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Abstract: As part of its institutional skills, the INAIL (National Institute for Insurance against
Accidents at Work) promotes and carries out activities aimed at preventing the risks to which workers
may be subjected to in different work scenarios, in this case, in collaboration with Livanova and
WOW Technology S.p.A. (Wonderful Water Technology, Monselice, PD, Italy). An open problem
at the Livanova plant, located in Saluggia (VC, Italy), is the decontamination of many concrete
structures. Precisely because of its radioactive content, simple mechanical removal wasn’t possible
for the high production of the contaminated dust, which may endanger the health of workers. The
solution adopted was to insert decontaminant liquids into the concrete structures and, after a period
of soaking, treating these liquids with an evaporative machine that is able to separate contaminants.
The combination of these systems proved to be suitable for this experimental decontamination activity.
As a result, this activity has shown a certain efficiency in removing radioactivity from the walls of
the structures, ensuring the safety of the workers involved during the operations and reducing the
potential risk of exposure in comparison to mechanical removal.

Keywords: decontamination; evaporation; liquid; surface; WOW Technology; radioactive

1. Introduction

One of the most studied problems in nuclear decommissioning is the decontamination
of concrete structures containing radioisotopes, and this problem occurred on a repository
located on Saluggia (VC), in Italy, operated by the company Livanova. The experimental
activity carried out consisted of the decontamination of the concrete walls of 38 holes,
in which there were stored, for many decades, a number of radioactive sources (actually
removed) used for various purposes (ex. production of radiopharmaceuticals). For the
high dose rates due to radioactivity present in these structures, to avoid contamination
risks to operators and to keep the site in a safe state, it was decided that the use of classic,
mechanical methods was not possible. This is due to the generation of contaminated dust
able to remain in suspension in the air, spreading everywhere, and in this way, increasing
the exposure risks for both external and internal contamination.

From the beginning, various strategies and techniques developed over the years (a
review of them can be found in [1]) have been taken into account for this activity, [2,3],
including biological decontamination [4], chemical treatments (such as selective absorption
and other) [5,6], and thermal technologies [7].

There were also some new experimental technologies considered: exploiting sub-
stances called PBAs (Prussian Blue Analogues) for the strong adsorption of Cs+ ions
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(highly present in this activity), the use of magnetic nanoparticles (that could also be PBAs)
coated with cationic polymers [8–10], or also, the use of electrokinetic decontamination
systems [11], but their TRLs were too low for this industrial operational context.

Finally, the experimental decontamination process chosen takes advantage of various
fluids (mainly water) that have a certain radionuclide extraction capacity [12,13]. They
will be treated with an evaporative machine (called the WOW machine), which minimizes
the final radioactive waste and turns it back into solid form. The idea for this “wet”
decontamination is to work under the water head to contain contaminated dust, reducing
risks for operators.

The aim of this experimental activity is the development of specific guidelines contain-
ing safety procedures addressed to operators of plants, taking into account recommenda-
tions, regulations, and laws [14–16].

The results relating to the risk of internal contamination of operators and the surround-
ing environment revealed that, thanks to this wet decontamination process, the suspension
in the air of contaminated dust was very low, and this allows for the reduction of exposure
for workers and the improvement of intervention times and decontamination-process
performance. Costs of operations could also be reduced indirectly.

Describing the structures, the holes in question were divided into two groups of
19 elements, and they are located under two different sheds (to distinguish them, holes are
named with letters from A to U and numbers from 1 to 19). The task is of particular interest
because the shafts (whose construction dates back to decades ago) were made in concrete
and not in stainless steel, as they should have been for the temporary storage of radioactive
sources. The Figure 1a,b shows the geometry and the disposition of the holes for one shed.
(The other one is the same.)
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The machine used for liquid treatment was patented by WOW Technology S.p.A., and
the scheme of this pilot plant is shown in Figure 2.

This machine uses an evaporation/distillation process, optimized with fluid dynamics
analysis, to separate the solvent from the solute and the suspended, solid particles.

The evaporation is a single-stage process, with a continuous mass flux (no batch) and
with the maximum concentration control [17–19].

