood traverse
under 3 direction
water air
bubbies
o0
00
o}
reflected 0]
hood jet .
0 culting
OO head
0 0
o]
workpiece
Figure 50 Modified hood
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The hood was adapted in the zone of jet reflection but not covering the cutting head.
This geometry allows most of the air bubbles to rise in the water according to the effect
of buoyancy. Because of the low density they are rising very fast and close to the cutting
head while the reflected particles are reflected in a certain angle. By this effect the
bubbles and the reflected particles can be separated by finding an adequate position for
the hood as shown in figure 50. The flow which can be sucked away from the hood
includes only a small amount of air which can be handled by the hydrocyclone. A view
of the hood is given in figure 51. The total setup including the vacuum cleaner (hydro-
cyclone) and the cartridge filter system is shown in figure 52.

Figure 51 Suction hood

water 1 l abrasives

cartridge hydro- —
filter cyclone IR RS

Figure 52  Setup of basin, cyclone and cardridge filter
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The detailed worksheets are given in annex 1.
To compare the results from both series of tests a comparison test was carried out (ar.
11). The results of this test has to be compared with nr. 6/7 in B.4.2 (table XII).

Sedimented | Suspended Water in
¥ Aerosols exhaust
dross particles Aerosols
Cut Workpiece Used Used duct 2
length | mass loss | abrasive water gm' % ogf.r:ut
-1 -1 -1 h
mm g.m g.m g.m’ % | g.m % | g.m" | 9m edge
TC TC TC of used
water
Exp 6/7 6 533 152.9 2532 |[2324 31.8 7.10* 11679 |5.5 4.2.107
Phase 1 98.7 1.3 3.10% 0.05
Exp 11 21 282 144.2 2612 |2644 17.7 1.10* 11 669 | 8.1 6.10°
Phase 2 99.3 0.7 4.10° 0.07
Table XTI  Comparison of 1. and 2. test series

The results obtained in the two experiments are in the same order of magnitude. The
quantity of aerosols is divided by 7 in the second experimental phase but the aerosol
collected mass is very small because operation takes place under water; so the uncer-
tainty is important.

Experiment 12 was carried out with the vacuum cleaner (B.4.3.) and the directly work-
ing hood (fig. 49).

In this configuration, the vacuum cleaner was not operating correctly because the
system was sucking air coming from the cutting hood. In fact, the abrasive transport is
realised by an air flow. This air causes bubbles inside the hood during kerfing. The
bubbles were sucked into the cyclone, the pump cannot work with air. The air flow rate
into the cutting head was less than 30 1/min and the water flow was about 350 1/min but
the system was not able to handle this proportion of air.

Furthermore the abrasive focusing nozzle was disconnected after 18 min of kerfing and
the test was stopped after another 15 min.

Experiment 13 was carried out with the vacuum cleaner associated with the cartridge
filter. The suction point was positioned at the side of the basin. A hood closed by a
rubber membrane was placed directly at the cutting head. The membrane was inflating
during the kerfing due to the bubbles of air coming from the cutting head. Compared to
test 11 the quantity of aerosols is divided by almost 5, probably due to the trapping
effect of the hood.

Test 14 concerned the kerfing of a bigger plate (thickness: 100 mm, depth of kerf: 70
mm).
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Following the poor collection of the waste when filtering the whole basin (test 13) by
cyclone and cartridge filter and the impossibility of using the direct hood (test 12)
experiments 15 and 16 were carried out with an indirect hood (see fig. 50) and without
cartridge filters because of their high pressure drop. With this hood arrangement the
bubbles are not caught by the hood contrarily to the solid waste which is reflected
during kerfing.

The data for the sedimentation process in the basin after finishing kerfing are given in
figure 53. Also the result for the experiment nr. 1 is shown there.

1800 -
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o test nr. 11
1400 + test nr. 13
1200 - o test nr. 15

---------- a experiment nr. 1
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8
(=]
1
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sedimentation time [min]

Figure 53 Sedimentation process

The quantity of suspended particles is extremely dependent upon the sedimentation
time. A difference of a few minutes just after kerfing can induce a decrease factor of 2.
A) Balance of secondary emissions

Solid emissions

- 6.10 % 10 2.10"3 % of the total solid mass is drawn into the exhaust duct (M4).
- 0.5to0 2.8 % of the total solid mass is composed by suspended particles (M3).
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By chemical analyses of the water (annex 3) it can be noted:

- the proportion of copper and abrasives in solution in the sampling bottles three
months after the experiments is in the range 1 to 3 % for copper, inferior to 0.1 % for
particles of abrasives,

- the ratio of

—mass of particles of copper
mass of particles of abrasives + mass of particles of copper

in the suspended particles five minutes after the cut is comprised between 5 and 12
%. These values are in agreement with the first test series.

- The remainder of the solid emissions is composed by dross sedimented in the tank
(M1).
As sedimented dross represents almost all the solid secondary emissions especially
when the operation takes place under water, the ratio

used abrasives

used abrasives + workpiece mass loss

can be considered coarsely as a representative of the proportion of abrasives in the
sedimented dross.

Sedimented Aerosols Water in
i i d exhaust duct
Exp. Mazenal Operation | Cut length Workpiece Use_d ross Suspended Used water A"“,‘,"s
No thickness place mm mass loss | abrasive rticl m o % g.m
: mm g.m’ gm* |[g.m” %[ Partcles g mt % 8 o- of cut edge
TC TC of used water
11 20 Underwater | 21 252 144.2 2612 (2644 17.7 1.10* 11669 8.1 6.107
99.3 0.7 4.10* 0.07
12 20 Underwater { 2 500 15.6 4 200 NM NM 1.8.10* 21 600 NS 6.107
13 20 Underwater | 21 252 152.8 2922 (30851 88.2 2.2.10¢ 11668 |11.7 1.3.10?
97.2 2.8 7.107 0.10
14 100 Underwater | 3 036 729.2 19779 [19679 105.2 4.2.10* 81686 [81.8 6.10°
99.5 0.5 2.10° 0.10
15 20 Underwater { 21 252 126.4 2580 {2312 13.8 8.10° 11805 |15.1 4.7.10*
99.4 0.6 3.107 0.13
16 20 Underwater { 21 252 117.7 1704 1700 128 1.10* 22586 }73.6 5.6.10°
99.3 0.7 6.10* 0.33

TC = Total solid mass collected
NM = not measured

NS = not significative

Table XIII  Recapitulative secondary emissions results
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No. of experiment

Depth of kerf

Abrasive flow rate

% of abrasives in the

{mm) (g/s) sedimented dross
11 17 6.1 94.8
13 17 6.8 95.0
14 70 6.6, 96.4
15 17 6.2 95.3
16 17 2.05 83.5

Table XIV  Proportion of abrasives in the sedimented dross

The proportion of abrasives in the sedimented dross is in agreement with previous
experiments. It increases with the kerfing depth (test 14) and with the abrasive flow rate
(compared to test 16).

Liquid emissions (vapours)

Between 0.07 to 0.4 % of the used mass of water is drawn into the exhaust duct (M2).

B) Size distribution of abrasives and sedimented dross

Regarding the handling and the recycling capacity of the secondary waste it is useful to
get knowledge about the proportion of eroded material in the sedimented dross depend-
ing on the size. Therefore for the tests 1 and 2 of the first series chemical analysis were

carried out to determine the proportion of copper in the waste.
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Dimensions of the particles Proportion of copper in % on each sieve
in micrometers Experiment 1 Expersiment 2

< 37 11.0 12.2

37-63 9.8 6.7
63-125 5.2 2
125-250 0.17 0.09
250-500 0.02 0.02

> 500 N.D. N.D.

N.D. = not detectable

Table XV Proportion of copper in the sedimented dross
according to the size distribution

The particles of copper are more concentrated in the finest particles. The quantity of
copper is more important in particles which dimensions are inferior to 125 um for

experiment 1 (mean proportion of copper: 3 %) and to 63 um for experiment 2 (mean
proportion: 3.6 %).

abrasive mass [%]

200 300
particle size {um)

3 :
o =%
8 =
=
E = 145
g ped
< &
g =
S f:]
°© =
= 0.06
= sasaananesl

Y 100 200 300 400 500 600
particle size {(um)

kerfing copper under water
pressure: 3000 bor
nozzle: 0.25 mm

traverse rate: 140 mm/min
focus: dp=1.1mm/lr=40mm
abrasive: Garnet "Minersiv"

Figure 54 Size distribution of used abrasives
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Figure 54 gives the result for the tests nr. 11 and 14.

