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ABSTRACT

A thermophysical model of a pipe with a local defect of the “wall thinning” type is developed. Calculations of thermal
anomalies for pipelines with different parameters of hidden defects are performed, illustrating the possibility of using the
thermal method of nondestructive testing. The conditions and methods of thermal control of individual sections of pipelines
are specified. Thermal imaging examination of steam pipelines of the main condensate of the nuclear power plant was carried
out. External factors that make it difficult to detect hidden defects (the influence of external lighting, cylindrical shape of
controlled objects, powerful external heat sources) are analyzed. It was found that cavitation phenomena significantly
increase the temperature drop in the locations of local defects. The possibility of using the thermal method of nondestructive
testing for rapid detection of hidden defects such as “wall thinning” in the pipelines of the main condensate has been
confirmed experimentally.
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1. INTRODUCTION

Pipeline equipment of various types is widely used in oil and gas enterprises and energy. After a
certain period of operation, due to corrosion from the influence of the external environment, cavitation
erosion, cracking of welding defects and deterioration of the material, defects arise in the pipes.
According to statistics, the cause of more than 40% of explosions, industrial accidents and disasters is
undetected hidden pipeline defects [1].

The thermal and mechanical stresses experienced by the pipeline equipment of various objects lead to
a decrease in the thermal resistance of the metal, as a result of which the temperature on the surface of
the equipment and pipelines rises. Therefore, temperature is an informative diagnostic indicator.

To solve the most important task of monitoring and diagnosing pipelines, it is necessary to search for
new methods that would allow us to estimate the wall thickness for the subsequent replacement of
critically damaged sections of pipelines. The use of contact diagnostic devices is very difficult due to
the size and complex geometry of the objects under control or the difficulty of access to them. The
complexity of the examinations can be significantly reduced by applying the thermal method of non-
destructive testing. Due to its advantages, the thermal method can be used to control defects, such as
sinks and thinning the walls of working high-temperature pressure pipes [2, 3].

The aim of the work was to build a thermophysical model of a pipe with a defect of the “wall
thinning” type, to carry out appropriate calculations to determine the applicability of the thermal
method for pipeline control and to experimentally verify the obtained calculation data at real objects.
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2. CALCULATION ON THE THERMOPHYSICAL MODEL OF A PIPE WITH A DEFECT

To test the possibilities of detecting defects using the thermal method for various conditions and pipe
options, a thermophysical model of a pipe with a local defect of the "thinning wall" type was built and
tested. The diagram of the thermophysical model is shown in Figure 1. The object of control (OC) is
presented in the form of a cylinder with heterogeneity (defect). The defect in the form of a wall
thinning is modelled by a groove inside the OC, a depth h, and a size l;.

Figure 1. The object of control of the wall thinning of the pipeline

According to the proposed model, the solution of the non-stationary heat conduction equation [4, 5],
which is a homogeneous linear differential equation of the second-order of parabolic type,
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carried out under boundary conditions of the 2nd and 3rd kind on the outer surfaces of the OC:
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where T(#,t) — temperature of OC, K; T,,, — environment temperature, K; A(#,t) — thermal
conductivity coefficient (in general, depends on temperature), W/m'K; q(#,t) — heat flux density,
W/m? a — heat transfer coefficient, W/m*K; ¢ — specific heat, J/kg-K; p — substance density, kg/m?;
R, — the radius of the defect, m; R — OC radius, m; S — cell surface area.

The thermal conductivity of the defect is taken into account using the continuity condition at the
boundaries of the defective region [6]:
- a’I-'l (F' t) - aTZ (F' t)
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It should be noted that in solving equation (1), the following expressions were used as initial
conditions VT(#,0) =0, and T(#,0) = const = 293 K. It is this equation that adequately describes
the constructed thermo physical model (Figure 1) provided that it is solved with correctly selected
boundary conditions (boundary conditions of the 2nd and 3rd kind). Relations (2) and (3) reflect the
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real conditions of thermal flaw detection that is, heating OC with an external heat source and the
presence of heat exchange with the environment.

The mathematical model of the process of thermal flaw detection is based on the solution of the
differential equation of unsteady heat conduction written for a cylindrical coordinate system
[5, 6,7, 8]
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This problem is uniquely solved provided that it is possible to build a functional for thermal
conductivity. For the three-dimensional case in our problem, this functional has the form [8]:

[1 -4 ) o2 () 5 o rear— s S
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where T — volume element temperature; 4,, 4., 4, — thermal conductivity coefficients in the directions
x,y,z; qP— the amount of heat that enters the volume element; TS — surface temperature; q° — the
amount of heat that is transmitted through a unit area; T* — temperature of additional internal sources;
Q! — the amount of heat that is transferred from additional internal sources. We draw attention to the
fact that the task is realized by the finite element method. For this, a space-time grid is constructed
with a time step At and coordinates respectively h;_1, h;, hi,1 (Figure 2).