The boiling process inside the device, named WOWPUT-101, takes place at a tempera-
ture of 117 ◦C (±0.5 ◦C) and a pressure of 1.90 (±0.5) bar absolute.
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2. Description of the Work Progress

The experimental activity consisted of 2 basic steps: hole decontamination and liquid-
waste processing. In addition, a final control on the achieved results was performed.

The decontamination objective was the reduction of residual surface contamination
(in Bq/cm2) penetrated into the concrete holes. Radionuclides present were 137Cs (for the
most part), 60Co (revealed in trace amounts), 241Am (revealed in trace amounts), and 90Sr.

Initially, the facility was set up on site to test the evaporating process, and for this, there
was a preliminary hole selection on the basis of chemical and radiological characteristics.

The holes selected for the preliminary tests were identified with ‘L’, ‘R’, and ‘U’.
After these tests, the activity was extended to all the holes.
Radiological characteristics are reported in Table 1.
The initial effective dose rate was measured and calculated [20] only in the internal

cap of the holes because of the high levels of radioactivity, due to the strong contamination.
The decontamination process of concrete began by filling holes with water and/or

diluted decontaminant liquids (saline and/or weakly acid solutions), which were removed
after 24 h, and this was repeated many times to extract the maximum possible amounts of
radioisotopes.

The contaminated water solutions were sent to the machine, and radionuclides were
concentrated using the evaporative WOW process, separating in this way as much 137Cs,
60Co, 241Am, and 90Sr as possible. (This paper is focused principally on 137Cs and/or β
emitters concentration because 241Am concentration was too low.)

The final estimated sludge volume was about 0.1 m3, consisting of water and organic
decontaminating agents. As mentioned before, the entire evaporation process took place at
a temperature of 115–118 ◦C and at a pressure of 1.85–1.95 bar absolute.
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Table 1. Initial β concentration and initial effective dose rate (measured only in the internal cap).

Hole Walls (Bq/cm2) Bottom (Bq/cm2) Hole-Weighted
Average (Bq/cm2)

Effective Dose
Rate (µSv/h)

A 8.32 ± 0.82 1.76 ± 0.17 8.01 ± 0.79 2.5 ± 0.2
B 6.36 ± 0.64 0.61 ± 0.06 6.09 ± 0.61 0.5 ± 0.1
C 32.94 ± 3.12 94.24 ± 8.92 35.82 ± 3.01 8.5 ± 0.8
D 2.89 ± 0.29 1.15 ± 0.12 2.81 ± 0.28 0.3 ± 0.1
E 100.01 ± 3.01 10.52 ± 0.32 96.34 ± 2.88 300.0 ± 9.1
F 4.53 ± 0.44 2.91 ± 0.28 4.46 ± 0.43 4.0 ± 0.4
G 5.33 ± 0.49 2.90 ± 0.27 5.23 ± 0.48 10.0 ± 0.9
H 116.16 ± 4.963 38.24 ± 1.63 112.97 ± 4.76 82.0 ± 3.5
I 34.38 ± 3.44 2.09 ± 0.21 33.06 ± 3.29 0.6 ± 0.1
L 1250.10 ± 37.55 129.70 ± 3.89 1204.27 ± 35.97 2500.0 ± 75.0
M 1.59 ± 0.14 6.42 ± 0.58 1.79 ± 0.14 15.0 ± 1.4
N 3.34 ± 0.33 4.27 ± 0.43 3.38 ± 0.32 1.0 ± 0.1
O 3.21 ± 0.32 6.73 ± 0.67 3.34 ± 0.31 1.0 ± 0.1
P 3.66 ± 0.37 1.12 ± 0.11 3.56 ± 0.35 0.2 ± 0.1
Q 5.32 ± 0.44 1.52 ± 0.12 5.17 ± 0.42 27.0 ± 2.2
R 81.10 ± 2.43 110.01 ± 3.31 82.28 ± 2.34 154.0 ± 4.6
S 0.80 ± 0.08 6.02 ± 0.61 1.01 ± 0.08 1.0 ± 0.1
T 0.94 ± 0.09 1.61 ± 0.16 0.97 ± 0.09 0.10 ± 0.05
U 1.08 ± 0.11 0.16 ± 0.02 1.04 ± 0.11 0.11 ± 0.06