The percentage of the abrasive that is retained on each sieve is plotted versus the corre-
sponding particle range. The bars represent the percentage of abrasive that is retained
in each particle range. All percentage values are related to the mean (arithmetic) parti-
cle size of each range. The result of test nr. 11 can be compared with test nr. 6/7 of
B.4.2. because of the use of the same machining conditions. The particle disintegration
of test nr. 11. is not as high as the one of test nr. 6/7. Especially the amount of abrasives
of the smallest sieve range (0-32 um) is much smaller. A comparison of all tests which
are comparable is given in table XVL.

Particle Percentage of mass in experiment No.
size {ym] 617 11 13 14 15 16
0-32 18.8 12.0 8.3 10.1 6.8 5.2
32-63 18.4 25.4 21.5 22.7 25.2 28.9
63-125 24.2 23.4 23.1 23.0 27.5 29.4
125-250 28.3 26.1 30.7 29.6 29.3 28.1
250-500 8.4 13.0 15.4 14.5 11.0 10.4
> 500 - 0.1 0.1 0.1 0.3 -
z 100.1 100.0 100.1 100.0 100.1 100.0

Table XVI  Size distribution of sedimented dross

For all tests carried out in the second series of experiments the size distribution is the
same in the range of scattering.

When separation methods were used the mass mean diameter is calculated for the
whole waste.

No. of experiment Abrasive flow rate Mass median
[g/s] diameter [ym]

6/7 5.9 120

11 6.1 134

13 6.8 149

14 6.6 144

15 6.2 136

16 2.05 134

Table XVII Mass mean diameter of used abrasives
Obviously the medium particle size of the second series is in general a little bit bigger

than for test or. 6/7. The experiments of the second series are more reliable because of
the long machining time compared to nr. 6/7.
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Comparing the results of test nr. 11 and 14 there seems to be no influence of the kerfing
depth on the particle disintegration. The size distribution (fig. 54) as well as the median
diameter (table XVII) are nearly not affected.

The kerf of test nr. 14 was produced by using only 20 % of the traverse speed of the
other test. As the result the kerfing depth was increased by the factor of 4, but not by a
factor of 5 as expected. So for deep kerfing the efficiency of the abrasive water jet
decreases according to the increased friction of the jet with the shoulder of the deep
kerf.

As mentioned before test nr. 12 wasn’t successful. Using the direct hood the aspirated
air causes problems with the suction pump and the hydrocyclone for separation.
Additionally the use of the cartridge filters (Type U2-20Z, 2 um) lead to problems
regarding the circulated water flow rate. Although 10 filters were used parallel the
pressure drop after few minutes of filtering was very high. The total capacity of each
cartridge filter is between 200 and 2000 g (according to the manufacturer) depending on
the conditions and especially on the formation of the cake but the suction system was
not able to overcome the pressure drop of the wet and dirty filters.

This effect was verified in test nr. 13. To simulate an operation without any hood
(simulation of kerfing as well as cutting through) it has been tried to filter the basin in
total. For this test the hydrocyclone as well as the cartridge filters were used. Starting
with a water flow rate of 350 1/min through the filtration system the pressure drop
increased very fast. After a few minutes the flow was decreased to 90 1/min water. One
used cartridge filter is shown in figure 55. The filtering paper is clogged by particles
from the cutting process. According to this effect the pressure drop has been increased.

Figure 55  Used cartridge filter (filter length 250 mm)
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mean diameter of 152 um.

Tests nr. 15 and 16 point out the effect of the abrasive flow rate on the cutting efficien-
cy (see experiments 2,9 and 10 of first series). According to table XVII the mass
mean diameter is not affected by the abrasive flow rate. The cutting efficiency related
to the abrasive flow is increased by using smaller abrasive flow rates. This is in accord-
ance with the results presented in B.1.
The size distributions of the used particles for tests nr. 15 and 16 are given in figure 57
and 58. Both tests were carried out with the indirect hood (see B.4.3.), the hydrocyclone
for separation but without the cartridge filter system.
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The mean diameter of the particles which are remaining in the basin is of smaller size
than the particles gathered by the cyclone. The mass-% of the abrasives is related to the
total amount of abrasives remaining in the basin (upper part of fig. 57, 58) resp. the
hopper (lower part), but not related to the total mass of waste.

This is given in figure 59.

i % of mass of waste which is
test 15; 6.2 .9/ S se%araf%d b)é f.heﬂc‘:yclhone
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Figure 5 Size distribution of used abrasives
- gathered by the hydrocyclone
- related to the total mass of waste

For both tests the mass-% of the particles gathered in the hopper of the hydrocyclone
are given related to the total mass of solid waste. For bigger particles the efficiency of
the cyclone is quite good. For particles bigger than about 100 um for both tests more
than 80% of the mass was filtered by the cyclone. For smaller particles the efficiency
decreases. According to figure 54 (result test nr. 11) 30 - 40 % of the total mass of solid
waste consists out of particles smaller than 100 um when kerfing copper under water
(assumption: same size distribution of solid waste of test 11 and 15 / 16). With respect
to this fact it is necessary to increase the efficiency of the hydrocyclone regarding parti-
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cles smaller than 100 u#m to gather more mass in the filtration system.

Nevertheless, the use of a hydrocyclone seems to be a useful technique to separate solid
and liquid waste produced during abrasive water jet cutting. For the tests nr. 15 and 16
an indirect hood without optimisation has been used. 64.1 resp. 69.4 mass-% of the solid
waste were separated by the cyclone (table XVIII).

Mass of waste [g]
% of total mass [-]
Experiment No.
Basin Hopper of Cartridge filters
cyclone
13 59 235 756 4 844
91.4 1.2 7.4
15 15 022 34 106 -
30.6 69.4
16 12 972 23 146 -
35.9 64.1
Table XVIII Separation efficiency of hydrocyclone and filter

The use of cartridge filters is no sufficient way because of the high amount of smallest
particles which clog the filters very fast. Only when using a hydrocyclone which is able
to separate a much higher percentage of particle mass even for particles smaller than
100 um the additional use of a cartridge filter can be a good method to separate the
remaining small amount of particles from the water.

C) Characterisation of the aerosols in the exhaust duct

The concentration of aerosols in the exhaust duct in all experiments of the second series
is inferior to 0.05 mg/m3. this concentration is low and the masses collected in the fil-
ters are small, so the figures obtained have to be considered as an order of magnitude.
As in previous experiments, taking into consideration the very small masses collected on
each stage of the Andersen impactor during kerfing under water,, the size distribution
cannot be determined in mass. On the stages of the impactor cellulose filters were used
instead of fibre glass because they have a lower background for the researched ele-
ments ( factor of 30 for Fe and Mg). Therefore, it was necessary to use a fibre glass
filter as final filter because the cellulose filter has a poorer collection efficiency.

By the chemical analysis (annex 2) it can be deduced the size distribution of the parti-
cles of Cu, Fe and Mg. For each experiment, the size distribution is bimodal (and some-
times trimodal) with one mode below 0.3 um and another mode mainly between 1 and 4
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um (annex 3).

For the experiments where the size distribution is almost unimodal, the mass mean
aerodynamic diameter (MMAD; see B.4.2) is indicated (table XIX).

Compared to the previous results (B.4.2.), the particles collected in the exhaust duct for
underwater operations are smaller than for operations in air.

