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I . Introduction

The number of aging nuclear power plants after long-term operation has
increased recently. Accordingly, the number of operational interruptions has
increased due to malfunctions of the NPPs secondary systems. These cases occur
in the secondary systems of NPPs with a range of structures due to fatigue,
wall-thinning, corrosions etc.. Of these problems, wall-thinned defects occur in the
pipes by the diffusion of the corrosion with the flow of the fluids, and the defects
frequently take place in the carbon steel pipes with lower Cr contents. Such
wall-thinned defects can lead to damage without warning signs while they can be
found frequently in the base material part. Therefore, they are known to be one of
the major factors that degrade the integrity of a pipe [1]-[2].

Periodic inspections are required for systematic management of the wall-thinned
defects. In particular, they are also needed during the normal operations of the
NPPs. Most of the NPP’s secondary systems are not related directly to the safety
of the NPPs. However, if a failure occurs in some of the secondary system, it may
cause the power ramping or reactor shutdown what results in economic loss. In
particular, systematic management requires a close inspection even when the NPPs
1s in operation. The secondary system of the NPPs is the place to which the
operator or workers gain access for their work frequently. Unexpected damage to a
pipe can have social impacts that cannot be compared with the loss of or damage
to people, which highlights the importance of systematic management of
wall-thinned defects. Consequently, considerable attention has been paid to
non—destructive inspections (NDI) to examine the integrity of major facilities. In
addition, there is increasing demand for the NDI that are relatively safe and enable
measurements in a quick and easy manner [3].

Currently, a range of NDI are conducted such as ultrasonic testing (UT), eddy

current testing (ECT) and magnetic particle testing (MT) [4]-[5]. Such NDI



involve infrared (IR) thermography. IR thermography is expected to help resolve
the issues related to the limitations on the existing NDI because it is used to
examine defects based on measurements of the temperature difference between
defect part and non-defect parts. IR thermography is also expected to be useful on
a NPP site [6].

IR thermography is a reliable technique for detecting wall-thinned defects in the
inner pipes of NPPs that are in normal operation or the overhaul period, and is
expected to facilitate the maintenance of plumbing fixtures of NPP’s secondary
system. The results of this study will be used as the basic material for the

inspections of wall-thinned defects.



IO. Theoretical Background

A. IR Thermography

When an object is heated or cooled from an outside, thermal diffusion 1is
disturbed on the surface of the target depending on the existence of the defects
inside the target. In this case, the insulation effect by defects inside the target
causes temperature difference on the target surface. IR thermography is used to
measure the temperature on the surface of the target and convert the measurement
results to an image in real-time. Based on a real-time image obtained using an
infrared (IR) camera, it is possible to measure the shape and location of the defects
inside the target.

IR thermography has the following features [7]:

- Non-contact technique

- Full field image of stress

- Energy measurement technique

- Easy interpretation of the results by visual effects

Currently, IR thermography is applied to the military field, stress analysis,
welding monitoring, evaluation of the heat transfer characteristics, deterioration
diagnosis of power facilities, defect inspection in composites, and medical diagnosis

[8]. Fig. 1 shows the principle of IR thermography.
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Fig. 1. Diagram of IR thermography
B. Theory

All the objects have a temperature that is above absolute zero degree and they

emit radiant energy that corresponds to their temperature [9].

dR\,T)  27hc*\™° 1)
d\ o ehc/)\k:T_ 1

Plank’s constant h=6.626x<10"*'J s s
Boltzmann's constant k= 1.380546 < 10~ 2
Speed of light ¢=2.998 x10%ms !

Eq. (1) describes the Plank’s theory of black body radiation. According to the
theory, there is a simple relationship between characteristics of black body radiation
(energy intensity and wavelength) and its temperature. Moreover, the amount of

radiation emitted from a black body radiator per unit time is determined only by
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temperature, which is the characteristic of black body radiation. The characteristics
can be used to calculate the temperature of black body. IR thermography enables
measuring amount of emitted energy to provide a temperature image based on the

correlation between amount of the detected energy and temperature [9].
AARON, T) "
/ . dh Fy=oT 2)

Stefan-Boltzmann’s constant o= 5.67 <10 W/ (m? « K?)

Eq. (2) describes the Stefan-Boltzmann’s law. This theory states that the total
energy radiated per unit surface area of a black body and per unit time is directly
proportional to the fourth power of the absolute temperature, 7. In this case, T
represents the absolute temperature in Kelvin of an object and R, is the reflection
intensity of a blackbody. Based on the Egs. (1) and (2) mentioned above, IR
camera is used to measure the temperature.

An ideal black body emitter does not exist in reality. If the energy emitted from
a real object is R, and the energy emitted from a blackbody is R,, the emissivity
of an object to black body surface at the same temperature can be expressed by

Eq. (3) [9].

a

R, Emissivity (3)

€ =

In this case, if €=1, the object is called a black body. Therefore, for metal with
low emissivity, the emissivity can be kept at 0.95 if a matte color spray, which is

close to a black body, is applied.