1 18.80 ± 1.53 36.15 ± 2.95 19.61 ± 1.47 27.0 ± 2.2
2 91.77 ± 5.67 44.18 ± 2.73 89.54 ± 5.41 55.0 ± 3.4
3 0.75 ± 0.08 0.62 ± 0.06 0.74 ± 0.07 1.0 ± 0.1
4 31.54 ± 0.95 168.27 ± 5.05 37.96 ± 0.93 250.0 ± 7.5
5 0.11 ± 0.01 0.85 ± 0.08 0.14 ± 0.01 3.0 ± 0.3
6 0.18 ± 0.02 2.69 ± 0.26 0.28 ± 0.02 0.6 ± 0.1
7 0.27 ± 0.03 1.17 ± 0.12 0.31 ± 0.03 0.3 ± 0.1
8 0.50 ± 0.05 2.13 ± 0.21 0.57 ± 0.05 1.0 ± 0.1
9 0.58 ± 0.06 2.27 ± 0.22 0.65 ± 0.06 2.0 ± 0.2
10 3.53 ± 0.11 56.01 ± 1.68 5.68 ± 0.12 171.0 ± 5.1
11 0.14 ± 0.01 2.52 ± 0.24 0.24 ± 0.02 8.0 ± 0.8
12 0.30 ± 0.03 0.45 ± 0.05 0.31 ± 0.03 0.5 ± 0.1
13 0.24 ± 0.02 1.06 ± 0.11 0.27 ± 0.02 0.2 ± 0.1
14 0.29 ± 0.03 0.55 ± 0.06 0.30 ± 0.03 0.4 ± 0.1
15 16,327.11 ± 489.81 10,556.36 ± 316.69 16,090.93 ± 469.95 10,000.0 ± 300.0
16 325.70 ± 9.77 11.33 ± 0.34 312.84 ± 9.37 128.0 ± 3.8
17 8.70 ± 0.87 0.39 ± 0.04 8.36 ± 0.83 1.5 ± 0.2
18 3.80 ± 0.37 5.73 ± 0.56 3.88 ± 0.36 4.0 ± 0.4
19 6.04 ± 0.60 0.73 ± 0.07 5.82 ± 0.58 0.2 ± 0.1

During the process, radioactive fluids were sampled to verify the decontamination
stages and the cleanliness degree.

Finally, for this experimental activity, there was the cleaning of the machine with
some detergents.

The completion of the work involved a final phase in which the cleaned holes were
coated first with a layer of adhesive primer towards the surfaces and then a second layer of
elastic, waterproof, and mechanically resistant epoxy resin. After that, a final check on the
surface contamination was done in each hole and on the floor and walls of the sheds.

To ensure effectiveness over time, periodic control was planned from the end of the
work (quarterly surveys for a period of one year).

3. Results
3.1. Holes Decontamination Results
3.1.1. Holes Results

The final verification was done through the verification of the residual, removable
surface contamination and the measurement of the external dose in each hole.

After the decontamination process, the effective dose-rate levels were all decreased,
but the superficial activity levels of some holes were too high; for safety reasons, it was
decided to cover the holes with special paints, fixing and decreasing (in this way) the
residual contamination on the surfaces (leaving the effective dose rate unchanged).
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After this operation, in some holes, activity reached levels under the MDA (Minimum
Detectable Activity).

In Table 2 the final results of these operations are shown.

Table 2. Final (after painting) β concentration and final effective dose rate (measured only in the
internal cap).