Mass mean Geometric
Exp n® Abrasive flow rate Reference aergdynamlc standard
a/s diameter deviation
10° m eviatio
11 6.1 Cu NA
Fe NA
Mg NA
13 6.8 Cu NA
Fe NA
14 6.6 Cu NA
Fe NA
15 6.2 Cu 2.06 3.07
Fe NA
16 2.05 Cu 1.72 2.86
Fe 1.61 3.01

NA: not applicable (the size distributions are multimodal)

Table XIX Aerosol size (MMAD)
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Conclusions and Outlook

In the reported project different aspects have been investigated regarding the applica-
tion of abrasive water jets in nuclear decommissioning. Especially the minimisation of
secondary waste, the handling of aerosols and the control of the tool during operation
are of interest.
It was shown that abrasive water jets are able to cut steel up to more than 100 mm
thickness. To do so the consumption of abrasives can be reduced by special measures. In
detail the use of medium sized nozzles (0.25 mm) and the reduction of the abrasive flow
rate as well as the increase of the pressure as high as possible are methods to reduce the
abrasive consumption related to the produced area of cut. This fact can reduce the
amount of secondary waste, too. In addition to these methods for reducing the con-
sumption of water and abrasives it seems to be necessary to find ways to recycle the
used abrasives.
The cutting has to be operated remote controlled. Therefore methods to control the tool
as well as the cutting result are necessary to ensure the reliability.
Various techniques are applicable:
- Measuring the pressure loss of the sucked-in air in the transport hose is a method to
calculate the diameter of the focusing nozzle during operation.
- Sound analysis are not reliable to detect the result of machining.
- The application of an accelerometer to detect the state of kerfing seems to be useful.
Regarding the wear of the focusing nozzle the standing time was increased by the factor
of 10 - 50 by the use of composite carbide nozzles. Therefore no special methods to
replace worn parts are necessary because the operation time of one nozzle reaches
about 100 h.
In the reported project the secondary waste was quantified and analysed. This was done
for kerfing and cutting through for application in air as well as under water. Only a very
small amount of the waste is spread into the air as aerosols, most of the waste are
sedimented particles. Analysing these particles it can be said that the particles are de-
stroyed during the cutting process. To reduce the waste which has to be conditioned for
final storage recycling seems to be a possible route. Although the particles disintegrate
during cutting recycling can be realised /11/: Even particles, which have been broken
during previous cutting processes, are able to remove material. Particles with a diame-
ter of about 50 um are able to reach the same efficiency as the same particle mass
consisting out of particles with 500 y#m diameter.
This fact indicates that it can be possible to reuse most of the abrasives. But it was
shown that there is an enrichment of cut material in smaller particle sizes so that special
treatment is necessary to separate these material from the abrasives. Further investiga-
tions have to be carried out to develop an efficient method of recycling.
Regarding the aerosols working under water reduces the amount by the factor of 200
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compared to application in air. In addition the use of a suction hood near the cutting
head lowers the spreading of the particles. A cyclone seems to be useful to separate the
particles from the water.

Summing up the abrasive water jet technique is able to work reliable in the field of
nuclear decommissioning. To find real applications methods of recycling the abrasive
particles have to be investigated to reduce the amount of secondary waste. First tests
have pointed out that it could be possible to reuse about 80 - 90 % of the abrasives.
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ANNEX 1

Sheets of results






1L

EXPERIMENT No. 1 (CUTTING) Date: 26/11/91
PLACE: UNDERWATER TOOL: WATER JET
MATERIAL NATURE: COPPER WATER DEPTH: 100 mm
AlR VOLUME OF BASIN: 0.360 m?
THICKNESS: 10 mm WATER VOLUME OF BASIN: 0.780 m*
CUT LENGTH: 6528 mm VENTILATION FLOW RATE: 24 mdn!
WATER PRESSURE: 3000 bar ABRASIVE NATURE: GARNET
WATER FLOW RATE: 1.63 t/min ABRASIVE FLOW RATE: 7.2
TOOL
OPERATION ABRASIVE WATER FOCUSING NOZZLE OPERATION
MODE Mé M'6 M7 M7 MS M's CUTTING | TIME
glr"r:)ON mass used mass used mass loss SPEED
PO ® (gfm) ® {gm) ® @m | (o | (min
AUTOMATIC
GRAVITY 20 070 3074.4 76 300 11 688 0.0112 0.0017 140 469
-
SECONDARY EMISSIONS
MATERIAL WEIGHT (g) SEDIMENTED DROSS EXHAUST WATER SUSPENDED PARTICLES
Mo M0 M1 Ml MITC M2 M2 MYM? M3 M43 Mame
Before R
fer emoved
: ®) (g/m) {8) (g/m) (%) {8 (g/m) (%) (g (g/m) (%)
o | s0 996 | 19607 | 30035 | 975 308 a1 004 | Sodee n 240
*%°3 min sller cutling
AEROSOLS
FILTER | SAMPLED | SAMPLED | CI gross co Ct net ::; M4 M4rrc
MASS VOLUME background serosol
@ mm (mg) (m’) (mgin®) | {mghn) | (mgim’) P (®/m) (%)
@ 4 0.06 0.4452 0.13 0.06 0.07
2 130 0.20 1.033 0.19 0.08 0.1
tnicgeat 1.53 16.1 0.095 0.055 0.04 0.00075 0.00012 36.10°%
2 160
TC = TOTAL SOLID MASS COLLECTED = Mt + M3 + M4 =2011¢g TC 97.0 %
TIC1 = TOTAL SOLID MASS REMOVED = MO + M6 =20720g TiCT :

[ NOTES"

ITERF WIDTH

l'rop: 1.2 mm

BOTTOM: 0.9 mm

EXPERIMENT No. 2 (CUTTING) Date: 27/11/91
PLACE: IN AIR TOOL: WATER JET
MATERIAL NATURE: COPPER WATER DEPTH: .
AIR VOLUME OF BASIN: 0.650 m*
THICKNESS: 10 mm WATER YOLUME OF BASIN: 0.490 m’
CUT LENGTH: 6528 mm VENTILATION FLOW RATE: 24 m’.h!
WATER PRESSURE: 3000 bar ABRASIVE NATURE: GARNET
WATER FLOW RATE: 1.63 t/min ABRASIVE FLOW RATE: 6.8 gls
TooL
OPERATION ABRASIVE WATER FOCUSING NOZZLE OPERATION
o M6 M6 M7 M7 M$ M's cutTiNG | TIME
mass mass
mass used SPEED
POSITION used loss . .
®) (8/m) (g/m) {g/m) (mm/min) (min)
(&) @)
AUTOMATIC
GRAVITY 19 020 2914 6 300 11 688 0.0£12 0.0017 140 46.9
SECONDARY EMISSIONS
MATERIAL WEIGHT (g) SEDIMENTED DROSS EXHAUST WATER SUSPENDED PARTICLES
Before Mo M0 M1 M1 MiTC M2 M2 M2IM? M3 M3 M3ITC
afier Removed
@) (g/m) [(3] (g/m) (%) (2) (g/m) (%) {8) (g/m) (%)
4086
3 367 ne 110.1 18404 | 28192 | 993 127.2 19.5 0.17 128.0¢ | 19.6* 0.7
* waler under matenal
AEROSOLS
FILTER | SAMPLED | SAMPLED | Ci gross co Clnet :’“ M4 M4rTC
MASS VOLUME background &) .
2 mm (mg) (m%) (mg/m’) (mg/m’) (mg/m’) ':::: (g/m) (%)
> 47 3.69 0.4680 7.88 0.05 7.83
@ 130 8.72 0.8610 10.13 0.08 10.05
Integral "
& 160 156.37 16.31 959 0.055 9.54 0.179 0,027 9.7.10
TC = TOTAL SOLID MASS COLLECTED = M1 + M3 + M4 =18532¢ TC 939
TIC1 = TOTAL SOLID MASS REMOVED = MO + M6 =19739g TIcT 9 %
INOTES:
IKERF WIDTH ]TOP. 1.3 mm BOTTOM: 1 mm
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EXPERIMENT No. 3 (CUTTING) Date: 38/11/91
PLACE: IN AIR TOOL: WATER JET
MATERIAL NATURE: STEEL WATER DEPTH: .
AIR VOLUME OF BASIN: 0650 m®
THICKNESS: 10 mm WATER VOLUME OF BASIN: 0.490 m’
CUT LENGTH: 3672 mm VENTILATION FLOW RATE: 24 m*h!
WATER PRESSURE: 3 000 bar ABRASIVE NATURE: GARNET
WATER FLOW RATE: 1.63 t/min ABRASIVE FLOW RATE: 6.8 gis
TOOL
OPERATION ABRASIVE WATER FOCUSING NOZZLE OPERATION
MoDE M6 M'6 M7 M7 M3 M's curting | TimeE
AND mass mass
POSITION mass used vied foss SPEED )
(2 (3/m) (g/m} (g/m) (mm/min) (min)
(2) (@)
AUTOMATIC
GRAVITY 13 602 3704 54 300 14 788 00093 0.0025 110 333
SECONDARY EMISSIONS
MATERIAL WEIGHT (g) SEDIMENTED DROSS EXHAUST WATER SUSPENDED PARTICLES
MO Mo Mt M1 MUTC M2 M2 M2/M? M3 M3 M3Te
Before
afer Removed
() (g/m) @) (g/m) (%) ® (g/m) (%) (g} (g/m) (%)
: ::.2, 295 80.3 12723 | 34649 | 986 26.6 23,6 0.16 1819+ | 49.60 14
water under matenal
AEROSOLS
FILTER | SAMPLED | SAMPLED | CI gross co Ci net '(“: M4 M4TC
MASS VOLUME background mzwl
2 mm (mg) (m) (mg/m’) | (mg/m’) (mg/m’) mass (@/m) (%)
247 2.41 0.3019 798 0.06 792
@ 1% 10.79 0.7842 13.7%6 0.08 13.68
{ntegral "
2 160 111.81 11.67 9.58 0.055 9.5) 0.127 0.035 9.8.10
TC = TOTAL SOLID MASS COLLECTED = M1 + M3 + M4 = 12905 g TC . 950 %
TICI = TOTAL SOLID MASS REMOVED = M0 + M6 =13897g TIeT © 0
lNOTES: l
lKERF WIDTH l'ropz 13 mm BOTTOM: 1 mm ‘