M. Optimal Heating/Cooling Methods

A. Heating Methods

During the shutdown of an NPP such as overhaul period, the pipe of the NPP’s
secondary system shows the distribution of the temperature that is almost similar
to that of the room temperature. In addition, when a pipe in the room temperature
1s heated up rapidly, the thermal diffusion is interrupted depending on the existence
of the defects inside the pipe. The insulation effect due to such defects causes
difference in the temperature change that appears locally in the pipe. A proper
heating device to cause such temperature difference is a very important factor to
use the IR thermography. This paper examined the various heating methods for the

optimal heating device and investigated the applicability of the methods.

1. Halogen Lamp

As a kind of incandescent lamp, a halogen lamp is based on the chemical
reaction of the halogen material with inert gas including halogen material in tiny
quantity filled in the lamp. The halogen lamp shows linear changes in spectral
energy distribution when a light source is visible ray (380-760nm). Therefore, the
lamp is highly stable for light source and shows high radiant energy in infrared
light (higher than 760nm) region. Consequently, the halogen lamp can be used as
heat source. Moreover, the lifespan of the lamp is greatly influenced by high
voltage while rated voltage is an important factor to performance of the lamp. The
halogen lamp shows a small decrease in luminous flux at the moment of lighting
compared to other common lamps and a small change in distribution temperature

(color temperature) during the period of the lifespan.



2. Infrared Lamp

As a kind of incandescent lamp, the infrared lamp reinforces characteristic of the
infrared radiation. The infrared lamp emits visible ray less than incandescent lamp.
Instead, the lamp emits most of input energy in the form of the infrared energy
that has thermal effect. The most significant characteristic of the infrared lamp is
high efficiency of the heat transfer because the surface of object is directly heated
up due to radiation. However, the lamp has the weak point that it has the shorter

lifespan than the halogen lamp.

3. Ultraviolet Lamp

The ultraviolet ray has the wavelength of 100-400nm as a short-wavelength ray
that has the highest energy among various rays that reach the earth from the sun.
A common ultraviolet lamp emits 70-80% of the input energy while in operation.
Due to a conduction, a radiation and a convection, such the high temperature
increases the temperatures of a glass tube, a reflector and hardening materials that
enclose the lamp. The most significant characteristic of the ultraviolet lamp is that

multi-purpose lamp can be produced depending on usage of the lamp.

4. Xenon Lamp

A xenon lamp emits ray due to electric arc discharge that happens inside tube of
the quartz crystal charged with high-pressure xenon gas. A spectral distribution of
the xenon lamp consists of a continuous spectrum that is uniform from the
ultraviolent region to visible region and a strong line spectrum in the part of
near-infrared ray. In regard to natural lighting and performance, the color
temperature is almost constant while the brightness is very high. Moreover, optical

power becomes stable immediately at the moment of the lighting. Instant start is



also possible after lights go out.

5. Induction Heating Device

The induction heating device heats up object by converting electric energy to
thermal energy in the electromagnetic induction. The induction heating device
enables intensive heating in a short period of the time. Furthermore, the device can
be used semi-permanently without the maintenance, which provides the economical
strong points. However, the device has the weak points that it can be used only

for metal and requires the high initial cost of the production.

6. Air Heater

An air heater generates hot air in the high temperature and has Ni-Cr hot wire
that is coiled in the center of the ceramic inside quartz tube and the stainless pipe.
The air heater absorbs ambient air and at the same time, sends heat in hot wire
to nozzle, which heats up surface of the object. The air heater can be
manufactured in a small size while it can generate high temperature. In addition,
the heating rate is high with use of the diverse nozzles. Therefore, it is possible to
heat up a specific part of the object intensively. However, the air heater has the

weak points that it causes high noise and also heats up ambient air together.

7. Selection of a Heating Method

This paper intended to derive the optimal heating method in order to obtain the
thermal image of the geometric shape of the defects such as a size of the defects
and a depth from the surface in an easier and quicker way. The heating methods
examined to be applied to this study included the method to heat up pipe using the

lamps such as a halogen lamp, an infrared lamp and a Xenon lamp and the method



to heat up pipe using an induction heating device and an air heater. Among the
aforementioned heating methods, we examined the characteristics of various heating
methods to investigate applicability of such methods to this study. Table 1 shows
the examination results of applicability.

As shown in Table 1, a halogen lamp was evaluated to be the most excellent
among the heating methods to use the IR thermography and detect the defects in
the pipe of the NPPs. In addition, the halogen lamp 1is currently used by
universities and research institutes as a heating device to investigate the defects
using the IR thermography. Therefore, performance of the halogen lamp has been
proved in many studies. In this paper, the IR thermography was used as a heating

device with the halogen lamp to detect the wall-thinned defects inside the pipe.