(4)

Figure 2. Scheme of the nodal grid, where h is the coordinate along the polar axis; T/ temperature in the node i
at the time t.

According to the chosen method, equation (4) is approximated to the system:

At 22, Ai TEHAC (1 4 At 2_/11( Aiv1 Ai—g ) TEFAL 4
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where A; — thermal conductivity coefficient in the grid node i (4;,1 —in the node i+1, 4;,_; — in the
node i-1); ¢; — OC heat capacity in the node i (c;+; — in the node i+1, ¢;_; — in the node i-1); p; — OC
density in the node i (p; 1 — in the node i+1, p;_; — in the node i-1); h; — coordinate step size h in the
node i (h;;1 — in the node i+1, h;_; — in the node i-1), where the step can vary both linearly and
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logarithmically; T2+~ temperature in the node i—1 at the time t + At; T— temperature in the node i
at the time t.

Since the model is three-dimensional, the solution uses three components: radial r, angular ¢, and
coordinate z. When considering the propagation of heat flux in the radial direction, it is necessary to
take into account the change in the geometric dimensions of the cell, since these dimensions depend
on the distance to the z-axis [9]. For this, the heat transfer equation through one cell was used:

9%T N 00T +)16T 1

arz aror ror V; (@in = Gout)
where q;, = S;_1qi—1 — heat flow that enters the cell; q,u: = Si+19i+1 — heat flow that leaves the
cell, where S; = 1;A@;Az, — square element; V; = 1;A@;Az; Ar; +%A<ijzkAri2 — i-th cell volume,
where Ag; — coordinate step ¢; Az, — coordinate step z; Ar; — coordinate step 7.

For calculations, parameters were selected that correspond to real steam pipelines, in particular at
nuclear power plants: the pipe wall thickness was 12 mm and 16 mm, and the carrier temperature was
40 °C, 100 °C, 200 °C. Table 1 shows the results of calculations according to equation (1) for
temperature differences AT for two variants of pipe thickness h, various disclosures of the defect hj,
and the depth of the defect h, (the continuous increment dT is modelled by the difference AT).

Table 1. The results of mathematical modelling of temperature differences AT.

Pipe wall

thickness A, mm 12 16

Media temperature

T,,oC 40 100 100 200

Defect disclosure 2
hy, mm

Depth of occurrence

10 8 6 10 8 6 10 8 6 10 8 6
hg, MM

Temperature

difference AT, °C 078 | 124|196 | 230|327 |462| 16 | 28 |3.23| 23 | 3.98 | 6.84

An analysis of the calculated AT values compared with the upper limit of AT, of the sensitivity
threshold of modern thermal imagers (AT <0.1-0.2 °C) confirms the unconditional possibility of
detecting defects such as "wall thinning” more than 10% of the wall thickness of the pipe in the
absence of external factors.

3. EXPERIMENTAL RESEARCH

To verify the results obtained theoretically, studies were conducted on the pipelines of two blocks of
the Zaporizhzhya nuclear power plant [10]. A number of objects were investigated, one of which was
the main condensate pipelines. From the point of view of conducting thermography surveys, pipes
represent a complex object. Even with a uniformly heated pipe and its uniform coating in enclosed
spaces, effects arise due to a number of external factors, which greatly complicate the quantitative
assessment of parameters of hidden defects [9, 11].
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3.1. Methods and Conditions of Examination

Thermal imaging survey was carried out in the premises at a temperature of about 30 °C. The lighting
of production areas consistent with the General principles, the main of which is to provide a uniform
level of illumination. Place thermal imaging was chosen according to the scheme drawn up for
different types of metallic wear of the working path TC K-220-44, which was a conditional card,
based on the experience of operation of the investigated objects. Examination of the metal was
performed in accordance with, PNAE G-7-008-89 "Rules of arrangement and safe operation of
equipment and pipelines of nuclear power installations”, and also on the basis of documentation for
the thermal control method, research results and experience STC "Thermocontrol” of NURE. A
thermography survey was carried out on pipelines without contact with the controlled object, without
mechanical surface preparation and operating parameters of the equipment.