Hole Walls (Bq/cm2) Bottom (Bq/cm2) Hole-Weighted
Average (Bq/cm2)

Effective Dose
Rate (µSv/h)

A 0.01 ± 0.005 0.04 ± 0.01 0.011 ± 0.001 2.4 ± 0.2
B 0.03 ± 0.01 0.08 ± 0.01 0.032 ± 0.003 0.4 ± 0.1
C <MDA 0.55 ± 0.06 0.026 ± 0.003 4.6 ± 0.5
D 0.09 ± 0.01 0.26 ± 0.03 0.098 ± 0.009 0.5 ± 0.1
E 0.14 ± 0.01 0.30 ± 0.03 0.147 ± 0.004 130.0 ± 3.9
F 0.03 ± 0.01 0.07 ± 0.01 0.032 ± 0.003 2.7 ± 0.3
G 0.05 ± 0.01 1.15 ± 0.12 0.095 ± 0.007 2.2 ± 0.2
H 0.04 ± 0.01 0.15 ± 0.02 0.045 ± 0.003 22.4 ± 1.9
I 0.01 ± 0.005 0.31 ± 0.03 0.022 ± 0.002 0.4 ± 0.1
L 0.04 ± 0.01 0.45 ± 0.05 0.057 ± 0.001 600.0 ± 18.0
M 0.02 ± 0.01 0.21 ± 0.02 0.028 ± 0.002 8.6 ± 0.8
N 0.02 ± 0.01 0.23 ± 0.02 0.029 ± 0.002 0.7 ± 0.1
O 0.01 ± 0.005 0.11 ± 0.015 0.014 ± 0.001 0.7 ± 0.1
P 0.01 ± 0.005 0.18 ± 0.02 0.017 ± 0.001 0.7 ± 0.1
Q 0.06 ± 0.01 0.08 ± 0.01 0.061 ± 0.005 25.0 ± 2.1
R <MDA 0.20 ± 0.02 0.0008 ± 0.0001 81.0 ± 3.5
S <MDA 0.30 ± 0.03 0.0010 ± 0.0005 0.7 ± 0.1
T <MDA 0.42 ± 0.04 0.017 ± 0.002 0.3 ± 0.1
U <MDA 0.15 ± 0.02 0.006 ± 0.001 0.3 ± 0.1

1 0.02 ± 0.01 0.22 ± 0.02 0.029 ± 0.002 21.0 ± 1.8
2 0.02 ± 0.01 0.28 ± 0.03 0.032 ± 0.002 24.0 ± 2.0
3 0.07 ± 0.01 0.11 ± 0.015 0.072 ± 0.007 1.4 ± 0.1
4 0.34 ± 0.03 0.34 ± 0.03 0.340 ± 0.010 110.0 ± 3.3
5 0.02 ± 0.01 0.06 ± 0.01 0.022 ± 0.002 2.6 ± 0.3
6 0.01 ± 0.005 0.41 ± 0.04 0.026 ± 0.002 0.7 ± 0.1
7 0.04 ± 0.01 0.18 ± 0.02 0.046 ± 0.004 0.4 ± 0.1
8 0.04 ± 0.01 0.02 ± 0.01 0.039 ± 0.004 0.9 ± 0.1
9 0.07 ± 0.01 0.03 ± 0.01 0.068 ± 0.007 3.0 ± 0.3
10 0.06 ± 0.01 2.10 ± 0.21 0.143 ± 0.003 170.0 ± 5.1
11 0.05 ± 0.01 0.50 ± 0.05 0.068 ± 0.005 10.0 ± 0.9
12 0.06 ± 0.01 0.43 ± 0.04 0.075 ± 0.006 1.2 ± 0.1
13 0.05 ± 0.01 1.22 ± 0.12 0.098 ± 0.007 0.4 ± 0.1
14 0.04 ± 0.01 0.40 ± 0.04 0.055 ± 0.004 0.6 ± 0.1
15 12.20 ± 1.22 125.00 ± 12.51 16.815 ± 0.383 1100.0 ± 33.0
16 0.78 ± 0.08 2.67 ± 0.27 0.857 ± 0.023 130.0 ± 3.9
17 0.03 ±0.01 0.37 ± 0.04 0.044 ± 0.003 1.7 ± 0.2
18 0.01 ± 0.005 0.04 ± 0.01 0.011 ± 0.001 2.8 ± 0.3
19 <MDA 0.16 ± 0.02 0.007 ± 0.001 0.4 ± 0.1

In this case, the effective dose rate was measured in the internal cap in order to have a
comparison with the first measurements made.