TABLE 1. Applicability of the heating methods

Heating method Applicability

A halogen lamp can be manufactured in a small size and light
weight. The lamp itself generates heat a lot and is relatively
strong against thermal shock compared to other lamps. In
Halogen lamp .. . :
addition, the brightness and temperature are constant until the
end of lifespan while lifespan of the lamp is long thanks to

halogen regenerative cycle.
A heat is not absorbed by air while it goes straight through

space for heating. As surface of the object is heated up
directly, the thermal efficiency is high. On the other hand, the
Infrared lamp L .
emission of the infrared ray decreases performance of an IR
camera because the emission interferes with acquisition of the

thermal image by an IR camera.

The xenon lamp has excellent productivity of the light and
shows the long distance and large area of the light emission.
Xenon lamp In addition, the lamp can be used without stabilizer and
manufactured in light weight. On the other hand, the lamp

has the large area of the light emission so that it may heat

_9_



up air in the surroundings. The lamp is expensive compared

to other lamps.

Ultraviolet lamp

The UV lamp can be produced in diverse kinds according to
usage. The lamp can be used for thick material because it
has the high penetrating power. On the other hand,
high-temperature heat in lamp itself has an adverse effect on

quality of the lamp.

Induction heating

device

The induction heating device enables rapid heating and local
heating. It «can be used semi-permanently without
maintenance. Moreover, the device can be controlled as it has
diverse outputs and enables selecting frequencies in wide
range. On the other hand, it is required to design coil in the
pipe. The device is large in volume so that it is not easy to

move the device.

Air heater

An air heater is small in size with high heating rate. The
nozzle can be manufactured in various forms so that it is
possible to provide heat to the straight pipe and bend pipe
properly. On the other hand, the heater heats up not only
object but also ambient air. Therefore, it is difficult to obtain

the thermal image with use of an IR camera.

_10_




B. Cooling Methods

In an NPP that is in normal operation, the pipes are covered with insulators and
are at high temperature, transferring heat up to the surface of the insulators. When
a cooling device is used to cool the pipes at high temperatures, thermal diffusion is
disturbed depending on the existence of defects inside the pipes. The insulation
effects by defects cause local differences in temperature on the surface of the
pipes. When an IR camera is used to obtain a thermal image of the pipes, where
such a temperature difference occurrs, defects in the pipes are shown in the image
depending on the existence of defects. Therefore, after examining various cooling
methods and investigating applicability of such methods, we found out on an
optimal cooling method to detect defects in the NPP’s pipes using the IR
thermography.

1. Tube Air Cooler

A tube air cooler is a cooling device where pathway of air current is narrowed
to increase fluid velocity as compressed air rotates in high speed, which aims at
separating hot air current from cool air current. The tube air cooler uses
compressed air in a general compressor to cool air readily. In addition, the cooler is
fundamentally safe because refrigerant, electricity or any chemicals are not used for
the cooler. The cooler is effective specially for local cooling even though it has low
capacity. However, the cooler has some drawbacks because it requires an additional
equipment to use compressed air and needs to be installed with equipment that

produces compressed air in order to be used portably.

2. Water—cooled Air cooler and Air-cooled Air Cooler
A cooler is a device that converts high-temperature high-pressure gaseous

_11_



refrigerant to low-temperature liquid refrigerant. Gaseous refrigerant containing
heat that is taken away from evaporator gets cooled as it passes through
condenser. Therefore, heat is released to the outside as the gaseous refrigerant is
turned to the liquid refrigerant. Cooler can be classified to water—cooled air cooler
and air-cooled air cooler. The air—-cooled air cooler has the excellent cooling
capability as it prevents degradation of cooling function that is attributable to
increase in room temperature. Moreover, the air-cooled air cooler enables keeping
temperature constant precisely and can be adjusted in the wide range of use. The
water—cooled air cooler uses water from a cooling tower to work in the
condensation cooling method. It minimizes indoor noise and shows the higher

cooling efficiency than the air-cooled air cooler.

3. Heat Pipe-Type Cooler

A heat pipe-type cooler is a cooling device that transfers heat in large quantity
to condenser prior to using the pin installed in the condenser for cooling through
natural convection or forced convection. The heat pipe-type cooler uses working
fluid of FC-27 in the maximum thermal load of 1.5kW. In addition, it has the
operating temperature of -30~120C with the high cooling efficiency. Since water
quantity in heat pipe can be adjusted, the heat pipe-type cooler can be
manufactured in various forms. However, the heat pipe-type cooler has drawbacks
that it takes longer time for cooling than other coolers and requires the installation

of additional fan to increase cooling efficiency.

