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Abstract: The control of major hazards involving dangerous substances in the chemical and process
industry requires verifying equipment ageing according to the current legislation. This means to
monitor its real conditions regarding degradation mechanisms and forecast their evolution over time.
A system, named Virtual Sensor, supports this activity that is usually conducted during on-field
inspections (safety walks). It is designed to collect ageing-related information, process data through
some models, and produce prognostic estimates regarding the corrosion rate, the probability of the
critical pit, the corrosion evolution on the equipment surface, and the residual lifetime, visualising the
results in Augmented Reality (AR). An atmospheric storage tank of diesel oil was chosen as the case
study; its 3D model was realised, and a miniature model was reproduced in the laboratory. Through
the Virtual Sensor, data of past inspections were acquired. The application successfully managed and
elaborated these data, showing the outputs in AR during a safety walk.

Keywords: ageing; major hazard establishment; inspector; corrosion; failure probability

1. Introduction

The process and chemical industry is strongly influenced by the competitive context
and by the global orientations pointing towards an ecological transition. This also imposes
many constraints that have as their objective the safety and protection of the environment,
particularly for industries with major accident hazards. Industry 4.0 technologies provide
useful support for achieving maximum efficiency and production through the minimum
use of resources [1,2] or an effective use of resources in order to obtain maximum production
both in the manufacturing sector and in the chemical and process industry. In addition,
these technologies have significant potential for creating sustainable value across the
economic, environmental, and social dimensions of sustainability by improving resource
efficiency [3,4]. IoT, CPS, augmented and virtual reality, blockchain technology, machine
learning (ML), artificial intelligence (Al), big data analytics, and digital twin can all be
considered key enabling technologies [5].

Focusing on major accident hazard establishments, where processes involve dan-
gerous substances, their management is crucial, especially in preventing the release of
hazardous substances, which are always the initiating cause of accidental sequences. Indus-
try 4.0 systems can monitor processes and create a so-called “digital twin” [1] that helps
to establish real-time communication, intelligent decision making, and human-machine
interaction in manufacturing organisations. The Seveso legislation controls major accident
hazards and [6] also requires the establishment operators to verify the ageing status of
critical equipment. This does not mean carrying out a simple check on the equipment age;
instead, it is necessary to monitor its real conditions and how these evolve over the years
due to deterioration mechanisms (corrosion, erosion, fatigue, etc.), as well as how they are
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managed [7,8]. Some authors [9] defined numerous factors affecting the ageing state of
critical equipment, which can accelerate or slow down the deterioration; the longevity of
the equipment can be ensured by paying attention to these factors since they can affect
the frequency of failure and, consequently, the residual useful lifetime. The final aim is to
prevent losses of containment and the consequent scenarios (fires, explosions, dispersion
of hazardous substances). The use of sensors during a “safety walk” allows controlling
the actual conditions of the equipment. A safety walk, in this context, is a tour in the
establishment to inspect critical systems, including storage tanks and pipelines, and to
obtain information about their integrity and functionality.

Ageing control must be carried out starting from the individual critical equipment and,
subsequently, going up hierarchically to the entire logical units or to the entire establishment
to also acquire information about the safety management system. The inspector needs to
know the history of the equipment (i.e., information from past inspections) to be aware of
any critical issues encountered and keep them in mind during the safety walk; then, they
will be able to verify the evolution of the situation and take note of these changes for a more
effective and safer management of the system. One of the main problems encountered by
inspectors during a safety walk is the lack of a complete view of the information about the
ageing state of equipment that cannot be captured through a simple visual examination.

