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Abstract

This article summarizes the main results of an investigation about the corrosion detection in
pipelines by infrared thermography, a non-destructive testing and evaluation technique that allows
a reliable and fast analysis of large surfaces. The experimental work has been carried out in
laboratory on a specimen that has been manufactured using a piece of a real pipeline system for
oil transportation. Defects of different kinds have been artificially introduced in such a system to

be tested by thermography.

The objective is the detection and analysis of the presence of water in the pipeline jacketing
system, that is the cause of the corrosion under insulation. Standards indicate thermography as
a technique for the detection of this last phenomena, even though a precise procedure is not

defined up today. This work aims at contributing in the specification of such a procedure.
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1. Introduction

Corrosion detection is one of the main fields covered by the Non-Destructive Testing and
Evaluation (NDT&E) techniques in the last years, and the principal problem for industries such as
the naval, oil and energy among others [1-3]. Significant savings could be achieved on
maintenance and repair cost if the prevention and early detection of hidden corrosion is
performed. Moreover, a greater safety could be ensured if a possible failure is detected in
advance, avoiding disasters such as the piper Alpha in 1988 or the BP offshore platform in 2010
[4-5].

There are different forms of corrosion in metals (uniform attack, crevice corrosion, pitting, galvanic
corrosion, intergranular corrosion, selective leaching, erosion corrosion and stress corrosion) that
could cause an unexpected or premature failure of a structure or component. One form could be
more or less probable instead of the other depending on the specific material and its environment.
In this study the objective is the detection of corrosion in pipelines in which a hot fluid (90/130 °C)
flows through, as commonly found e.g. in piping network for oil transportation or chemical
production plants. Particularly, extended corrosion on the bottom of the pipe has the appearance
of cavities and is considered very dangerous because even a small percentage of material loss
can cause the failure of the system with the consequent leakage of the fluid. There are many NDT
techniques that could be applied to inspect the presence of corrosion (eddy currents, ultrasounds,
radiography, etc.) [6-9] each one with advantages and drawbacks. There is not an ultimate means
of corrosion detection for all the corrosion forms. The most suitable technique must be selected
considering each particular case. InfraRed Thermography (IRT) could be one of these techniques
and the purpose of this work is to verify its potentiality. IRT as an NDT&E technique provides a
reliable, fast and straightforward means to retrieve vital information (surface and subsurface)
when a clear relationship exists between surface temperature and defect. Moreover, large areas
can be scanned with a relatively high throughput. The ultimate goal is to test the detection
capabilities when it appears as a material loss on a strongly insulated pipe, without removing the
external jacketing system made of insulating materials and the external metallic shell.

Corrosion Under Insulation (CUI) is due, in the long term, to the presence of water in the jacketing
system enveloping the metallic pipeline. The presence of water can be due either to vapor

condensation or to a leakage of liquid water through the external shell. The use of IRT to detect
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the presence of water in the jacketing system (and therefore to suspect the presence of CUI) is
advised in the Standards but rarely confirmed in the scientific literature. Indeed, IRT has been
suggested since many years by well-known standards and inspection codes [10 - 12] as one of
the techniques useful for Inspection and Maintenance. However, well trained people in this field
declare that in practice the application of such monitoring technique, in order to detect just the
water, is rare [13]. Moreover, these standards suggest the use of IRT in a list of applicable
methods, but without any specification on the testing procedure. The results here presented
demonstrate that the technique, with adequate improvements, is promising and can be applied

successfully as indicated.

2. Experimental setup

A brief description of the main characteristics of the experimental measurement system used to
simulate the real case in controlled laboratory conditions, is given here. The main components
are: an infrared camera (FLIR, model SC660. Long Wave: 8-13 um), a fluid temperature control
unit (HAAKE DC30), a temperature control system (data acquisition system National Instrument
cRI0O-9074 with different contact temperature sensors, a laptop that control the tests by means of

the LabView® software.