4. Fan
A fan 1s a device that stirs up the wind as wings installed on the axis of

electric motor rotate. The fan can be classified to desk fan, ventilating fan and

stand fan depending on shape and purpose of use. Major parts of the fan include

_12_



stand, pillar, motor, and wing. It can be adjusted quite freely according to angle
and direction of movement (up and down or right and left). The pillar of the fan
also can be adjusted upwardly or downwardly. The fan has the front-side control
panel that enables an easy control as all of the devices are installed on the front
side of stand. The fan can be also classified to turbo fan, limit fan and sirocco fan
depending on shape of wing. The turbo fan has the wing that its tip is bent to the
backward of rotation direction, which includes the one with curved wing and the
one with straight wing. The turbo fan shows the high efficiency and can be
operated relatively quietly even at a high speed. The limit fan is an upgraded
version of the turbo fan and the sirocco fan. It has the streamlined wing that is
manufactured by folding a thin plate. Therefore, the limit fan can be rotated in a
high speed with low noise. The sirocco fan has a bent shape as the tip of wing is
bent toward the rotation direction. Compared to other types of fans in the same

capacity, the sirocco fan features the significantly low number of rotation.

5. Selection of a Cooling Method

In this study, an optimal cooling method was selected to obtain the IR image of
defects in a geometric shape in an easier and quicker way with a view to examine
the defect size and depth from the surface. Previous cooling methods include a
method for cooling a pipe using a water—cooled air cooler or an air-cooled air
cooler, a tube air cooler, a heat pipe-type cooler, and a fan. Table 2 lists the
characteristics of their respective cooling methods.

As shown in Table 2, the cooling method using a fan was evaluated to be the
best among the various cooling methods. The fan cooling method can be combined
with other cooling methods or can be used independently. Therefore, the fan
cooling method was used in this study to detect wall-thinned defects inside the

pipe based on IR thermography.
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TABLE 2. Applicability of the cooling methods

Cooling method

Applicability

Tube air cooler

As compressed air is used for cooling, the cooler is cheap and
portable. The cooler has low capacity, which is effective for
cooling locally. On the other hand, it requires additional
equipment to wuse compressed air. Some limitations are

expected when a cooler is used on the site of the NPPs.

Air—cooled air
cooler and
Water-cooled air

cooler

The coolers enable the maintenance of a constant temperature
and can be adjusted over a wide range of use. They show
excellent cooling capability with high efficiency. On the other
hand, the initial cost of manufacturing is high. They are heavy

and unsuitable for portable use.

Heat pipe-type

cooler

The cooler has high cooling efficiency while the water
quantity in a heat pipe can be adjusted, which enables
manufacture in a range of forms. In addition, the interval of
the heat pipe itself can be adjusted. On the other hand, the
cooler shows high cooling efficiency when it is installed

directly on the target. A fan also needs to be installed.

Fan cooler

A fan is readily available, and its wing can be manufactured
in a variety of forms. The angle of the cooler can be adjusted
while the rotation speed of the fan can be adjusted
continuously and freely. In addition, the cooler can be
manufactured to be light weight. Therefore, it is believed that

the cooler will be easy to use and portable.
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IV. Simulation and Experiment

In this study, the halogen lamp heating device and the fan-type cooling device
were selected as the equipment for heating and cooling the pipe specimen. Before
the experiments, finite element analysis (FEA) simulation was conducted to
examine the heating and cooling effect of the selected heating and cooling device
as well as the optimal experiment conditions. FEA simulation was performed using
ANSYS FLUENT 13.0, and the GAMBIT program was used to generate the
meshes that were modeled to conduct FEA simulation [10]-[11]. In addition, based
on the simulation results, the heating and cooling experiments were performed to

detect defects inside the pipe specimen.
A. Specimen and Equipment

1. Specimen

The pipe specimen used in this study has defects inside for the heating and
cooling experiments. For the experiments, the pipe specimen, 4 inches in diameter,
was manufactured with the material of Shc.80 ASTM A106 Gr.B, which is similar
to the actual pipe used in the NPPs. As shown in Fig. 2, the pipe specimen has a
total length of 500mm, thickness of 7.5mm, and external diameter of 113mm. On
the inner surface, four defects were created in a constant length. The four defects
had a depth of 50% and 75%, respectively, of the thickness of the pipe specimen.
Table 3 shows the dimensions of the created defects in the pipe specimen. A matte
color spray was also applied to the surface of the pipe specimen to maintain a
surface emissivity of 0.95 and minimize the reflection of light. Fig. 3 shows the

pipe specimen that was manufactured in this study.
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Fig. 2. Design of a pipe specimen

Fig. 3. Pipe specimen
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TABLE 3. Dimensions of the defects in the pipe specimen

Size

Circ. Angle, ©/n 0.25
Depth, d/t 0.5, 0.75

length, 1/D0 05

2. Heating and Cooling Devices

In this study, we investigated and examined the devices that could be used to
heat up and cool off pipe specimen before selecting each device. As for heating
device, two 1kW halogen lamps were used along with power supply to adjust the
power. The 1kW halogen lamp was PAR64 CP61 EXD NSP of Philips, which
features 20cm of the diameter, 3,200K of the color temperature and 300 hours of
the average lifespan.