EXPERIMENT No. § (KERFING) Date: 211491
PLACE: IN AIR TOOL: WATER JET
MATERIAL NATURS: COPPER WATER DEPTH: .
AIR VOLUME OF BASIN- 0.600 m?
THICKNESS: 20 mm WATER VOLUME OF BASIN: 0.540 m®
CUT LENGTH: 3612 mm VENTILATION FLOW RATE: 24 mhh!
WATER PRESSURE: 3000 bar ABRASIVE NATURE: GARNET
WATER FLOW RATE: 1.63 t/min ABRASIVE FLOW RATE: 63 g/s
TooL
OPERATION ABRASIVE WATER FOCUSING NOZZLE OPERATION
MODE M6 M'6 M7 M7 M$ M's cuTTING | TIME
AND d mass mass
POSITION mass usc used loss SPEED .
{g) (g/m) (g/m) (g/m) (mm/min) (min)
[£3] )
AUTOMATIC
GRAVITY 9 980 2693 42 900 11 683 0.0063 0.0017 140 263
SECONDARY EMISSIONS
MATERIAL WEIGHT (g) SEDIMENTED DROSS EXHAUST WATER SUSPENDED PARTICLES
Before | :.‘«: " MO Ml ML MITC M2 M2 | Mam? M3 M3 | MaTC
A
aner 3] (g/m) () (g/m) (%) [£3] (g/m) (%) () {g/m) (%)
4736
154 582 158.5 | 9821 | 26746 | 99.1 75.6 194.9 1.7 923+ | 5.1 0.9
water under maicna
AEROSOLS
FILTER | SAMPLED | SAMPLED | Ci gross co Cl net ?“ M4 M4ITC
MASS VOLUME background 2o .
& mm (mg) (m’) (mg/m?) (mg/m’) (mg/m?) fn".’::’ (e/m) (%)
@ 47 1233 0.2418 510 0.06 50.9
@ 130 4.8 0.5637 61.2 0.08 611
Integral . 3
& 150 428.8 9.03 47.49 0.055 474 0.499 0.136 5.10
TC = TOTAL SOLID MASS COLLECTED = M1 + M3 + M4 =99138¢ TC 047 %
TICI = TOTAL SOLID MASS REMOVED = M0 + M6 =10472g Tier "o

lNOTES: KERFING DEPTH: 15-18 mm

IKERP WIDTH

ITOP' {.2mm

BOTTOM: 0.9 nm




SL

EXPERIMENT N° 11 (KERFING)

DATE: 02/06/1992

EXPERIMENT N* 12 (KERFING)

DATE: 0)/06/1992

PLACE: UNDERWATER

TOOL: WATER JET

PLACE: UNDERWATER

TOOL: WATER JET

MATERIAL NATURE: COPPER

WATER DEPTH: 180 mm
AIR VOLUME OF BASIN: 0.27 m*

THICKNLJSS!? 20 mm
CUT LENGTH: 21 252 mm

WATER VOLUME OF BASIN: 0.35 m* + 0.2S m’~.
VENTILATION FLOW RATE: 24 o’/b

MATERIAL NATURE: COPPER

WATER DEPTH: 180 mm
AIR VOLUME OF BASIN: 0.27 m*

THICKNESS: 20 mm
CUT LENGTH: 2 500 mm

+:v | WATER VOLUME OF BASIN: 0.85 m’
VENTILATION FLOW RATE: 24 m'h

WATER FLOW RATE: 1.63

WATER PRESSURE: 3000 bar

t/min

ABRASIVE NATURE: GARNET
ABRASIVE FLOW RATE: 6.1 g/s

WATER PRESSURE: 3000 bar
WATER FLOW RATE: 1.63 ¢/mia

ABRASIVE NATURE: GARNET
ABRASIVE FLOW RATE: 9.7 g/s

TOOL
OPERATION ABRASIVE WATER FOCUSING NOZZLE OPERATION
MODE
AND a:;{?x d M6 M1s¢d M7 a::sloss M's cg’[gér)o TIME
POSITION | mass use mass v m
[¢3] @®/m ® /m) @® ®/m) {mm/win) (min)
AUTOMATIC
oaviry | sssw0 2612 | 248000 | 11669 | 0.035 0.0016 140 152
SECONDARY EMISSIONS
MATERIAL WEIGHT (G) | SEDIMENTED DROSS EXHAUST WATER SUSPENDED PARTICLES
Before Re;‘:" ol Mo | M | v [mame| Mz | oMz [Memr| m | M3 | momc
after ® (@/m) ® (g/m) (%) @ (g/m) (%) @) (g/m) (%)
:g g;: 3065 | 1442 | s6184 | 2604 | 993 | 1127 ] sa | 007 | sm2 | 177 0.7
AEROSOLS
piLTeR | SAMPLED | SAMPLED | 0, (0 co Cl NET M4 M4 Marre
o MASS VOLUME (mg/m’) backgeound (mg/m’) (73] ) (%)
" (mg) () mefm (mg/m") aerosob mass | /™
@ 47 NS
2130 NS
Tategeal
@ 160 2.8 s1.5 0.054 0.010 0.044 2.3 10° 1.107 4.10¢

TC = TOTAL SOLID MASS COLLECTED = M1 + M3 + M4 = 56 561.2 c_, 96.6 %
TICl = TOTAL SOLID MASS REMOVED = M0 + M6 = 58 575 JiCt .
|NOTES: KERF DEPTH: 17 mm

TOP: BOTTOM:

|KERF WIDTH

TOOL
OPERATION ABRASIVE WATER FOCUSING NOZZLE OPERATION
MODE Mé M7 M3 CUTTING
AND . . .
POSITION mass used (':llr:) mass used (:{I“Z) mass toss &I:) SPEED Im!)a
® ®) ® (mm/min)
AUTOMATIC -
GRAVITY 10 500 4200 54 000 21 600 0.004 0.0016 140 18
° 4 15 min without abrasives
SECONDARY EMISSIONS
MATERIAL WEIGHT (G) SEDIMENTED DROSS EXHAUST WATER SUSPENDED PARTICLES
Befors | o MO 1 Mo | oM | aet [Mimc| M2 | M2 {Mamr| w | M3 | mMamc
after (g/m) @) (g/m) (%) @) (g/m) (%) ® (g/m) (%)
16 633
16 594 39 15.6 NS
AEROSOLS
FILTER | SAMFLED | SAMPLED | crgross |, en | cimer M4 M4 Marrc
mm (mg/m*) Bone ]l (mefm?) ® (g/m) (%)
(mg) (m*) {mg/m") aerosol mass
a2 47 NS
2 130 NS
Integral
@ 160 0.6 13.97 0.043 0.010 0.033 4.6 10* 1.8 t0*
TC = TOTAL SOLID MASS COLLECTED = Ml + M3 + M4 = TC
TIC!I = TOTAL SOLID MASS REMOVED = MO + Mé = Fier *