The specimen is a segment of a real metallic pipe, made of Fe-C, with a length of 58 cm, an
external size of 14 cm and a thickness of 0.9 cm. Its external surface is rolled up with a 5 cm thick
layer of insulating material made of glass wool. The final (external) cover is a cylindrical aluminum
shell with thickness 0.06 cm that is installed to protect the glass wool insulation layer and the
metallic pipe from the atmospheric conditions (rain, snow, etc.) in real pipelines. The inlet and
outlet of the liquid, simulating the oil flow, are located at the ends of the pipe. The HAAKE DC30
digital control bath is used to heat the fluid (ethylene glycol-water solution between 65 and 90 °C)

and to guarantee its circulation inside the pipe.



The pipe with both the insulation and the aluminum cylinder is placed on two wooden stands
(Figure 1) in order to allow the optical access of the bottom of the pipe with the infrared camera

and to avoid possible contacts with external objects which could affect the measurements.

The objective is the observation of the thermal effect due to the presence of water inside the
insulation layer (witnessing a possible presence of CUI), paying special attention to the effects in

the thermal inertia and material conductivity.

The experiments simulating the water presence inside the insulation layer due to condensation
or infiltration are implemented doing some water injections inside the insulation using a syringe

of 30 ml of capacity which allows an optimal control and high precision of the insertion depth.

Four water injections are made always in the same positions following the next scheme (see

Figures 2 and 3):

e Two of them close to the insulation surface (D1) and the other two deeper, close to the
pipe surface (D2)

e Two of them with more quantity of water (Q2) and the others with less quantity (Q1)

Several infrared thermography experiments have been performed in order to study the
aforementioned phenomena. Table 1 summarizes the realized experiments and their main
characteristics. For all of them, the infrared camera was configured to capture 1 frame every 10

seconds (0.1 FPS) and five cold images were taken to determine the initial conditions.

The air conditioning system has been used to simulate possible ambient temperature changes
that could be present in a real scenario. Figures 4 and 5 represent the different setup

configurations for these experiments.

The circulation of the liquid inside the pipe and its heating and subsequent cooling allows to

distinguish three different stages:

1. The heating stage, during which the water reaches the set temperature and

consequently the pipe is heated.



2. The steady state, which corresponds to the period of time when, after reaching the

maximum temperature, the system remains stable.

3. The cooling stage, which starts at the time when the controlled thermal bath is switched

off and the pipe cools down.

The whole process has been recorded with the FLIR camera in a thermographic sequence for
each experiment. The complete sequences and also each stage separately have been analyzed.
The steady state represents the normal situation that can be found when the fluid is continuously
circulating through the pipes and the temperature is more or less constant, presenting some small
fluctuations due to the effect of environmental changes. Consequently, it will be the most
interesting stage for a possible in-field application. Its study can be considered as a passive
thermography experiment, while the studies of the other stages (heating and cooling) as well as
the complete sequence correspond to active thermography where the excitation source is the

plant maneuver that heats/cools the fluid.



Tab. 1 Brief description of the realized experiments

EXP # DESCRIPTION

Pipe with the worst insulation (with lower conductivity) and the
aluminized protection. Detection of four water injections (case b) made
EXP #1 | before placing the aluminized protection (Q1=10ml; Q2=30ml). Fluid
heated up to 65°C. The ends of the pipe are exposed to the air. The air
conditioning is switched off.

Pipe with the worst insulation and the aluminized protection. Detection
of four water injections (case b) after placing the aluminized protection
(Q1=5ml; Q2=15ml). Fluid heated up to 65°C. The ends of the pipe are
exposed to the air. The air conditioning is switched off.

EXP #2

Pipe with the second insulation. The four water injections are made in
the positions marked with aluminized adhesive tape (Q1=5ml;
EXP #3 | Q2=15ml). Fluid heated up to 90°C. The ends of the pipe are covered to
avoid that the thermal exchange between the pipe and the air gives edge
effects. The air conditioning is used to change the ambient conditions.