A blower fan was used as a cooling device to cool the pipe specimen. The
blower fan had 6 wings with a maximum wind speed of 16.5m/s. The size of its

wing was 27cm. The blower fan allows uniform cooling of the pipe specimen.
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B. Simulation Method

In regard to experiments for wall-thinned defects inside the pipe, thermal
analysis can be determined based on the FEA simulation that uses the numerical
technique prior to experiment. The FEA simulation provides the data to predict
problems in the thermal distribution of the pipe specimen based on an analysis of
the simulation results, to configure the heating and cooling device that can be

applied to an actual environment, and investigate the optimal experiment conditions.

1. Pipe Specimen Modeling and Boundary Condition

In this study, the pipe specimen used for the experiment was ASTM Al06 Gr.B,
which is frequently used for an actual pipe of the NPP’s secondary system that
was manufactured from carbon steel. Therefore, pipe specimen modeling for FEA
simulation was performed under the same conditions as those for the pipe specimen
that was used for experiment on the heating and cooling devices.

The basic boundary conditions for the FEA simulation were established as
follows. To simplify the analysis, symmetric conditions were set to consider half of
the pipe specimen model. In addition, the temperature (25C) for the entire space
were kept constant, excluding those for the pipe specimen model and heating and

cooling device model.

2. Heating Method

In this study, a halogen lamp was used as the heating device. The characteristics
of the halogen lamp were used to make a FEA simulation to examine the heating
effects of the heating device and the optimal experiment conditions. ANSYS
FLUENT was used to perform the experiment according to distance between the

1kW halogen lamp model and the pipe specimen model and with power of the
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halogen lamp adjusted [10]-[11]. As for the simulation conditions, the distance
between the pipe specimen model and halogen lamp model was adjusted to 1m, 2m
and 3m, whereas power of the halogen lamp model was set to 50%, 60% and 80%
accordingly. In addition, a surface temperature, a surface emissivity, a shape, and a
surface area of the halogen lamp model were taken into consideration. The pipe
specimen model and the halogen lamp model in rectangular coordinate were set as
the basic modeling to make a FEA simulation for the heating device. Fig. 5 (a)
shows diagram of pipe specimen model and halogen lamp model while Fig. 5 (b)

shows that mesh was created to improve precision of a FEA simulation.
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(a) diagram of the pipe specimen model and halogen lamp model

(b) creation of meshes
Fig. 5. Configuration of modelled halogen lamp and pipe specimen model
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3. Cooling Method

This study used the cooling device was based on the principles of the fan.
Therefore, to conduct FEA simulation of the cooling device, the principles of a fan
were applied to cool the pipe specimen model through forced convection caused by
the pressure difference between surfaces of the fan model and the pipe specimen
model. In addition, water was designed to flow inside the pipe model to describe a
hot pipe in the NPPs in normal operation. The mass flow rate of water was set to
lkg/sec. Fig. 6 (a) shows diagrams of the pipe specimen model and fan model. Fig.
6 (b) shows the meshes that were created to improve the analysis accuracy.
ANSYS FLUENT was used to perform a simulation of the FEA simulation for a
cooling device [10]-[11]. The distance between the fan model and pipe specimen
model and the pressure difference in the fan model were adjusted. For simulation
conditions, the distance between the pipe specimen model and the fan model was
adjusted to 1m, 2m and 3m, whereas the pressure difference in the fan model was
set to 100Pa and 150Pa. The temperature of water flowing inside the pipe specimen
model was adjusted to 100C and 2007C. Here, the pressure difference of 100Pa can
be represented by 12.4m/s and the pressure difference of 150Pa can be represented

by 15.2m/s.
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(a) diagram of the pipe specimen model and fan model

(b) creation of meshes
Fig. 6. Configuration of modelled fan and pipe specimen model
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C. Simulation Results

1. Heating Simulation Results

A FEA simulation for the heating device was conducted as modeling of two 1kW
halogen lamps with optical power was performed with power and distance adjusted.
Table 4 shows the conditions of the FEA simulation. Fig. 7 shows the simulation
results for 60 seconds respectively as power of halogen lamp model was kept at
50% and distance between the pipe specimen model and halogen lamp model was
adjusted to Im, 2m and 3m. Regardless of the distance between the pipe specimen
model and halogen lamp model, the temperature difference in defect site was
observed with the naked eye under all of the experiment conditions. However, the
sharpness of the temperature variation in defect site was lower when depth of the
defects was 50% of the pipe specimen model thickness than when depth was 75%.
Moreover, sharpness was the highest when the distance was 1m. It was confirmed
that shape of the defects looked broken when the distance was 3m.