In Figures 3 and 4 are the dose rates, respectively, before and after the decontamina-
tion process.
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Figure 3. Dose rates before the decontamination.
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Figure 4. Dose rates after the decontamination.

3.1.2. Specific Holes Results

Here, the results of two holes, U and R, which had, at the beginning, distinct levels of
contamination, are evaluated. Preliminary tests were run on hole U, as representative of
the holes with very low contamination.

It showed a high reduction of both the contamination in the resulting liquids between
the first and the second washing (with simple demi water) and the removable surface con-
tamination (walls and bottom of the hole). The results are in the tables below (respectively
Tables 3 and 4).

Table 3. Hole U 137Cs contamination in the resulting solutions between the first and second washing.

Hole U–Waste Water 137Cs (Bq/L)

First Wash 657 ± 61
Second Wash 241 ± 23

Table 4. Hole U removable surface contamination (initial and after decontamination values).

Hole U–Surface
Contamination Walls (Bq/cm2) Bottom (Bq/cm2)

Hole–Weighted
Average (Bq/cm2)

Initial Value 1.08 ± 0.11 0.16 ± 0.02 1.04 ± 0.11
After

Decontaminating <MDA 0.50 ± 0.05 0.02 ± 0.01

When it came to Hole R, as the representative of the intermediate/high contamination,
it was pointed out that the washing cycle was repeated several times with water; the
following table shows the results of the analysis on the waste water after the washing cycles
and the removable surface contamination (data relating to 137Cs).

The trial provided the data in Table 5 and Figure 5; the latter shows the trend of 137Cs
extracted after considering many washes.

Table 5. Hole R removable surface contamination (initial and after decontamination values).

Hole R–Surface
Contamination Walls (Bq/cm2) Bottom (Bq/cm2)

Hole–Weighted
Average (Bq/cm2)

Initial Value 81.10 ± 2.43 110.00 ± 3.30 82.28 ± 2.34
After

Decontaminating 26.30 ± 0.79 157.90 ± 4.74 31.68 ± 0.95

Figure 5 shows a certain downward trend, except for the washing of n◦4. This fact is
related to the soaking time because for every case, it was about 1 day, except for n◦4, which
was about 3 days. The slight descent is due to the fact that there was still an unknown
amount (but rough estimate) of residual activity within the structure. Taking a weighted
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average of the hole contamination, there is an activity reduction, but considering the walls
and the bottom separately, it is possible to notice that the activity concentration in the
bottom increases. This means that there was an important penetration of 137Cs into the
cement that the washing process was able to progressively extract. (This is also shown and
demonstrated by the trend in Figure 5.)
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Figure 5. Concentration of 137Cs in water after washes.

There were many holes with the same problem, and this was another reason to fix the
residual activity on the holes.

The contribution of the effective dose didn’t vary after painting the holes, but surface
contaminations were drastically reduced, as can be seen, for example, in Tables 6 and 7
(that consider the U and R holes).

Table 6. Hole U removable surface contamination (initial and after painting values).

Hole U–Surface
Contamination Walls (Bq/cm2) Bottom (Bq/cm2)

Hole–Weighted
Average (Bq/cm2)

Initial Value 1.08 ± 0.11 0.16 ± 0.02 1.04 ± 0.11
After

Decontaminating <MDA 0.50 ± 0.05 0.02 ± 0.01

After Painting <MDA 0.15 ± 0.02 0.006 ± 0.001

Table 7. Hole R removable surface contamination (initial and after painting values).

Hole R–Surface
Contamination Walls (Bq/cm2) Bottom (Bq/cm2)

Hole–Weighted
Average (Bq/cm2)

Initial Value 81.10 ± 2.43 110.00 ± 3.30 82.28 ± 2.34
After

Decontaminating 26.30 ± 0.79 157.90 ± 4.74 31.68 ± 0.95

After Painting <MDA 0.20 ± 0.02 0.0008 ± 0.0001

3.2. Evaluation of WOW Machine Decontamination Factor

Radioactive liquids from the holes were treated with the WOW machine.
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The liquids were collected in 20 different drums, and every drum was processed by
the machine. The activity concentration was measured both before and after the treatment,
and the decontamination factor (DF) and the decontamination removal efficiency (DE%) of
the machine can be calculated with following formulas [21]:

DF =
Cin
Cout

(1)

DE% = (1− 1
DF

)·100 (2)

Results are shown in Table 8 and Figure 6.