For several years, research has been focusing on the creation of technological support
solutions in the sector described above. As an example, a system was developed by Milazzo
et al. [10] consisting of smart labels for the recognition of equipment, an equipment log
(i.e., management software that keeps track of all events concerning the equipment and
which may have an impact on the ageing), and a few models for the evaluation of some
ageing-related metrics, managed by cloud computing. The tool proposed in this work is
a system called “Virtual Sensor” which represents a much more advanced version of the
system described in [10]. On the one hand, thanks to the aid of Augmented Reality (AR), it
provides the inspector with an overview of the ageing state of the critical equipment during
the safety walk, while, on the other hand, by integrating an advanced model for forecasting
the state of deterioration, it also provides estimates of the progress of the corrosion through
iso-level corrosion maps, as well as the values of corrosion rates, probability of the critical
pit, and RUL at certain times.

The article is structured as follows: Section 2 describes the Virtual Sensor of ageing
with its components; Section 3 introduces the case study used to show how the Virtual
Sensor works; Section 4 illustrates the results obtained from the demonstration of system;
the last section presents some conclusions and future perspectives.

2. The Virtual Sensor of Ageing

The Virtual Sensor of ageing is a support tool for inspectors that, during a safety
walk in major hazard establishments, need to understand the actual ageing level of equip-
ment, visualise information that cannot be captured with a visual inspection and that is
stored in documents, and finally elaborate the metrics evaluating the adequacy of ageing
management. Hence, the tool was designed to collect various information relating to
the phenomenon, process the acquired data, produce prognostic estimates regarding the
corrosion rate, the probability of the critical pit, the evolution of the corrosion on the surface
of the equipment, and the residual lifetime, and finally visualise the results by means of AR.

Figure 1 shows a synthetic diagram of the components of the Virtual Sensor. It consists
of four main elements. The first item is the dataset (input of data) of the system that is
fed through the collection of information about the equipment to be analysed; the second
is the set of the models implemented inside the Virtual Sensor; the third is the software
developed for the management of data and the elaboration of ageing-related parameters;
the fourth concerns the tool for the visualisation of the results in AR by the user during the
safety walk. Each item is described in the subsections below.
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Figure 1. Schematisation of the Virtual Sensor.

2.1. Dataset

The use of the Virtual Sensor is possible when the input data are collected. The
information to be collected are related to the state of deterioration of critical equipment and
its management, which can be summarised in the following sets:

e  Thickness measurements carried out by means of ultrasonic thickness measurement
(UTM) or magnetic flux leakage (MFL) techniques.
Real-time data (e.g., acoustic emissions) coming from the diagnosis of anomalies.
Complete information regarding the management of the ageing state according to the
ageing fishbone model, which was recently adopted by the Italian Competent Authorities
to satisfy the requirements of the Seveso Directive [6] regarding the control and
management of the ageing of critical equipment.

The information must be properly organised and formatted to feed the Virtual Sensor.

2.2. Models

Three models are implemented in the Virtual Sensor to be used to produce estimates
of ageing-relates parameters, as listed below.

e Ageing fishbone model for the assessment of the overall adequacy index (or simply
ageing index).

e  Failure frequency model for the assessment of the frequency of failure due to the equipment
ageing (frequency of release).

e  Probability distribution of pits model based on the extreme value theory for the
assessment of the probability of the critical pit and the combination with the Bayesian
inference for the assessment of the corrosion rate and the residual useful lifetime (RUL).

Finally, a sophisticated spatial interpolation technique of the thickness data is used
to obtain a simplified visualisation of the localised corrosion for the investigated equip-
ment surface.

2.2.1. Ageing Fishbone Model

The overall adequacy index (Iyyerqn1) is assessed after a score is assigned to the 12 factors,
identified to be relevant for equipment ageing, in the sense that they can accelerate or slow
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down the phenomenon [9]. The index is the sum of the average score of accelerating factors
(with a negative sign) and the average score of decelerating factors (with a positive sign).

M
Loverall = Z Wy S, 1)
k=1

where M is number of factors (i.e., 12 [9]), S is the score for the k-th factor, wy is the weight
of the k-th factor (—1/M for accelerating factors and +1/M for decelerating factors).