After all the experiments have been carried out, the obtained thermographic sequences are stored

and then processed and analyzed in each one of the three aforementioned stages.
3. Processing techniques

All the sequences obtained with each experiment were processed in Matlab® using the following

algorithms, in order to improve the thermal contrast between defective and non-defective areas.
3.1. Higher-Order Statistics (HOS) based algorithms

Skewness and kurtosis [14] are respectively the third and fourth standardized statistic moments
of a data set. Skewness is a measure of the asymmetry of the probability distribution of a real-
valued random variable, while kurtosis is a measure of how much a distribution is peaked and
provides information regarding the height of the distribution relative to the value of its standard

deviation. The mathematical definition of the standardized central moment is as follows:

My (x) = 105 1)

where | is the order of the standardized moment (1=3 for skewness and =4 for kurtosis) with y
and o the mean value and standard deviation of the random variable X respectively, E[] being the

expectation value. The mean value of X is
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while its variance is
o? = E[(X — w)?] ®3)

X=[x1 X2 X3 ...xp] being the random variable.

Regarding the skewness (Figure 6), a distribution is symmetrical if it shows two identical mirror
images when it is split down the middle as the normal distribution. When a distribution is not
symmetrical, it has elongated tail on one side (left or right) and there are more data in this side
tail than it would be expected in a normal distribution. When it happens on the left, the distribution
is negatively skewed or skewed to the left and, in the same way, when it happens on the right the

distribution is positively skewed or skewed to the right.

The kurtosis value (K) can be classified in three general categories according to its derivation
from a normal distribution: mesokurtic (normal distribution, K=0), leptokurtic (high degree of
peakedness, K>0) and platykurtic (low degree of peakedness, K<0). Figure 7 illustrates these

three distribution types.

For the obtained thermographic sequence, the skewness/kurtosis value of the temporal evolution
of the temperature of each pixel is calculated obtaining finally a unique image with the

skewness/kurtosis values, which exhibits an improved contrast [15-17].
3.2. PPT (Pulsed Phase Thermography)

The pulsed phase thermography (PPT) [18-19] is a thermographic processing technique that
allows a domain change from time to frequency using the discrete Fourier transform (DFT), which

is defined as:

E, = At YNZ3T(k At)e 2™k/N = Re, + i Im, = A,e'®n 4)

where n is the frequency index (n=0,1,...,N), At is the sampling period (time interval between
successive images), and Re, and Im, are the real and the imaginary parts of the DFT respectively,

from which we can obtain the amplitude A, and phase ®, components as:



A, =+ ReZ +Im2 ®,, = atan (;%l) (5)

n

By recording a sequence of IR images that grab the temporal evolution of the surface temperature
of a specimen, we can apply the DFT to the time evolution of each pixel in order to get two new
sequences of images representing amplitude and phase images as a function of the frequency of

the signal.
3.3. PCT (Principal Component Thermography)

PCT is an algorithm based on Principal Component Analysis [20] that transforms data into another
representation where a new set of basis vectors (variables) are used. In PCT (PCA), however,
these basis vectors are not constant, as is the case of many other transformations, as they
depends on the data to be transformed. The objective is to highlight the variance of the original

data set.

PCT is a linear transformation with orthogonal basis vectors, so it can be expressed as translation

and rotation:

y=A-(x— ) (6)
where A contains the new basis vectors e; as row vectors, hence A=[e; e; ... eq]" (T apex meaning

transpose matrix operation), and L is the mean of the data set, computed as in equation (2).

Figure 8 illustrates the basic principles of PCA for the two dimensional case. The left side of Figure
8 illustrates the input where the it sample is denoted xi=[x1i X2]". The central picture illustrates the
transformed data where the it sample is denoted yi=[y1i y2i]" and calculated using the equation
(6). It can observed that the main part of the data variance is represented in the first variable y;.
Therefore, if the second variable is ignored, as is illustrated in the last picture, the main variance
of data is kept. In many cases, variance equals information, hence a more compact representation

of data/information is obtained.