NOTES: 1) Vacuum cleaner + cariridges + direct hood with suciion

2) The vacuum cleaner was not operating correctly because the pump was sucking air coming from the cutting head
J) The abrasive tube was disconnecied aRer 13 minutes

NS = NOT SIGNIFICATIVE

KERF WIDTH

TOP:

BOTTOM:

NS = NOT SIONIFICATIVE
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EXPERIMENT N°* 13 (KERFING)

DATE: 03/06/1992

PLACE: UNDERWATER

TOOL: WATER JET

MATERIAL NATURE: COPPER

THICKNESS; 20

CUFf LENGTH: 21 252 mm

mm

WATER DEPTH: 180 mm

AIR VOLUME OF BASIN: 0.27 m’
WATER VOLUME OF BASIN: 0.85 m’ + 0.25 m’
VENTILATION FLOW RATE: 24 m’h

WATER PRESSURE: 3000 bar
WATER FLOW RATE: 1.63 ¢/min

ABRASIVE NATURE: GARNET
ABRASIVE FLOW RATE: 6.8 g/s

lxmuw WIDTH

I TOP:

TOOL
OPERATION ABRASIVE WATER FOCUSING NOZZLE OPERATION
MODEB
AN?ON ma:: ?nsed M's mar Zsed M7 ma?: 5hm M'S C;J;l;l'é:‘;o TIME
postT ®) ®/m) ® @'m) ® Ggm) (mm/min) (mio)
AUTOMATIC
GRAVITY 62 090 2922 248 000 11 669 0.035 0.0016 140 152
SECONDARY EMISSIONS
MATERIAL WEIGHT (G) SEDIMENTED DROSS EXHAUST WATER SUSPENDED PARTICLES
Beforo [, MO 1m0 | oM | mt mimc) w2 | M2 fvemr| ms | M3 | Monc
after (g/m) ® (g/m) (%) ® (g/m) (%) @® (g/m) (%)
®
| 3247 | 1528 | eamas | sost | 972 [ 293 | na | on [1sma| a2 2.8
AEROSOLS
FiLter | SAMPLED | SAMPLED | o, co Cl NET M4 M MdrTc
MASS VOLUME (mg/m’) background (mg/m) () @m )
o (mg) (@) s (mg/m®) ® accosol mass
2 47 NS
2 130 NS
Integral
@ 160 1.0 53.75 0.019 0.0t0 0.009 4.710* 2210 7.10?
TC = TOTAL SOLID MASS COLLECTED = M! + M3 + M4 = 66 709.4 TC - 102 %
TICI = TOTAL SOLID MASS REMOVED = MO + M6 = 65337 BT
NOTES: 1) Vacuum cleaner + cartridges + suction at basin side
2) Hood at the cutting head
3) M1: 4 844 g in cartridge / 756 g in hopper / 59 235 g in basin
4) Vacuum cleaner flow zate:  Start: 450 f/min, End: 90 {/min
5) Keef depth : 17 mm
BOTTOM:

NS = NOT SIGNIFICATIVE

EXPERIMENT N° 14 (KERFING) DATE: 04/06/1992
PLACE: UNDERWATER TOOL: WATER JET
MATERIAL NATURE: COPPER WATER DEPTH: 130 mm
ATR VOLUME OF BASIN: 0.27 m’
- WATER VOLUME OF BASIN: 0.85 w’ + 0.25 m’
THICKNESS: 100
CUT LENGTH: 3 036 mm VENTILATION FLOW RATE: 24 m’/h
WATER PRESSURE: 3000 bar ABRASIVE NATURE: GARNET
WATER FLOW RATE: 1.63 t/iin ABRASIVE FLOW RATE: 6.6 g/s
TooL
OPERATION ABRASIVE WATER FOCUSING NOZZLE OPERATION
MODE Ms M7 Ms CUTTIN:
AND . . . G
POSITION mass used :;;:) mass used g;) mass foss ‘21:) SPEED .:[ME
® ® @® {meo/win) min,
AUTOMATIC
GRAVITY 60050 19779 | 248000 | 81686 0.028 0.0092 20 152
SECONDARY EMISSIONS
MATERIAL WEIGHT (G) | SEDIMENTED DROSS EXHAUST WATER SUSPENDED PARTICLES
Before Rer:ve o Mo | M M1 fMime| M2 | M2 |[Mamr] M3 | M3 | Manc
after ® (&/m) ® (g/m) (%) ® ®/m) (%) 2 (g/m) (%)
29171
26057 2214 | 7292 | 59746 | 19679 | 99.5 | 2487 | 819 | o4 | 3195 | 1052 | o5
AEROSOLS
FILYER | SAMPLED | SAMPLED | ) co C1 NET M4 M MArTC
m MASS VOLUME (mp/m’) background (ma/mh ® ) %
(mg) (@) (mg/m’) e acrosol mass | &8'™ )
@47 NS
2 130 Ns
Integral
@ 160 1.8 $3.75 0.033 0.010 0.023 1310° | 4210° | 2.10¢
TC = TOTAL SOLID MASS COLLECTED = M1 + M3 + M4 = 60 065.5 TC
TICI = TOTAL SOLID MASS REMOVED = M0 + M6 = 62264.0 Tior - 965%
t:onss: KERF DEPTH: 70 mm
IKERF WIDTH TOP: BOTTOM:

NS = NOT SIGNIFICATIVE
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EXPERIMENT N°* 15 (KERFING)

DATE: 04/06/1992

PLACE: UNDERWATER

TOOL: WATER JET

MATERIAL NATURE: COPPER

THICKNESS: 20 mm
CUT LENGTH: 21 252 om

WATER DEPTH: 180 nm

AIR YOLUME OF BASIN: 0.27 m’

WATER VOLUME OF BASIN: 0.85.m’ + 0.25 m!
VENTILATION FLOW RATE: 24 m¥/h

WATER PRESSURE: 3000 bar
WATER FLOW RATE: 1.63 t/min

ABRASIVE NATURE: GARNET
ABRASIVE FLOW RATE: 6.2 ¢/s

TOooL
OPERATION ABRASIVE WATER FOCUSING NOZZLE OPERATION
MODE Mé M7 Ms CUTTING
AND . . .
POSITION mass used (2':) mass used (:1/ 7) mass loss (:; 5) SPEED IL\:!;'
{2) ® o ® o (mm/mn) m
AUTOMATIC
GRAVITY 54 340 2 580 253 000 11 908 0.028 0.0013 140 tss
SECONDARY EMISSIONS
MATERIAL WEIGHT Q) SEDIMENTED DROSS EXHAUST WATER SUSPENDED PARTICLES
Before Re::‘:ved Mo Ml M Mitc M2 M'2 M7 Ml M3 MITC
after ® (g/m) ®) @/n) (%) ® [£200) (%) ® (g/m) (%)
. :;: 2686 | 1264 | 49n28 ) 232 | 994 | 3202 | s | o3 | w39 | w3 | o6
AEROSOLS
FILTER | SAMPLED | SAMPLED | ¢, co Tl NET M4 Ms MATC
@ MASS YOLUME (ag/mh) background (ng/m (g) &/ *
" (mg) (m’) € (mg/m’) " aerosol mass
o 47 NS
2 130 NS
ntegral
@ 160 0.7 53.75 . 0.013 0.0t0 0.003 1.7 10 9. 10* 3.107
TC = TOTAL SOLID MASS COLLECTED = Ml + M) + Md = 49 4219 ic . 85.9%
TICI = TOTAL SOLID MASS REMOVED = M0 + Mé = 57 526.0 ficr
NOTES: 1) Vacuum cleaner without cartridge, Flow rate: 350 {/min
2) M1: 34 106 g in hoppee, IS 022 g ia basin
3) Suction by hood ruaning bebind cuting head
4) Kerf depth: 17 mm
LKERF WIDTH TTOP: [aorrom:

NS = NOT SIGNIFICATIVE

EXPERIMENT N* 16 (KERFING) DATE: 05/06/1992
PLACE: UNDERWATER TOOL: WATER JET
MATERIAL NATURE: COPPER WATER DEPTH: 180 mm
AIR YVOLUME OF BASIN: 0.27 m’
EE WATER VOLUME OF BASIN: 0.85 m* + 0.5 m*
THICKNESS: 20 mm N
CUT LENGTH: 21 252 mm VENTILATION FLOW RATE: 24 m’h
WATER PRESSURE: 3000 bar ABRASIVE NATURE: GARNET
WATER FLOW RATE: 1.63 ¢/min ABRASIVE FLOW RATE: 2.05 g/s
TOOL
OPERATION ABRASIVE WATER FOCUSING NOZZLE OPERATION
MODE
AND mnshsd:ud M6 mnrzud M7 a:ﬁoss M'S Cg’l;régc TIME
POSITION ! / m - i
® (g/m) ® ®/m) ® ®/m) (mmimin) (min)
AUTOMATIC
GRAVITY 36 210 1704 480 000 22 586 0.022 0.0010 70 o
SECONDARY EMISSIONS
MATERIAL WEIGHT (G) SEDIMENTED DROSS EXHAUST WATER SUSPENDED PARTICLES
Before Re::ved M'0 Ml ML MITC M2 M2 M2mM7 M3 M3 M3rtc
after ©® (g/m) ® @/m) (%) ® (3/m) (%) ® ®/m) (%)
16594 36 200 | 993 2 s 2
14093 2501 17 118 1 \ 1 565. 7. 0.33 6.3 12,5 0.7
AEROSOLS
FILTER | SAMPLED | SAMPLED | ) /0 co CI NET M4 M4 Marre
mm MASS VYOLUME (mg/m’) background (mg/a’) @) Im) %)
(mg) (') (mg/m’) g/m aerosol mass ® ¢
@ 47 NS
o 130 NS
Integral .
2 160 1.1 107.8 0.010 0.010 2.10* 2.2 10* 1.10¢ 6.10"
TC = TOTAL SOLID MASS COLLECTED = M1 + M3 + M4 = 36 384.3 TC_. 9%
TIC1 = TOTAL SOLID MASS REMOVED = MO + M6 = 38711 Tic1
NOTES: 1) Vacuum cleaner without cactridge, Flow rate: 350 ¢/min
2) M1: 23 146 g in hopper, 12 972 g in basin
3) Suction by hood running behind cutting head
4) Kerf depth: 17 mm
[fmur WIDTH TOP: BOTTOM: ]

NS = NOT SIGNIFICATIVE







ANNEX 2

Chemical analysis of the waste






RéE. Exp. n° 1 Exp. n° 6/7 Exp. n° 2 Exp. n° 10
Microgrammes totaux | Microgrammes totaux | Microgrammes totaux Microgrammes totaux
N° Cu Fe Mg Cu Fe Mg Cu Fe Mg Cu Fe Mg
0 <1 65 80 7 700 930 110 980 870 73 800 800
1 <1 65 80 7 820 770 60 865 910 38 700 700
2 <1 60 80 6 590 820 43 900 1020 25 900 1200
3 <1 60 80 7 625 900 41 860 960 15 900 900
4 <1 65 80 ) 700 950 35 980 860 34 800 1100
5 <1 75 100 7 740 830 24 750 960 23 800 1000
6 <1 65 80 6 610 875 20 680 930 11 900 1200
7 <1 60 75 7 660 880 15 720 1070 11 800 1100
Fin <1 70 80 7 660 900 14 670 930 3 800 1100
Blanc <1 10 10 6 650 850 6 650 850 6 650 850
RS Exp. n° 8 Exp.n° 3 Exp. Filtres diametre 160 mm
Microgrammes totaux Microgrammes totaux milligrammes totaux
N° Ct Fe Mg Ni Cr Fe Mg Ni N¢ Cr Cu Fe Mg Ni
0 450 5800 1500 230 | < 10 100 70 <10
1 240 3400 1250 110 j <10 95 60 <10 1 0.01 0.17 6.0
2 170 2600 1100 70 | < 10 87 70 <10 5 443 73.3 202
3 160 2200 700 33 [ <10 84 60 < 10| 6/7 0.21 0.98 9.4
4 90 1700 1050 40 | <10 96 7 <10} 2 6.2 285 11.1
5 45 1100 970 45 | <10 90 80 < 10 8 6.50 0.001 164 17.1 3.6
6 20 730 920 25 | <10 60 80 <10| 3 037 0.11 19.7 10.3 0.3
7 18 660 880 26 | <10 SO 80 <10} 9 3.05 14.3 9.2
Fin 17 710 540 50 | <10 50 80 < 10 10 24 10.1 11.0
Blanc} 17 540 730 16 | <10 8 6 < 10 { Blanc | 0.015 <0.001 0.15 6.1 < 0.01
Référence Cu Fe Mg Unité
Eau propre 26 <S5 4.4 Microgrammes/litres
Exp.n° 1
(520 mi)
Surnageant 430 <5 5.8 Microgrammes/litres
Dépot 25 77 10 Milligrammes
Exp. n® 6/7
(520 m)
Surnageant 500 <5 4.8 Microgrammes/litres
Dépdt 8.2 21 3.1 Milligrammes
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CENTRE D’ETUDES DE SACLAY

.C.C./D.P.E. D.C.C./DPE.
PEA/SAL Saclay, le 3 novembre 1992 SPEA/SAILS . . R.A. 92-142
alyses Physico-Chimiques Laboratoire d’Analyses Physico-Chimiques
Analyse de filtres diametre 80 mm

R.A. 92-142 Sérle 15 Cu Fe Mg

filtre Q 1,15 1,12 1,55

Analyse de filtres diamétre 80 mm filtre 1 1,37 1,92 1,62

filtre 2 1,87 2,05 2,00

Série 11 Cu Fe Mg filtre 3 2,80 ) 2,42 2,55

filtre 4 3,15 2,67 3,05

filtre 0 1,06 0,60 1,25 filtre 5 1,70 1,42 2,02

filtre 1 1,32 0,60 1,22 filtre 6 1,00 1,47 1,50

filtre 2 1,52 0,77 1,37 filtre 7 0,70 0,62 1,30

filtre 3 2,06 0,80 1,63 F millipore 1,62 2,42 2,50

filtre 4 2,49 1,30 1,50 F pall 0,92 11,4 233
filtre 5 2,22 1,12 1,45
filtre 6 2,05 1,62 1,49