2.2.2. Failure Frequency Model

The model for the assessment of the frequency of failure is based on the equation
proposed by various scholars [11,12], which discussed in the detail how to weight and judge
the effects of the safety management, i.e., the different measures adopted by the company
to prevent failures. The frequency of failure is modified according to following equation:

X
10g fmod = logfgeneric + Zai : ﬁ/ 2)
i

where f1,04 is the modified frequency of failure, foeric is the generic frequency of failure
from the literature, a; is the weight of factor affecting ageing, and x; is the score assigned to
the factor according to [9] after normalisation to the range between —1 and 1.

2.2.3. Probability Distribution of Pits Model and Combination with the Bayesian Inference

The Extreme Value Theory (EVT) is an approach widely used to study the phenomenon
of localised corrosion, particularly the distribution of the maximum depth of the pits. There
are three types of distributions that can be used: type I or Gumbel distribution, type II or
Cauchy distribution, and the type III or Weibull distribution [13]. Type I is usually the best
fitting for localised corrosion [14].

F(x) = exp {_ exp(’ﬂ;ﬁﬂ, 3)

where F(x) is the cumulative probability function, x is the maximum corrosion depth, and «
and B are respectively the scale and the location parameters of the distribution.

A reduced variate (y) is used to achieve the linearisation of the distribution function to
derive the « and § parameters by means of the slope and the intercept of the line.

y=""F @

y = —ln[lnl:(ly)} ®)

F(y) is calculated using the measured thickness dataset.

The knowledge of the distribution of the scale and position parameters (which define
the pit depth probability distribution) over the time (a priori probability distributions) can
be exploited to make a forecast of both parameters by means of the Bayesian inference. The
Bayesian inference allows determining the posterior probability distribution of & and
after a certain time using the following equations [15]:

_ X' (@) - f (*max|e)
fX/(“) 'f(xmaX|"‘) ~da’

_ A'(B) - f(xmax|B)
JA(B) - fxmax|B) -dB’

(6)

X" (& Xmax)

A" (B[ xmax) )
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where x'(x) and A'(B) are a priori probability distributions of « and B, x”(« | xmax) and
A”(B | xmax) are a posteriori probability distributions of « and  after a certain time, f(« | xmax)
and f(B | xmax) are likelihood functions, and xmay is the maximum corrosion value detected
during the inspection.

The estimated parameters for a given time t in the future allow making predictions of
the probability of critical pit, the corrosion rate, and the RUL [15].

2.2.4. Interpolation Model

The interpolation model, implemented in the Virtual Sensor, is the kriging. It is used
for the creation of iso-level thickness maps starting from a finite number of points sampled
(the thickness values measured during the inspection). The kriging is a geostatistical
method for data interpolation [16,17], which is based on a statistical correlation along with
spatial variables of the same type. The kriging considers the value of the variable (the
corrosion depth of the plate in this study) in the other locations and a weight coefficient
based not only on the distance between the measured points but also on the overall spatial
arrangement of the measured points. The correlation is expressed as

N
Z(so) = Y Ai " Z(si)s 8)
i=1

where A; is the weight assigned to each measured value at the i-th location.

2.3. Software

The Virtual Sensor is made up of two software programs. The first one is called “App
Desktop” that acquires and processes inputs (the equipment information) producing a set
of output files, which are subsequently migrated to the second called “App Mobile”, which
allows the AR visualisation of all available information associated with the equipment
(acquired and processed data).

2.3.1. App Desktop

The application for desktop acquires generic information of the equipment (i.e., com-
missioning year, handled substance, etc.) and inspection data (i.e., UTM measures or
factors to be used in the ageing fishbone model). Then, it runs the deployed mathematical
models (see Section 2.2) to compute the desired actual parameter and make predictions.
This software was entirely created using the Python programming language [18] and its
various support libraries such as Matplotlib [19] for the creation of graphs, Numpy [20]
and Pandas [21] for data processing, and PyKrige [22] for data interpolation.