The process of figuring out which variables to ignore is referred to as the analysis part of the PCA.
In that case, we chose three different methods: the traditional method or “m-method” (m-PCA),

explained in [20] in the chapter three, the N method (n-PCA) [21], where the mean image is
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compared with any other one, and the Mean method (t-PCA) [22], where the mean temperature

vs time is compared with the temporal profile of any pixel.

In the m-PCA, the objective is to transform a n-dimensional space representing a set of data into

a m-dimensional one, with m<n, so that the amount of data is reduced. It is done in seven steps:

-Step 1. Get some data set and organize it in a two-dimensional matrix A (m x n pixel)

where rows are observations and columns are dimensions.
- Step 2. Subtract the mean of each row (4) from each dimension: A = A — A.
-Step 3.  Calculate the covariance matrix for A.
- Step 4. Calculate the eigenvalues A and the eigenvectors x for the covariance matrix.
-Step 5. Choosing components (eigenvectors) and forming a matrix of vectors.

- Step 6. Deriving the new data set.

In step 1, the information of a tridimensional thermographic sequence V of n; images (nx X ny pixel)

must be organized in a two-dimensional one (A). This step could be done in two different ways:

= Case 1: A; has m = ny x ny rows and n = n; columns (each column is an unrolled image).

A; is the mean image (Figure 9).

»= Case 2: A, has m=nrows (each row is an unrolled image) and n = nyx ny columns. 4, is

the mean temporal profile. It is worth noting that A; = A>T (Figure 10).

N-method uses case 1 and applies a variation in the step 2 of the m-PCA, dividing by the standard
deviation in order to guarantee a uniform variance in all the images: A = % It is known as

standard normalization (normalized PCA or n-PCA).

The last technique chooses the case 2 because the scatter matrix is smaller and it requires less
RAM (time profile PCA or t-PCA). From a mathematical point of view it is possible to demonstrate

that both techniques (n-PCA and t-PCA) are nearly equivalent. The differences derived from the
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mean subtraction, which in the case 2 is done with a mean image or temporal profile, which

corresponds to compare the time behavior of any point.

4. Experimental results

Three different IRT experiments were performed and as result three thermographic sequences
were obtained, which have been processed with all the proposed techniques. Here, only the main
results for each experiment are presented and carefully analyzed. For the sake of simplicity some
adhesive reflective marks were placed in order to locate the position of the hidden corrosion
defects and for some of the experiments to locate the place where the water injections were made.
For each experiment the processed images are compared with the Signal to Noise Ratio (SNR),

that is calculated for each defective area with the following equation:

SNR = 20 log, , (S mean=De/Clmeanl) 7)

a

where Soundmean and Defectmean are the average values of a region without defects and of a

region with a defect respectively, and o is the standard deviation of the sound area.

4.1. Experiment #1

In this experiment the objective is the detection of water insertions in the insulation of the pipe,
which were made in the positions indicated in Figure 2 and are highlighted in Figure 11a. In the
study of the complete sequence, the best results have been obtained with t-PCA, m-PCA and
PPT, and especially with kurtosis (Figure 11b). Better results are obtained processing images
taken only during the heating stage. Worse results are obtained during the cooling and steady

states, for which only the biggest quantities of water in the bottom are clearly detected.

Tab. 2 Signal to Noise Ratio of Experiment #1
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Complete Heating stage. t- | Steady state. Cooling stage.

seguence. PCA (2" comp.). | PPT (1% PPT (1st

Kurtosis image. Amplitude Amplitude

comp.). comp.).

Defect 1 22.0 5.1 10.2 9.4
Defect 2 27.6 1.6 0.7 5.5
Defect 3 13.1 23.0 26.2 27.6
Defect 4 19.9 22.2 19.9 215

4.2. Experiment #2

This experiment is a repetition of the previous experiment but with less quantities of water. After
the processing of the complete sequence we have obtained good results for the detection of all
the defects (water injections), especially with m-PCA and PPT. For the heating stage results
improve considerably, and are especially good with skewness, and also with PPT and PCA. In
the steady state all the defects are detected but only with some of the techniques. It's important
to remember that this case can be considered as passive thermography and the results are worse.
Only PPT and PCA provides good results in the cooling stage. Some images are presented in

Figure 12b along with the defect map (Figure 12a).