Table 8. Activity concentration in and out of the machine, DF and DE%.

Drum Cin (Bq/L) Cout (Bq/L) DF (-) DE% (-)

1 5430 ± 199 7.50 ± 0.75 724.00 ± 77.13 99.862%
2 34,600 ± 1038 2.00 ± 0.20 17,300.00 ± 1806.17 99.994%
3 68,600 ± 2058 60.40 ± 6.04 1135.76 ± 118.57 99.912%
4 11,900 ± 357 69.70 ± 6.96 170.73 ± 17.81 99.414%
5 43,300 ± 1299 78.80 ± 7.86 549.49 ± 57.25 99.818%
6 6540 ± 196 80.70 ± 8.05 81.04 ± 8.44 98.766%
7 84,700 ± 2541 24.90 ± 2.49 3401.61 ± 355.14 99.971%
8 197,011 ± 5910 45.20 ± 4.52 4358.66 ± 455.06 99.977%
9 106,000 ± 3180 15.20 ± 1.52 6973.68 ± 728.07 99.986%

10 279,000 ± 8370 295.00 ± 28.68 945.76 ± 96.23 99.894%
11 70,200 ± 2106 17.00 ± 1.70 4129.41 ± 431.12 99.976%
12 171,000 ± 5130 21.00 ± 2.10 8142.86 ± 850.14 99.988%
13 6210 ± 186 9.60 ± 0.96 646.88 ± 67.54 99.845%
14 32,300 ± 969 16.20 ± 1.62 1993.83 ± 208.16 99.950%
15 5520 ± 197 20.70 ± 2.07 266.67 ± 28.31 99.625%
16 33,900 ± 1017 8.40 ± 0.84 4035.71 ± 421.34 99.975%
17 160,047 ± 4801 17.00 ± 1.70 9414.53 ± 982.91 99.989%
18 81,300 ± 2439 37.80 ± 3.78 2150.79 ± 224.55 99.954%
19 7750 ± 233 16.60 ± 1.66 466.87 ± 48.74 99.786%
20 4430 ± 215 69.90 ± 6.98 63.38 ± 7.04 98.422%
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4. Discussion

With regards to the overall safety of the plant, one problem that arose was the entrain-
ment of solid elements (mainly sand and mud) derived from the cleaning of the cement and
the precipitation of solid particles as a chemical reaction between the elements contained in
the contaminated structures and the decontaminant used.

These elements could induce the formation of deposits inside the pipes, causing
dangerous, localized overheating and creating overall instability in the system.

The first solution to prevent this problem was the use of a filtering system located on
the machine inlet.

The sediments, suspended solid fractions, and any biological presence or other forms
present (>90 µm) were blocked by a metal, mesh cartridge filter (AISI316L) of adequate size
to predict, andalso, to contain the residual sludge on the bottom of the input tanks., (In this
case, the cartridge dimensions were ø 70 mm × 200 mm.)

This filtration system, placed upstream of the machine, protects even the peristaltic
lung of the inlet pump (P-101) from premature deterioration, due to the mechanical actions
of sand and the like (which cause abrasions), and reduces the amounts of deposits inside
the boiler and in the exchanger (E-101), which is the most sensitive component in the
formation of encrustations.

In the last component, the heat was transferred from the steam exiting the boiler to
the incoming liquid through the shell/tube bundle system.

The tube bundle was subjected to a thermal gradient (∆T = 70 ÷ 90 ◦C), and in
this situation, carbonates and silicates could precipitate at certain temperature and pH
conditions [22,23], adhering to the hot tubes surface and decreasing the internal diameter.

The solution developed in order to avoid this situation of tube bundle occlusion was a
cleaning cycle performed routinely, using a mixture of carboxylic acid and co-formulants
(whose name is Zero Pi Universal Degreaser and whose IP is of WOW Nuclear).