Figure 2 shows the main flow of the algorithm; it is represented by four blocks (or
modules). Each block provides the set of functions used or specifically made for the Virtual
Sensor. The box called “input data” shows the input data to execute the algorithm. These
data flow in two directions: (1) towards the “graphs” module, where the plots for the
ageing index and the failure frequency are created; (2) towards the “interpolation” module,
where the thickness values of plates begin to be processed. In the same box, there is an
optional input “future years” that is used to make predictions at the time the user would
like to have this information. In the “interpolation” module, the first performed step is the
normalisation of the coordinates (x, y) of the sample points in order to create a grid (second
step) which always belongs to the same range of values [0, 1]. Once the grid is created,
the values of z (thickness values) are interpolated and allocated on the grid to generate
the iso-levels map of thickness. Then, the z-coordinates are sent to the block “prognostic
model” to calculate the alpha and beta values of the Gumbel distribution. The estimates
of such parameters for the future years are made only if the user, in the initial phase of
the application, inserts the value(s) of the future year(s). If this happens, these values are
computed, and their results are sent to the next block.
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Figure 2. Main flow of the developed algorithm.

Finally, all the other parameters of the “graphs” module are calculated (probability
of the critical pit, RUL, and corrosion rate). A graph is generated and recorded into the
application for each parameter. If the “future years” field is also provided as input data,
the value of corrosion rate is sent to the block “interpolation”. This operation permits
calculating the iso-levels maps of thickness related to the future years. Indeed, using
this variable, it is possible to estimate a new value of the corrosion related to each point
of the plates for the abovementioned years by subtracting from the previous values of
thickness the corrosion rate multiplied by the years between the last real inspection and the
future one.

Figure 3 gives a cyclic flow diagram of the interaction between the user and the
application. The dotted line indicates a path that can be omitted, representing when the
user does not want to elaborate future estimates but only wants to visualise the corroded
surface and the parameters related to the current and past inspections.

Initially, the user must load the factors for the elaboration of the ageing index and
the frequency of failure, as well as the text files collecting the thickness values for each
inspection with their spatial coordinates.

Flow User - Application

User

Uploading Data Computing Data Final Data

Inserting
modules

Visualising
Final data

A

Erasing fields
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v
Writing down
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Application
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Figure 3. Flow diagram between the user and the App Desktop.
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2.3.2. App Mobile

Unlike the desktop application, the mobile app was realised to visualise some elabo-
rated data in AR as a service during the safety walk. Several technologies were used: Unity
2021.1.13.f1 [23] graphics engine; C# programming language; Blender 2.93 [24] software
for modelling.

Unity is a multiplatform graphic engine, mainly used for developing videogames,
which also allows creating interactive content and live 3D visualisation. C# is a program-
ming language used within Unity to make content dynamic and allow the user to interact
with it. Blender is a modelling software chosen to reproduce the equipment to study and
upload the 3D model on Unity. Figure 4 shows a general workflow of the interaction
between the App Mobile and the user.

User Application User Application User Application

J i Changing

Showing 31) tank Showing bottom years
Scannering IL):;’:eéliuh:Z:ie Clickingon | | and data from the
QRcode lgeg eﬁ i “Visualise Bottom™ last inspections
= \/\

Clicking on

“Graph” Showing the

selected graph
(ageing index, corrosion|
rate, frequency)

Figure 4. Scheme of the workflow between the user and App Mobile.

2.4. AR Visualisation Tool

Figure 5 provides a scheme of the set of outputs produced by the desktop application
and that can be seen in AR through the mobile device.