Fig. 8 shows the simulation results that was performed for 60 seconds
respectively as power of the halogen lamp model was kept at 60% and distance
between the pipe specimen model and the halogen lamp model was adjusted to 1m,
2m and 3m. Regardless of distance between the pipe specimen model and the
halogen lamp model, the temperature difference in defect site was observed to be
conspicuous under all of the experiment conditions while a shape of the defects
was more distinct than the case where power of the halogen lamp model was 50%.
However, a sharpness of the defects was lower when a depth of the defects was
509% of the pipe specimen model thickness than when depth was 75%, which was
the same as the case where power of the halogen lamp model was 50%. In
addition, when the distance between the pipe specimen model and the halogen lamp
model was 1m, the defects were clear while a shape of the defects was the most

similar to actual shape of the defects.
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Fig. 9 shows the simulation results that was performed as power of the halogen
lamp model was kept at 80% and distance between the pipe specimen model and
the halogen lamp model was adjusted to 1m, 2m and 3m. A shape of the defects
was similar to the actual shape of the defects.

According to the FEA simulation results, the temperature on surface of the pipe
specimen model was the highest when power of the halogen lamp model was 80%
and distance between the pipe specimen model and the halogen lamp model was
1m. Moreover, the defects were clear while shape of the defects was the most
similar to actual shape of the defects. However, a sharpness of the defects varied
according to depth of the defects. As distance between the pipe specimen model
and the halogen lamp model increased, heat transfer to surface of the pipe
specimen model was decreased dramatically. Therefore, the FEA simulation results
confirmed the heating effects of the heating device that used halogen lamp.
Consequently, it could be predicted that defects could be well detected under the
optimal experiment conditions that power of the halogen lamp was 80% and

distance between the pipe specimen and the halogen lamp was 2m or less.

TABLE 4. Conditions of the heating simulation

Power of Distance between pipe
Heating source halogen lamp Heating time specimen and halogen
model lamp model
1m, 2m, and 3m
5096 .
respectively
1m, 2m, and 3m
1kW halogen lamp 6096 60sec .
respectively
1m, 2m, and 3m
809

respectively
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Fig. 7. 50% power of 1kW halogen lamp model
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Fig. 8. 60% power of 1kW halogen lamp model
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2. Cooling Simulation Results

A FEA simulation to confirm the cooling effects of the cooling device and
investigate the optimal experiment conditions was performed as pressure difference
of the fan model was adjusted to 100Pa and 150Pa and distance was adjusted to
Im, 2m and 3m accordingly. In addition, as temperature of the water that flowed
inside the pipe specimen model was set at 100C and 200C, an analysis was made
for 60 seconds. Table 5 shows the conditions of the FEA simulation.

The simulation result were obtained based on the image at 30 seconds, which
showed the defects the most clearly compared to the results of simulation that was
conducted for 60 seconds. Fig. 10 shows the simulation results that were performed
when the pressure difference of the fan model was 100Pa, the temperature of the
pipe specimen model was 100C and 200C, and the distance between the pipe
specimen model and fan model was adjusted to 1m, 2m and 3m. The deviation of
the temperature in the defect part was conspicuous under all simulation conditions
regardless of the distance between the pipe specimen model and fan model.

In addition, Fig. 11 shows the simulation results that were performed when the
pressure difference of the fan model was 150Pa, the temperature of the pipe
specimen model was 100C and 2007C, and the distance between the pipe specimen
model and fan model was adjusted to 1m, 2m and 3m. The shape of the defects
was observed with the naked eye. The defects appeared clearer as the pressure
difference in the fan model increased regardless of the depth of the defects.
Moreover, the defects became more distinct when the distance between the pipe
specimen model and fan model was shorter (Im and 2m).

Consequently, the FEA simulation could confirm the cooling effects of the fan
cooling device. The optimal experiment conditions include a pressure difference of
150Pa in the fan and a close distance, such as 1lm and 2m between the pipe

specimen and fan cooling device.
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TABLE 5. Conditions of the cooling simulation

Cooling source

Pressure

difference of

Temperature of

pipe specimen

Distance between pipe

specimen and fan model

fan model model
. 1m, 2m, 3m
100°C tivel
respectively
100Pa . 1m, 2m, 3m
200C tivel
respectively
Fan . 1m, 2m, 3m
100°C tivel
respectively
150Pa . 1m, 2m, 3m
200C

respectively
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Fig. 10. Differential pressure of 100Pa on fan model
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Fig. 10. Differential pressure of 100Pa on fan model (continued)
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Fig. 11. Differential pressure of 150Pa on fan model
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Fig. 11. Differential pressure of 150Pa on the fan model (continued)
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D. Experiment Method

FEA simulation that was conducted based on the numerical technique before the
experiment could confirm the heating and cooling effects of the heating and cooling
device. In this study, an IR camera and the heating and cooling device were
configured according to the experiment conditions established based on the FEA

simulation of detect wall-thinned defects inside a manufactured pipe specimen.