filtre 7 1,80 1,12 1,27 Série 16 Cu Fe Mg
11 F millipore 1,85 1,77 1,97

11 F pall 5,35 8,37 16,8 filtre 0 1,40 0,98 1,20

filtre 1 1,50 0,92 1,30

filtre 2 2,40 1,50 1,52

Série 13 Cu Fe Mg filtre 3 4,00 1,87 1,92

filtre 4 5,70 2,45 2,57

Filtre 0 1,12 0,60 1,12 filtre 5 387 1,90 1,97

filtre 1 1,30 0,60 1,47 filtre 6 2,40 1,40 1,70

filtre 2 1,32 1,02 1,60 filtre 7 1,45 0,95 1,37
filtre 3 1,55 1,07 1,62

filtre 4 147 1,55 1,70 F millipore 2,70 1,87 3,25

filtre 5 1,32 1,22 1,87 F pall 0,85 9,38 253
filtre 6 1,40 1,72 1,87

filtre 7 1,12 2,17 1,77 Analyse de filtres diametre 160 mm

F millipore 2,05 3,00 3,30

F pall 0,82 12,5 31,3 Référence Cu Fe Mg

BDF pall 445 10,2 23,9

Série 14 Cu Fe Mg BDF millipore 3,90 12,4 9,50

BDF nuit pall 14,9 479 324

filtre 0 0,65 1,45 0,95 BDF nuit millipore 5,00 10,5 7,20

filtre 1 0,55 0,75 0,75 11 pall 4,80 10,2 32,9

filtre 2 0,60 0,87 1,22 11 mitlipore 364 20,3 17,9

filtre 3 0,70 1,10 1,42 12 rall 5,40 18,5 353

filtre 4 1,00 2,02 2,90 12 millipore 7,95 10,9 12,4

filtre 5 092 1,60 1,90 13 rall 4,45 9,90 21,5

filtre 6 0,75 1,62 2,02 13 millipore 15,9 15,6 17,0

filtre 7 0,80 1,52 2,05 14 rall 3,40 10,5 258

14 millipore 9,40 20,7 25,1

F millipore 1,00 3,00 4,25 15 pall 4,50 9,0 26,6

F pall 1,22 10,9 273 1S millipore 20,9 19,9 19,0

16 rall 7,50 11,8 34,2

16 millipore 41,6 31,3 23,7

filtre blanc pall 1,80 114 40,0

filtre blanc millipore 1,90 2,70 2,60



€8

D.CC./D.PE.
pee/ DS‘E s RA. 92.142 SPEA/SALS o CR.N°92-142
Laboratoire d'Analyses Physico-Chimiques Labor ra toire d'Analyses Physico-Chimiques
Analyse de filtres diametre 47 mm Analyse de solutions de découpe et de dépdts.
Référence Cuivre Fer Référence Cu Fe Mg
mouyvement propre 1,10 24,2 Solution sg/l ug/l rg/t
bruit de fond nuit 11,0 66,0 1 ( ?75 ml) gg{s) < 3250 gggg
: 13 (S0 mi 1
filre 11 422 1 14 (475 835 <20 6720
filtre 13 350 24.6 15 (475 mi 600 <20 6480
filtre 14 2:12 27:2 16 (525 m! 815 <20 6560
f W
iltre 1 ) d
(Pour mémoire:) Dépot mg mg mg
blanc filtre 0,92 21,6 1 203 44,9 7,60
13 320 130 20,2
14 16,9 41,4 6,80
15 25,4 55,1 9,00
Analyse de (iltres diamatre 130 mm 16 178 25,6 4,10
Référence Cuivre Fer Ecarl-type relatif sur les mesures: 2 %
mouvement propre 1,37 5,62
bruit de fond nuit 35,4 85,2
filtre 11 16,0 9,65
filtre 12 2,40 6,12
fittre 13 3,18 5,07
filtre 14 1,95 5,37
filtre 15 3,33 587 .
filtre 16 6,21 8,07 - é/t
/’,/ 7 ./'/1/.
Les résultats sont exprimés en microgrammes recueillis sur le filtre, (/

Limites de confiance (p=0,95): 0,3 microgramme. C. BLAIN

Responsable du laboratoire



Laboratoire d’ Analyses Physico-Chimiques

F.AR, le 18 décembre 1992

R.A. N°92-010

Analyse de poudres tamisées

Référence

WLy BN e

2> €£>» £» E> E>

then P

Qu %

12,2
11,0

6,7
S,

2,
5
0,0
0,1

NO

~1\0

?

0
0,

88

Cuivre non dosable dans les échantillons 6 et 7. Présence d'un résidu insoluble
(proportion >30 %) dans les échantillons 4 W, 5, 6 et 7.

C.BLAIN

Responsable du Laboratoire
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ANNEX 3

Aerosol size distribution






Figure 10 - Aerosol size distriibution based on chemical analysis for Fe
Experiment n°® 16 per underwater kerfing, e = 20 mm, hood running after cutting head,
abrasive flow rate = 2.0S g/s)

_ dM/M.dlogD DA.M.M.= 1.B61 mic
E.T.= 3.0
M.TOTALE = 007589 =mg

+ ESSAI No 16

+
— et S t - t ettt
.1 1 10 D imc)
Figure 11 - Aerosol size distribution based on chemical analysis for Mg
Exp n® 11 ¢ underwater kerfing, e = 20 mm}
- dM/M.dlogD
-+ M.TOTALE = .007303 mg
T ESSAI No 118
+
I ] ] it il 1 L L 1 |l| L 1 bl t [ S T U B I |
T 1] L i 1 LS L 1 T 1 T LR v LI T T LR R IR

.1 1 10 D (mic)
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Figure 8 - Aerosol size distnbution based on chemical analysis for Fe
Experiment n° 14 (copper underwater kerfing, e = 100 mm)

T dM/M.dlogD
4 M.TOTALE = .008537 mg
T ESSAI No 14
T
] 1 L 1 L A - 1 L L L L 1 E-l— L L I I 1 i LI )
T 1] T L T LIRS iy + i T T 777 L) T 13 Ly L T 1 11
.1 1 10 D (mic)
Figure 9 - Aerosol size distnbution based on chemical analysis for Fe
Experil n® 15 underwater kerfing, e = 20 mm, hood running after cutting head}
- dM/M.dlogD
-+ M.TOTALE = .01128 mg
T ESSAI No 15
)
T
1 i L I !—O—J bt Ll ! H 1 1 L 1 Lt 1 L 1 i 1 ol
L 1 4 . 1 L4 LR 14 L | L3 1 L) LR § 7 T T 1 LANERE B S B |
.1 1 10 0 fmic}
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Figure 6 - Aerosol size distribution based on chemical lysis for Fe
Experiment n® 11 (copper undernwater kerfing, e = 20 mm)

aM/M.dlogD

M.TOTALE = .003612 mg

T ESSAI No 11
- [——
——
-
+
e L I M e e + e S i T e e e } et
1 10 D (mic}

Figure 7 - Aerosol size distributi

Y based on chemi lysis for Fe

n® 13 ¢

underwater kerfing, e = 20 mm. independent hoed at cutting hcad}

T dM/M.d10gD
B M.TOTALE = .009385 mg
T ESSAI N0 13
- it ¢ ¢ e e BRI } e
.1 1 10 D {mic)
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Figure 4 - Aerosol size distribution based on chemical analysis for Cu
Experiment n°® 15 { copper underwater kerfing, e = 20 mm, hood running after cutting head)

. aM/M.dlogD DA.M.M.= 2,06 mic
_[ E.T.= 3.068

-+ M.TOTALE = .,01134 mg
T ESSAI No 15

+

A

Figure 5 - Aerosol size distribution based on chemical analysis for Cu
E i n® 16 ( underwater kerfing, e = 20 mm, hood running after cutting head,
abrasive flow rate = 2.05 g’s}

- aM/M.dlogD DA.M.M.= 1.72 mc

+ E.T.= 2.86%1

+ M.TOTALE = .02135 mg

T ESSAI No 16

+
13 1 1 1 L L U . L 3 L 1 L a Ll L 3 L L L N |
L L} { T s LR T i L T 4 T LR R L} L4 L] ¥ L] T LI

1 1 10 D [mic)
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Figure 2 - Aerosol size distribution based on chemical analysis for Cu
Experiment n® 13 (copper underwater kerfing, e = 20 mm, independent hood at cutting head)

- aM/M.dlog0

-+ M.TOTALE = .00852: mg
T ESSAI No 13
£

l 1 ] L] 1 b L L 1 L U L L 1 1. L i |

L 1] 1 K AL R L Ll T T L LR LA 1] L} T T T T

1 1 10 D émc)
Figure 3 - Aerosol size distribution based on chemical analysis for Cu
E i n° 14 { underwater kerfing, ¢ = 100 mm)

. dM/M.d1logD

+4 M.TOTALE = .003242 mg
T ESSAI No 14
1 1 L L 1 I 0 L L ' L L »—o—lﬁl L L [ ] 1 L i3 1
i 11 L] T ¥ 11 17 L3 H L] L 1 T T LM L} L L L T 13
1 1 10 D (mic)
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Figure 11 - Aerosol size distribution based on chemical analysis for Ni. Experiment n® 8 (steel kerfing in air, e = 20 mm)

2 - dM/M.dlogD DA.M.M.= 5,59 mic
- E.T.= 3.576
£L M.TOTALE = .4852 mg
T ESSAI No B
L -
4 AR
+ !
|
- 1
T ’
L ]
Q U 1 1 (I I N S I 1 3 1 ] f I O () 3 ] ] ] F I S N |
r 1 T 1 L4 T 1 L} T ] L4 ] LU 1 ¥ L3 ) L) L LS
L4 1 10 Dimic)