The solution characteristics are shown in the Table 9.

Table 9. Solution characteristics.

Mixture pH (-) Range of
Concentration (v/v,%)

Operating
Temperature (◦C)

Carboxilide Acid and
Zero Pi Universal

Degreaser
2.4 6–100 20–115

The decontaminant agent also contained surfactants and a weak natural solvent.
This mixture was circulated at a concentration of 100% v/v in a closed loop at room

temperature for heat exchangers (by closing valves HV-107 and opening valve HV-111,
shown in Figure 7a), while it circulated at a maximum temperature of 115 ◦C for the boiler’s
inner part (shown in Figure 7b) at a concentration of 6% v/v in regular functioning mode.

The closed-loop mode described uses the pump and the piping of the existing system,
and the process duration is based, by experience, on the type and quantity of radioactivity
accumulated on the internal walls of the machine during the decontamination service.

The control of the accumulation of encrustations is guaranteed by a pressure sensor
located downstream of the exchanger, which detects the small difference in pressure caused
by the narrowing of the tube-bundle internal diameter.

This pressure switch signals to the control system the problem, which is solved with
extraordinary maintenance.

The system was designed and built with the logic of oversizing and management of
all possible countermeasures for any type of failure, and this was in order to increase the
machine safety by protecting it from corrosion, overpressure, overheating, and extreme
mechanical stress.
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Figure 7. In the heat exchanger (a), the concentration of decontaminant is 100% v/v at room tempera-
ture (20 ◦C). The valve HV-107 is closed and HV-111 is opened. In the boiler (b), the concentration of
the decontaminant is 6% v/v at 115 ◦C.

The detection system of malfunctions, abnormal temperatures, and pressures used had a
certain tolerance set a priori to include the ripple of these last two parameters— that is, around
5% of the values that are present due to the linearity of the controlled feedback system.

There were suggested improvements that would prevent the stop of the device.
One of the enhancements suggested was a temperature monitoring system (consisting

of thermal imaging cameras or thermocouples) installed in specific points of the system
which, through a network of sensors, reliably makes the measured parameters available in
addition to existing temperature sensors.

The solution that involved the installation of thermal imaging cameras was preferred
over that with thermocouples, as it allowed us to observe the trend of temperatures over
the entire extension of the pipes and localized variations [24].

Thermographic investigations allowed both the continuous inspection of the pipes
and the identification of the precise position of the possible obstruction that was going to
be in the formation (the problematic area, i.e., the obstructed one, will appear clearly on the
infrared image produced by the instrument) during the operation of the system.

This enabled a scheduled shutdown of the system and the replacement of the defective
component or the activation of countermeasures, such as the isolation of the interested part
through existing valves and circulation of an appropriate decontaminant liquid in a closed
loop to remove encrustations.

From a practical point of view, the thermal imaging cameras must be a few meters
away from the pipeline to be monitored, in order to allow, during operation, the fixed
measurement of the temperature along the entire extension of the pipeline.

In addition, the possibility of intervention could be needed to add specific safety de-
vices, with the purpose of assisting the decision of a preventive shutdown of the equipment
when a critical fluid temperature threshold is reached, in order to activate extraordinary
maintenance, improve the sensitivity of the machine, report the correct functioning of the
system, and prevent damage of pipes caused by unexpected lack of circulation.

Despite the decontamination and subsequent painting of the holes, it is noted that, after
the treatment, the concentration of activity on the bottom was higher than the concentration
of activity on the walls, in most cases.
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A possible explanation is that, during soaking, part of the contamination settled on
the bottom, and at this point, was affected both by the solvent extraction from the bottom
and by contamination extracted from the walls and consequently precipitated.

To avoid the possibility of this happening in future works, an automated system that
uses a metal disc placed on the bottom to collect the contamination can be provided, thus
proceeding with the decontamination of the walls. (For the bottom, it is not a problem,
since when fixing contamination through paints, the contribution of the activity was
drastically reduced.)