Data visualisation

v ¥ v
Iso-levels maps Graphs Tables
N Corr(.)sior} surface —»  Ageing index N Prol_)a.bi]_ity. of
for historical data critical pit
L, Corrosion surface Failure fr RUL
for future years ¥ fature frequency —

—»  Corrosion rate

Figure 5. Information that can be seen in the AR visualisation tool.
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3. Case Study

The case study was an atmospheric storage tank containing diesel oil, commissioned
in 1965, which is currently still in service. It is made of carbon steel. The corrosive process
is due to the potential presence of impurities (water and inorganic salts) that accidentally
enter into the tank for various reasons; therefore, the deterioration does not depend on the
type of hydrocarbon. The substance is a mixture of hydrocarbons (diesel oil) having nine
carbon atoms, with density = 0.880 kg/L at 15 °C and initial boiling point = 168 °C. The
diesel oil is stored in the tank at ambient temperature and pressure. A miniature model
was reproduced in the laboratory at the Department of Engineering of the University of
Messina (Italy), which was used for the simulation with the AR. Figure 6 shows a picture of
the tank and its 3D image. The diameter of the real tank is 48.6 m, and its nominal thickness
is 8 mm. The bottom is composed of 203 plates. The dimensional ratio of the miniature
(scaling) model was 1:50 compared to the real tank.

(b)

Figure 6. Atmospheric storage tank: (a) miniature model of the tank; (b) 3D image.

The measures of thickness on the real tank were performed using ultrasonic (first
inspection) and magnetic flux leakage (second inspection) techniques. Both measurements
were executed after a visual inspection. The use of the ultrasonic technique provided five
thickness measures per plates, whereas the magnetic flux leakage gave almost 100% mea-
surement coverage. The inspections were performed by the company during mandatory
monitoring; the time interval between two inspections are usually 10 years according to
popular standard [25,26], but the data available in this work (provided by the company)
are not related to two consecutive evaluations. To obtain these statistics, the minimum
thickness was collected for each plate, and the maximum, minimum and average values
were calculated for the set of data. Table 1 gives a summary of the statistical information
about data collected during both inspections.

Table 1. Inspection statistics.

Average Minimum Maximum Standard
Year Thickness Thickness Thickness anca Technique
Deviation
(mm) (mm) (mm)
1990 7.15 6.1 9.2 0.733 Visual inspection

UM
2019 5.43 2.8 8 1.546 MFL
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4. Results

A 3D model of the atmospheric storage tank was realised. Through the Virtual Sensor,
the data of past inspections were acquired (i.e., three text files containing the factors for
the ageing fishbone model, two sets of thickness data, and other general information). The
App Desktop manages and elaborates these data and migrates the produced outputs to the
App Mobile.

To demonstrate how the AR visualisation tool works, a safety walk was simulated in
the laboratory of the Engineering Department of the University of Messina by using the
miniature model of the storage tank. The App Mobile appears user-friendly through the
support of Epson Moverio BT40 smartglasses for AR visualisation. When the application is
being used, authorisation for the camera of the device is required (only for the first use);
then, the QR code of the equipment is scanned. The tank is immediately identified, and the
outputs about prognostic are uploaded and made available for their use. At this point, the
3D model tank is overlaid to the real one.

Initially, the virtual model obtains the colour of the corresponding current ageing
index, associated with the last inspection (Figure 7a), according to a given legend shown
at the top of the screen. By moving the camera to the right, a table box overlapped with
the scene can be observed showing the corrosion rate, the pit density, the RUL, and the
probability of the critical pit. In addition to the ageing index and the updated failure rate,
other information such as the name of the tank and the stored substance is also given
(Figure 7b). By clicking on the button “Visualizza Fondo (i.e., Bottom Visualisation)” in the
upper right corner of the view, it is possible to make the 3D model transparent, except for
its bottom, whereby an iso-level map of thickness is displayed (Figure 7c). Again, a colour
legend is given on the left of device (Figure 7d).

At the bottom of all images in Figure 7, two buttons can be seen; the left one shows
the years for which information in AR is visualised (in this case, the reference year for
the last inspection was 2019), whereas the right button “Grafici (i.e., Graphs)” allows
visualising the trend of the parameters over the time. Both buttons represent a pop-up
menu having multiple options listed below. Figure 7e shows the visualisation of a graph,
whereas Figure 7f was captured while scrolling through the pop graph menu.