Figure 1 - Aerosol size distribution based on chemical analysis for Cu
3 n° 11 pper underwater kerfing, ¢ = 20 mm)

(]

2 dM/M.dlogD

M.TOTALE = .01677 mg

T ESSAI No 11

-+ T“'
Q L 4 s [ IR R ! : : l'!llJ N T Y SO S S |
T T T T

T
T T LIRS B S B un S T T LINRE SENE S B Lt B anm ae |

.1 1 10 D imic)
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Figure 9 = Aerosol size distribution based on chemical analysis for Fe. Experiment n® 8 (steel kexfing in air, e = 20 mm)

Figure

- aM/M.dlogD DA.M.M.= 6.25 mc

<4 E.T.= 2.468

+ M_TOTALE = 14.04 mg

< ESSAI No 8

-+

-+ [

e m—— o S i areyyl 1 Il 3. ] g e ) H ] i} I F S T N T |
T 1 Ll 14 Ll Ll ¥ LA M 13 L) T L] Ly ¥ L LS T v + 1 ] AL}
4 1 10 D (mc)

10 - Aerosol size distribution based on chemical analysis for Cr. Experiment n° 8 (steel kerfing in air, e = 20 om)

dM/M.dlogD DA.M.M.= 7.16 wmic
E.T.= 2.104
M.TOTALE = 1.057 mg

T ESSAI No 8

Il
=

T

. 1 L T NN WY SN N |
T T e

.1 1 10 B fmic!
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Figure 7 ~ Aerosol size distribution based on chemical analysis for Cu. Experimeat n® 2 {(copper cutting in air, e = 10 mm)

T dM/M.dlogD DA.M.M.= 4.93 mic
-;_ E.T.= 3.005
+ M.TOTALE = .308 mg
.{. ESSAI Mo 2
4
1
L S
!
+
t
+
“
'
+ -
H -1
L
]
4 ]
+ N
+ 1
L:._—_?:‘—__—._.—: -‘_.-T_—i 1 (] L J Al t I L L L L L LA L L L L L L L L1
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Figure 8 — Aerosol size distribution based on chemical analysis for Fe. Experiment n® 3 (steel cutting in air, e = 10 mm)

—_ dM/M.dlogD DA.M.M.= 2.6 mic
o+ E.T.= 3.214
- M.TOTALE = .6401 mg
T ESSAI No 3
4
=+
1 1
—— b 1 ] l i 1l 1 L 1 1 L L i 1 LI L ] L 1 1 1 L L1t
T L L] T b LR L T T 1 1 14 L g 1 T ¥ L L v L
1 1 10 D (mic}
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Figure 5 - Aerosol size distribution in mass for experiment n® 9 (copper cutting in air, ¢ = 10 mm,

_ dM/M.dlogD

abrasive flow rate = 3.4 g/s)

DAM.M.= 3.34 nmic

E.T.= 3.05

M.TOTALE = 6.96 ng

ESSAI No 39

Figure 6 ~ Aerosol size distribution in mass for experiment n® 10 (copper cutting in air, e = 10 am,

- dM/M.dlogD

abrasive flow rate = 1.8 g/s)

D {mic}

——
4 M.TOTALE = 7.48 mg
T ESSAI No 40
L
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4 [____ -
] —1
- o ——
T i
- T 7
+ e bt } et =it : } ———
] 1 10 D tmic}
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Figure 3 - Aerosol size distribution in mass for experiment n® 5 (copper kerfing in air, e = 20 mm)

DA.M.M.= 6£.31 nic
E.T.= 2.358

M.TOTALE = 33.87 mg
ESSAI No S
S
r——-

1 3 R
T | T T ftt

A 1 i0 D (mic)

dM/M.d1ogD

Figure 4 - Aerosol size distribution in mas for experiment n° 8 (steel kerfing in air, e = 20 zm)

— dM/M.dlogD DA.M.M.= §.25 mic
-+ E.T.= 2.362
-+ M.TOTALE » 53.53 mg
T ESSAI No 8
-
ﬁh—
4
—
4 i 1 i ) 1 1 1 L L 1 o | L 13 L 1 13 1.t
{ 1 13 i 1 T LA Bl T 4 e 19 L L L 1Y i 13 L1 1 1
b i 10 D (mic)
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Figure | - Acrosol size distribution in mass for experiment n® 2 (copper cutting in air, o = 10 mm)

2 - dM/M.dlogD DA.M.M.= 4.02 mic
-~ E.T.= 2.866
4 M.TOTALE = 8.77 mg
T ESSAI No 2.
i 4
-t
-
0 - e e S i e o { t e a2 t L S R 2 e
i 1 10 D (mic)

Figure 2 ~ Aerosol size distribution in mass for experiment n® 3 (steel cutting in air, e = 10 mm)

2 - dM/M.dlogD DA.M.M.» 3,92 wmic
+ E.T.= 2.954
4 M.TOTALE = 6.5¢ mg
T ESSAI No 3
1 4
- r—'_
¢ } ilflli%%' } t =4 } t —t—+——
1 i {0 D (mic)
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Figure 12 - Aeroscl size distribution based on chemical analysis for Cu. Experiment n® 10 (copper cutting in air, e = 10 mm,
abrasive flow rate = 1.8 g/s)

2 T dM/M.dlogD
+ M.TOTALE = .1822 mg
T ESSAI No 10,
-t
P4
-t
0 1 -l 1 L L L 11 J L I3 L H 1 L1 1 i H 1 h I N W |
I3 13 L 1 L) L] LR . 1 L \ I 1 1 L I ) T 1 1 T T v i
.1 1 10 D(mic)
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ANNEX 4

Data of cyclone
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Caractéristiques techniques
Technical characteristics
Technische Daten

Puissance

Courant

Débit

Dépression

Dimensions de particules
Densité de particules
Efficacité du cyciéne

Poids total

Power

Current

Flow

Under pressure
Particle sizes
Density of particles
Efficiency of cycione

Total weight

Leistung
AnschiuB
Fordermenge
Saugdruck
Partikel: GroBe
Dichte
Abscherdungswirkungsgrad

Gesamtgewicht

:2CV
1 220 V ou 380 V alternatif - 50 périodes
: 400 i/min (7 m tuyau d’aspiration)
: 0,5 kg/em?

: 40 a 5000 £ m

: 1.5 a 20 kp/em’®

: 95-98%

1 100 kg.

:2H.P.

1 220 V or 380 V, 50 ph.

+ 400 Vmin (7 m suction hose)
: 0.5 Kg/em?

: 40 - 5000 & m

11,5 - 20 gm/em?

: 95 -98%

: approx. 100 kg.

:2PS

1 220 V oder 380 V, 50 Hz

: 400 ¥min (7 m Ansaugleitung)
: 0,5 kp/em?

: 40 : 5000C” m

: 15 : 20 kg/dm®

: 95 - 98%

: za. 100 kp

101

100 200 300 400 500 600 700 800

ASPIRATEUR SOUS EAU
UNDERWATER -VACUUMCLEANER
UNTERWASSER - ABSAUGGERAT

L/min.

Construction entierement en acier inoxydabile
All stainless steel structure
Saurebestindige Stahikonstruktion
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The objective of the project was to adapt and qualify the commercial
abrasive water-jet cutting technique for application in nuclear decommis-
sioning.

The cutting has to be remote controlled. Therefore, methods are required to
control the state of the wear of the cutting tool as well as the cutting result.

Experiments have shown that sound analysis is not a sufficient method to
check the cutting result (cutting through or kerfing only). But in the case of
kerfing the reflected jet can be detected by a deflector plate and an adapted
accelerometer. Abrasive water-jet cutting produces a small amount of
aerosols, especially when cutting under water.

It was shown that using optimized cutting parameters to minimize the
consumption of water and abrasives and separating the waste from the
water by using a cyclone can considerably reduce the secondary waste
generation. More investigation should be done to recycle the separated
abrasives. First tests indicate that a recycling of 80 to 90% of the abrasives
may be attainable.
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