At the end of the processes, taking into consideration the initial activity concentration
of 137Cs, which enters the machine for the treatment, and the volume of liquid waste in the
drums, the activity removed from the holes was calculated (Table 10).

Table 10. 137Cs activity removed from the holes.

Drum Cin (Bq/L) V(l) A (Bq)

1 5430 ± 199 104 564,720 ± 20,696
2 34,600 ± 1038 91 3,148,600 ± 94,458
3 68,600 ± 2058 97 6,654,200 ± 199,626
4 11,900 ± 357 115 1,368,500 ± 41,055
5 43,300 ± 1299 85 3,680,500 ± 110,415
6 6540 ± 196 120 784,800 ± 23,520
7 84,700 ± 2541 65 5,505,500 ± 165,165
8 197,011 ± 5910 109 21,473,000 ± 644,190
9 106,000 ± 3180 105 11,130,000 ± 333,900

10 279,000 ± 8370 35 4,865,000 ± 292,950
11 70,200 ± 2106 95 6,669,000 ± 200,070
12 171,000 ± 5130 115 19,665,000 ± 589 950
13 6210 ± 186 85 527,850 ± 15,810
14 32,300 ± 969 97 3,133,100 ± 93,993
15 5520 ± 197 104 574,080 ± 20,488
16 33,900 ± 1017 104 3,525,600 ± 105,768
17 160,047 ± 4801 90 14,400,000 ± 432,090
18 81,300 ± 2439 140 11,382,000 ± 341,460
19 7750 ± 233 90 697,500 ± 20,970
20 4430 ± 215 90 398,700 ± 19,350

TOTAL - 1936 120,147,650 ± 1,189,988

5. Conclusions

In conclusion, it can be said that the experimental work has proved that the method
applied is consistent, especially with regards to the safety aspects for the operators; even in
the presence of contaminants to a greater extent than expected, the resulting doses are in
line with the initial dose assessment.

In particular, the data available allows us to give positive feedback on some of the
initial project goals, which are the containment of doses for the personnel assigned to
decontamination, due to the effectiveness of the water shielding (working under the water
head considerably reduces the doses to the operators because of the radiation self-shielding
of the solutions), the reduction of external contamination by dust (measured through
hand–foot checks on operators), and the reduction of the risk of internal contamination
(measured through environmental sampling of the air and measurements on excreta).

The measurement plan was found to be robust and effective, particularly for the consistency
between the total β determinations and the 137Cs values measured in gamma spectrometry.

After water decontamination, it is possible to affirm that cleaning by washing has
proved to be much more effective than mechanical dry removal: the measured activity
in the washing water (that is, the quantity of radionuclides extracted from the cement
surface) is much higher than those removed by the rub test; the use of water and/or acids
further increases the extraction capacity, even with respect to brushing. (Use and efficiency
evaluation of different decontaminants will be the next research work.)
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The total activity removed was about 120 MBq. However, a rough estimate that
considers both the uniformity of the distribution of the source and an average depth of
penetration into the surface about 2 cm suggests that the contamination removed is about
four-fifths of the total contained in the structures.

Despite the high effectiveness of the process and the machine, it was not possible to
achieve the total elimination of residual contamination from these adsorbent surfaces, and
this was due to the high values of contaminants present inside the holes; however, this
level is considered enough for the safety of the workers.

The arrival point is understood as a very favorable condition for the final safety of the
site, fixing the residual contamination to quite a considerably lower level.

Although the decontamination of the holes has not eliminated all of the activity
concentration, the contaminated water treated by the WOW machine is instead, almost
completely cleaned (and in a large part, releasable, according to the rules established by
Italian laws [16]).

In fact, considering the decontamination factor and the decontamination removal
efficiency of this machine, thanks to the evaporative process, it was possible to eliminate
most of the contamination from the liquid used in the holes.

In conclusion, the last consideration is that the volume of waste was minimized after
the treatment with the machine. The initial volume of liquid waste was about 1936 L, and
after the treatment with the machine, the liquid waste that remained was about 90 L. The
residual volume reduction factor, which is the ratio between the initial and final volumes,
suggests that the initial volume was reduced about 22 times at the end of the process.
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