1. Heating Method

During the overhaul period of the NPPs, the temperature of the pipe system is
kept at room temperature. Therefore, the heating device was used to conduct the
experiment to detect wall-thinned defects inside the pipe after it was confirmed
that temperature of the pipe specimen was room temperature. Based on the results
of a FEA simulation, the experiment equipment included an IR camera, halogen
lamps, a pipe specimen, a lamp power supply, and a PC. The experiment was
conducted in an enclosed space. An air conditioner was used to ensure that
temperature in experiment room were kept constantly at 25C.

The experiment with use of the heating device based on simulation of the NPP’s
overhaul period was conducted as temperature of a pipe specimen was set at room
temperature and distance between a pipe specimen and halogen lamps and the
intensity of the halogen lamp were set as variables. The distance between a pipe
specimen and an IR camera was set at 1m while the distance between a pipe
specimen and the halogen lamp was adjusted to 1m and 2m. In addition, intensity
of 1kW halogen lamp was adjusted to 60% and 809 while each experiment was
conducted for 120 seconds. Fig. 12 shows the configuration of the experiment

equipment to detect the wall-thinned defects.
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Fig. 12. Configuration of experimental equipment using heating device

2. Cooling Method

The temperature of the pipe should be kept high because it is assumed that
inspections are conducted for the wall-thinned defects inside the pipes of the NPPs
that is in normal operation. Therefore, the experiment for this study was conducted
when the temperature of the pipe specimen was kept high. To this end, a heating
device in the pipe was manufactured before it would be inserted inside the pipe
specimen. The inner heating device was manufactured to ensure that the support
was close to the inner wall of the pipe specimen and the support could be wrapped
up with two heating tapes that could be heated up to 400TC. Fig. 13 shows the
inner heating device used to implement a hot pipe.

To verify the heating performance of the inner heating device, the device was
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installed inside the pipe specimen before being heated up. An IR camera was used
to measure the temperature distribution. The measurement results showed that the
surface temperature of the 4-inch pipe specimen was kept at 142~150.35T
depending on the location when the temperature of the two heating tapes was set
at 320C each. Fig. 14 shows the surface temperature of the pipe specimen that
was measured using an IR camera when the maximum surface temperature of the
pipe specimen was 150C. According to the measurement results, the highest
temperature was observed in the center of the pipe specimen. The temperature
tended to decrease with increasing distance from the center. The low temperature

of both edges was expected from the heat loss caused by the flange parts.

2

Front view

(b) inner heating device
Fig. 13. Inner heating device of pipe specimen
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Fig. 14. Temperature distribution of inner heating device

As shown in Fig. 15, we configured the experimental equipment for the detection
of wall-thinned defects inside the pipe that included an IR camera, fans, a pipe
specimen, heating tape, a heating tape controller, and a PC. The experiment was
conducted in a closed space while the temperature in the laboratory was Kkept
constant at 25°C using an air conditioner.

To describe the pipe of the NPPs that was under normal operation, the inner
heating device was used to maintain the temperature of the pipe specimen at 150C,
whereas the distance between the pipe specimen and fan and the number of fans
changed. The distance between the pipe specimen and the IR camera was fixed at
1m, while the distance between the pipe specimen and the fan was adjusted to 1m
and 2m. In addition, the number of fans was adjusted to 1 and 2 and each

experiment was conducted for 120 seconds.
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Fig. 15. Configuration of experimental equipment using cooling device

E. Experiment Results

1. Heating Experimental Results

The experiment using the heating device based on simulation of the NPP’s
overhaul period was conducted as distance between a pipe specimen and halogen
lamp was set to 1m and 2m because the results of a FEA simulation that when
the distance was shorter, defects looked more distinct. Table 6 shows the condition
of the experiment. Fig. 16 shows the experiment results when distance between a
pipe specimen and halogen lamp was adjusted to Im and 2m and intensity of the
halogen lamp was set to 60%. According to the experiment results, a sharpness

was lower in the site where depth of the defects was 50% of the thickness than in
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the site where depth of the defects was 75% of the thickness. However, it was
possible to confirm the defects with the naked eye that looked conspicuously.

Fig. 17 shows the experiment results when distance between a pipe specimen
and halogen lamp was adjusted to 1Im and 2m and intensity of the halogen lamp
was set to 80%. According to the experiment results, it was possible to confirm
the defects with the naked eye under all of the experiment conditions. It was also
possible to clearly distinguish the defects in the site where depth of the defects
was D0% of the thickness and where sharpness was low as intensity of the
halogen lamp was up to 60%. In addition, a shape of defects was the most similar
to actual shape of the defects.