Tab. 3 Signal to Noise Ratio of Experiment #2

Complete Heating stage. Steady state. Cooling stage.

sequence. m- Skewness PPT (1%t PPT (1%t

PCA (2 comp.). | image. Amplitude Amplitude

comp.). comp.).

Defect 1 23.1 16.8 11.2 4.8
Defect 2 25.8 24.8 13.9 11.1
Defect 3 -1.5 27.0 16.8 19.1
Defect 4 26.6 23.4 8.0 14.8

4.3. Experiment #3

Also in this experiment the objective is the detection of water inside the insulation of the pipe. The
liquid inside the pipe is heated up to 90°C. For the complete sequence analysis and also for the

heating and cooling stages, all defects are detected. During the steady state only the two defects
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of the bottom can be observed clearly. The defect map is shown in Figure 13a. The best results

are obtained with PPT and PCA as shown in Table 4 and in Figure 13b.

Tab. 4 Signal to Noise Ratio of Experiment #3

Complete Heating stage. n- | Steady state. m- | Cooling stage.
sequence. PPT PCA (2 comp.). | PCA (1stcomp.). | PPT (1st
(15t Amplitude Amplitude
comp.). comp.).
Defect 1 0.3 -2.2 14.8 215
Defect 2 19.3 11.2 -1.2 22.0
Defect 3 25.4 10.6 20.1 27.8
Defect 4 14.5 16.4 11.4 26.8

5. Discussion and conclusions

In this article, results of an investigation work in the corrosion detection field are presented.
Infrared thermography (IRT) has been applied to analyze a segment of a real pipeline in controlled
laboratory conditions. Operative conditions are simulated flowing through the pipe a liquid which

is heated up to 90 °C.

The objective was the detection and analysis of the thermal effect due to the presence of water
inside the insulation layer, which has been simulated injecting some water in the insulation shell

of the specimen.

The phenomenon was observed during the process of temperature rising, steady state and
cooling down of the fluid inside the pipe. The steady state is the normal state of the pipes in the

oil plant and consequently, the most interesting stage under study.

Results show that the presence of water is better detected during the transient state of the
process, which can be considered as an active thermography analysis. Furthermore, it has been
observed that the water injections closer to the pipe surface are better detected than those more
superficial. In order to improve the results during the steady state, an active approach applying
an external excitation source (flash or modulated lamps) could be used, even though for in-field

applications this technigue is not the most convenient.
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CAPTION

Fig. 1 Representation of the complete configuration of the pipe (with the glass wool insulation
and the aluminum protection cylinder) positioned on the wooden stands.
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Fig. 2 Location of the water insertions in the pipe surface.
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Fig. 3 Different depths (D1<D2) of the water insertions in the fiberglass insulation layer.
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Fig. 4 Experimental setup for the experiments #1 and #2.
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Fig. 5 The insulation is covered with white paper adhesive tape.
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Fig. 6 Example of symmetrical, positively skewed and negatively skewed distributions.
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Fig. 7 Example of Leptokurtic, mesokurtic and platykurtic distributions.
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Fig. 8 The basic principle of the PCA.
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Fig. 9 Matrix reconstruction in PCA analysis to reduce the number of images.
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Fig. 10 Matrix reconstruction in PCA analysis to reduce the number of pixel of each image.
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Fig. 11 Defect map (a) and some water intrusion images resulting from the processing
techniques for each stage of experiment #1 (b).
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Fig. 12 Defect map (a) and some water intrusion images resulting from the processing
techniques for each stage of experiment #2 (b).
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Fig. 13 Defect map (a) and some thermographic images resulting from the processing
techniques for each stage of experiment #3 (b).
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