3.2. Condensate Pipeline Research Results

Hydraulic equipment is subject to cavitation erosion. Cavitation erosion is due to the phenomenon of
cavitation that occurs in a moving fluid stream under certain hydraulic conditions. Erosive destruction
of the surface during cavitation occurs as a result of repeatedly repeated hydraulic impacts of liquid
jets on the surface (Figure 3).

Figure 3. Fragment of a pipeline with a cavitation cavity (defect).

According to experimental facts, the rate of cavitation destruction of metal is 5,000 to 10,000 times
faster than the rate of corrosion destruction. Although there is no generally accepted theory of
cavitation, according to some estimates, the pressure peaks during compression (or destruction) of
cavitation cavities reach 250 MPa, and the temperature reaches 10* K [12, 13]. From this it follows
that the places of formation of cavitation cavities are localized sources of elevated temperature, that is,
at the locations of defects, cavitation phenomena introduce some additional increase in temperature on
the pipe surface.

This assumption was confirmed when examining the pipelines of the main condensate with a carrier
temperature of about 40 °C. The surfaces of the studied tubes were uniformly coloured and smooth,
which brought them closer to Lambert emitters in terms of their emissivity.

The result of thermal imaging in closed rooms, when the temperature of the object is commensurate
with the temperature of the surrounding air, is greatly influenced by external factors. As a result of
their action, zones with an imaginary (“induced”) temperature are formed on the surface of objects,
which does not correspond to the actual radiation temperature of the object. In addition to quantitative
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temperature differences, such induced anomalies also had distinctive qualitative features. The main
factors affecting the temperature fields of objects were identified and studied (shown in Table 2). For
comparison, the result of temperature anomalies of detected defects in the pipelines of the main
condensate is added to Table 2.

Table 2. Qualitative and quantitative estimates of the influence of various factors

Ne Factor Qualitative differences, features Temperature
Anomaly Levels
The shape of the areas with imaginary temperature
1 | Lighting follows the shape of glare from extern'al.llght'spurces. 16..1.9 °C
Temperature anomalies have a characteristic position and
depend on the location of the light sources.
The effect of the | Temperature anomalies are regular in nature and position
2 | cylindrical shape of the | in the center of the object. The lower part of the pipe 1.0..1.7°C
surface of an object. has, as a rule, a lower temperature.
. Near powerful heat sources, a narrow zone with elevated
The influence of :
temperature appears in the upper part of the control o
3 | powerful external heat . L 0.9...1.8°C
emitters object. The temperature anomaly has a characteristic
' shape and position. Often a heat source enters the frame.
The lower part of the pipe (to the axial) has a lower
4 | Effect of room floor. temperature. Temperature anomalies have a pronounced 0.6..1.0°C
character and position.
The shape of the defective zone is not regular, its
5 | Defect position does not change when changing the shooting 2.2..29°C

angle.

As a result of research, several objects that have hidden defects were identified. Figure 4 shows a
fragment of a pipeline with an identified zone of cavitation erosion.
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Figure 4. Identified zone of cavitation erosion (defect of wall thinning of the pipe): (a) Pipe thermogram;

(b) Visible pipe image.

This defect was detected by the following symptoms:
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— the shape of the defective zone is not regular and differs from temperature distortions caused by the
studied external factors;

— the position of the defect does not change when changing the shooting angle;

— the maximum temperature of the defect differs from the temperature of the rest of the pipe by
2.7 °C, which exceeds the levels of other temperature anomalies (see Table 2).

In support of the fact of detection, it says that the detected defect is located at the turn of the pipeline,
where there is a sharp deceleration of the condensate flow, and such places are most likely for
cavitation cavities to occur. The result was confirmed by ultrasonic testing.

A comparison of the experimental results of thermal control with the calculation data by the thermo
physical model shows that in the case of cavitation phenomena, the temperature of the wall thinning
defects exceeds the calculated temperature by more than 60%.

4. CONCLUSIONS

1. A thermo physical model of a pipe with a local defect of the “wall thinning” type was constructed,
the use of which makes it possible to estimate the expected value of the signal from the defect with
greater reliability.

2. The calculated data for the temperature difference in the defective areas are obtained, which allow
us to confirm the possibility of detecting thinning defects more than 10% of the pipe wall thickness in
the absence of external factors.

3. Field tests were conducted on pipelines, the results of which confirm the possibility of applying the
thermal control method to detect hidden defects in pipelines at various oil and gas facilities and
energy. In this case, the sensitivity of the thermal control method is much higher than the temperature
anomalies of defects that pose a threat to the safe operation of pipelines.

4. An additional increase in temperature was found in the places of localization of defects during
cavitation phenomena, which is an important result.
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