According to the experiment results, the halogen lamp was able to detect
wall-thinned defects inside the pipe. Furthermore, it was considered that the power
of the halogen lamp should be 60% or higher and the distance between the pipe
and the halogen lamp should be short such as 2m in order to detect wall-thinned

defects inside the pipe during the overhaul period of the NPPs.

TABLE 6. Conditions of the experiment using a heating device

. Distance between pipe
) Power of halogen Heating )
Heating source ) specimen and halogen
lamp time
lamp
KW 609 1m, 2m respectively
hal i 60sec
alogen lamp 80% 1m, 2m respectively
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(a) distance of the halogen lamp from pipe specimen-1m

(b) distance of the halogen lamp from pipe specimen-2m
Fig. 16. 60% power of 1kW halogen lamp

_41_




(b) distance of the halogen lamp from pipe specimen-2m
Fig. 17. 80% power of 1kW halogen lamp
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2. Cooling Experimental Results

The cooling experiments for the detection of wall-thinned defects inside the hot
pipe of the NPPs that were in normal operation was conducted at 150C. An
heating device was inserted inside the pipe specimen, which aimed at implementing
a high temperature of the pipe specimen.

Fig. 18 shows the experiment results when a single fan was used with a
distance between the pipe specimen and fan adjusted to 1Im and 2m. The defects
created up to a 75% depth inside the pipe specimen were detected at a distance of
2m. The defects were detected more clearly as the distance between the pipe
specimen and fan became shorter.

Fig. 19 shows the experiment results when two fans were used to cool the pipe
specimen at a distance of 1m and 2m. The defects artificially created with a 75%
depth and 50% depth inside the pipe specimen could be detected. The defects were
detected more conspicuously as the distance between the pipe specimen and cooling
device became shorter.

According to the experiment results, the fan cooling device was able to detect
defects inside a pipe specimen partially. Furthermore, it was considered that wind
speed and air volume of the fan should be increased and distance between a pipe
specimen and the fan should be short such as 1m in order to detect wall-thinned

defects inside the pipe of the NPPs that was in normal operation.

TABLE 7. Conditions of the experiment using a cooling device

) Temperature of Distance between pipe
Cooling source Fan ] ) )
pipe specimen specimen and fan
1 1m, 2m respectively
Fan 150C
2 1m, 2m respectively
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(a) distance of the fan from pipe specimen-1m

(b) distance of the fan from pipe specimen—2m
Fig. 18. Cooling experiment using 1 fan
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) distance of the fan from pipe specimen-1m

(b) distance of the fan from pipe specimen—2m
Fig. 19. Cooling experiment using 2 fan
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V. Conclusions

In this study, IR thermography was used to detect wall-thinned defects inside
the pipes of NPPs that were in the overhaul period and normal operation. The pipe
model and pipe specimen that had the same physical properties as those for the
actual pipe of the NPPs were used for the FEA simulations and the experiments.
Moreover, the size of the defects applied to the pipe specimen was equal to that of
the defects applied to the pipe model for the FEA simulation.

Based on the FEA simulation results that aimed at investigating the heating
effects of the heating device and the optimal experiment conditions, it was
predicted that capability to detect defects increased as distance between the pipe
and the halogen lamp was shorter and intensity of the halogen lamp was higher.

FEA simulation was conducted to examine the cooling effects of a cooling device
and the optimal experiment conditions. The results predicted that the detection
ability of defects increased with decreasing distance between the pipe and fan and
increasing wind speed of the fan. The results were applied to subsequent
experiments.

In the experiment using the heating device based on the FEA simulation results,
defects looked more conspicuous as distance between a pipe specimen and halogen
lamp was 2m and the power of halogen lamp was higher. The optimal experiment
conditions for investigation of the wall-thinned defects in the NPP’s pipe using the
halogen lamp included the distance between the pipe and the heating device of 2m
and the halogen lamp power of 609 or higher.

The defects could be detected partially in the experiment that was conducted
using the cooling device of fans based on FEA simulations. Unlike the FEA
simulation results, the defects with the 75% depth of the pipe thickness could be
detected clearly when the distance between the pipe specimen and fan was 1m. To

detect the wall-thinned defects in the NPPs that is in normal operation based on
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such results, the distance between the pipe and fan should be short (e.g. 1m),
whereas the wind speed and air flow of the fan should be high.

In conclusion, IR thermography enabled the detection of the wall-thinned defects
inside the pipe and it was expected to be quite useful on the NPPs site compared
to the existing NDI. Moreover, because IR thermography facilitates the maintenance
of facilities of the NPPs that are in normal operation or NPPs that are in overhaul
period, it is expected to maximize the operation efficiency of the NPPs facilities
and minimize the energy loss and economic loss can be attributed to the operation

stop.
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