From the pop-up menu button on the left, a list of the years for which the maps of
thickness is available (in this case the year 1990, the year 2019, and the future years (+1 year,
+2 years, +5 years, +10 years)). The pop-up menu on the right lists the graphs of the ageing
index, the failure frequency, and the corrosion rate.

Figure 8 gives the iso-curves for the bottom corrosion; a certain number of points
appears, which increases over time. This means that, once the corrosive phenomenon
proceeds, the number of pits increases. The number is correlated to the value of the scale
parameter of the Gumbel distribution. Indeed, the « parameter gives a measure of the
width of the curve, i.e., the number of pits. The correlation between the number of points
(index correlated to the pit density) and the scale parameter was created whereby an
increase of 50 points indicates a rise of « equal to 0.1. Given that it is not possible to know
where the next pits appear, the distribution of these points was randomly drawn over the
whole bottom tank. The increase in their number represents the growth of the pit density.
From Figure 8, the following can be observed: Figure 8a shows a good condition of the
bottom tank, which was aggravated at the time of the second inspection (after 29 years);
the forecasts indicate an increase in thickness reduction rate, which would also cause a
decrease in the lifetime of the equipment.
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Figure 7. View in AR: (a) overlapped 3D model, (b) table box information; (c) bottom thickness map;
(d) colour scale of the map; (e) example of graph given; (f) scrolling of one of the pop-up menus.
Note that the notation for decimal number uses comma as the software is Italian.
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Figure 8. Iso-level thickness map obtained by the virtual sensor for the case study for (a) the year
1990, (b) the year 2019, (c) +1 year, (d) +2 years, (e) +5 years, and (f) +10 years. Note that the notation
for decimal number uses comma as the software is Italian.
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5. Discussion

As shown in the previous section, the results of the demonstration using the Virtual
Sensor prove that the AR is already consolidated [27-31] and certainly offers many oppor-
tunities in the field of safety of major hazard industries. In this case, the inspector/operator
can more effectively perform their tasks. During the inspections, the user can visualise a
large amount of information about equipment health. The actual equipment integrity can
be easily assessed by exploiting additional data that could come from online sensors and
prognostic models, and it gives a real picture about the inside conditions and any other
hidden locations. The fast development of innovative technology in this field also enables
the further implementation of the system.

The advantage of the visualisation given in Figure 7 is that the inspector gains time,
as the conditions of the equipment can be quickly captured by merging different types of
information, which are elaborated for this purpose. The ageing index provides information
about the management of the corrosion phenomena that indicate the equipment deteriora-
tion. The frequency of the release and the corrosion rate are useful measures of the actual
progress of the damage mechanism and, on the basis of the current inspection, it possible
to understand the expected trend after a certain time interval. Lastly, the visualisation of
the corrosion maps (Figure 8) avoids the entrance of the inspection inside the tank and
allows gaining time and saving resources due to periodical shutdowns. The residual useful
lifetime supports planning the next inspection and, if possible, extending the time interval
between inspections.

Currently, the inspector/operator can take advantage from the use of the AR by
wearing smartglasses; therefore, the user can observe the thinning of the bottom plates
of the tank by simply moving their head and observing the iso-corrosion level map with
respect to a specific past inspection or to a future trend expected a given time.

6. Conclusions

The Virtual Sensor, developed in this paper, allows the inspector (or the establishment
operator) to access information that is not usually available during the inspection; accord-
ingly, they can keep in mind any critical issues inherent the equipment to be monitored
from the ageing point of view. It is possible to store and manage data for all the equipment
included in the logic unit or the entire establishment.

The system also benefits from the support of AR and gives the inspector/operator the
conditions of parts of the equipment that cannot be captured during a visual inspection,
which are hidden during operation. At the same time, the inspector can check the progress
of the corrosion by means of the estimation of some metrics and through the iso-level
corrosion maps at certain times, beyond the prognostics based on implemented advanced
models for the forecasting of deterioration mechanism.

Future developments of the system relate to the exploitation of additional data that
could come from online sensors and prognostic models, giving a real picture of the inside
conditions and any other hidden locations.
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