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Abstract: Infrared temperature sensors, simple device fopeature measurement, have
been modified for the measurement of temperatwstilolition on the metal surface in a
way of nondestructive detection of defects of thgct. In this study, the IR sensor system
is utilized for the defect detection in a cylinagth one point heating, and the performance
of the system is examined with an aluminum cylinbleving a simulated defect. In
addition, a 3-D conduction equation is numericalyved to compare the computed
temperature profile with the measured one. The rax@atal outcome indicates that the
defect detection is readily available with the megd device and the point heating is
practical for the applications of the defect detettlt is also found that the measured
temperature distribution is comparable to the camegburesult from the conduction
equation.
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1. Introduction

Vessels and equipments in chemical process indastrie subject to highly corrosive environment
often at high temperature and high pressure rewuigeriodical inspection for possible defects.
However, the inspection is not simple due to thaque nature of the vessels and equipments, and a
nondestructive technique has to be applied fordéfect detection. Therefore, x-ray and radioactive
materials have been used in the inspection in spgerious hazardous problem of handling.
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An IR thermographic device is a possible solutionthe application, because it has widely been
applied to various defect detections, such as rispeiction of composite materials [1-3], aerospace
materials [4], laminated wood [5], and thermal kearcoating [6]. The device was also used in the
inspection of artificial defects in polystyrene aadplaster [7]. For the improvement of the IR
thermography, a self-referencing technique foratmination of preliminary inspection was proposed
in the analysis of IR thermogram [8], and a pulgddse thermography has been introduced [9].
Sometimes a surface coating of sensor materiateggace the thermographic device [10]

When a defect is placed in a metal plate or wal of/lindrical object, heat conduction through the
object is non-uniform forming an irregular temparat distribution around the defect. The IR
temperature sensor is a simple and easy deviceghéormeasurement of temperature distribution.
Because its measurement range of temperature iwdinand the distance between the sensor and
measured object is critical to the measurementgaially designed sensor module is necessary éor th
adjustment of the range and distance. The techriiggebeen applied to the detection of simulated
defect in a plate [11] and a pipe [12] showingdbédity of defect detection of the system.

In this study, the IR themometer sensor is impleetkho the detection of a simulated defect in a
cylindrical object, same to the shape of most egeipt in chemical process industries. Unlike the
previous studies on the case of uniform heatingravide a temperature gradient on the surface of
inspected material, one point heating is appliedsimering the convenience of its practical
implementation. It is easy to heat a spot on aelangrface of a cylindrical wall instead of uniform,
linear heating for the formation of temperaturetribsition around the defect. A sensor module is
utilized to adjust the temperature measuring raxigeach of five sensors used here and to mairntain t
distance between the sensor and object. A numeaicalysis using the 3-dimensional conduction
equation is also carried out to compare the medstemperature distribution with the calculated
distribution.

2. Cylinder Model and Numerical Analysis

An aluminum cylinder having a wall thickness of Bnnand a diameter of 100 mm as shown in
Figure 1 was utilized in the experiment, which wasdeled to solve a 3-D conduction equation upon
suitable boundary conditions. In the middle of gdyénder a groove of 1 mm high and 10 mm wide
was drilled as a simulated defect and covered ¢im $ides of the groove with a piece of aluminunh foi
to conceal the defect. During the operation of doahprocesses in field the wall of a vessel i®oft
warm and a temperature distribution is generatedyhich the proposed IR thermography can be
directly applied for the detection of defects withseparate, external heating. However, since the
temperature distribution is not provided in the plnof this study, an external heating is necesdary
order to provide the temperature distribution o ¢lglinder a short rod heater was inserted in tie h
near the top, and a water cooler was located abdt®m as illustrated in Figure 2. In a practical
application, the point heating is simple and easyenerate a temperature distribution.

The 3-D governing equation for the computationewhperature distribution for the cylinder model
is

0°T =0 (1)
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Figure 1. Dimension of an aluminum cylinder with a groove.
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Figure 2. A schematic diagram of experimental setup.
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In the computation, the heat flux at heat souraeisas 8.91xPON/m’K, and the temperature at the
bottom of the cylinder is maintained at 26. All other boundaries are assumed to be adigbatic
because the heat conduction through the aluminumuish faster than the convection to the air. For
the 3-D numerical solution of Eg. (1), the gridusture was made as illustrated in Figure 3. Because
high temperature gradient is expected near the $matce and groove, relatively large numbers of
nodes are assigned there. Total number of nodggi®ximately 1,000,000. Grids are also constructed
along the radial direction. Four-node grids areduaeund the heater, and 20-node grids around the
groove. The commercial software CFX (ANSYS Inc.S1A., Ver. 11.0) was utilized in the numerical

simulation.
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Figure 3. Grid structures for three-dimensional numericahidation: (a) around the
heat sourcgp) around the groove.
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3. Experimental

3.1. Preparation of sensor module

In order to measure temperature distribution ofaheninum cylinder, five infrared thermometers
(Heimann Sensor GmbH, Germany, Model 3129)—bui# specially designed module as described in
Figure 4—were utilized in this experiment. Thougk sensor has a circular optical window of 3 mm
in diameter, it has 9 mm tin casing as illustrateBigure 4a.

Figure 4. A schematic diagram of sensor holder and dimensiérsensofa), left-line
holg(b) and right-line holé).
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Figure 5. A schematic diagram of amplification circuit.
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When the sensors are placed in a line, there istantbd area between two adjacent sensors due to
the large casing with small optical window. For ttegluction of the undetected area, a specially
designed module made of bakelite was implementatkasnstrated in Figure 4. The five sensors in
the module are placed in two lines. Three sensmwdagated in the left line with short length of
viewing holes, while two sensors are in the righthwong holes. Locating them in a staggered
arrangement minimizes the undetected area whemdtkile horizontally scans the cylinder surface.
The sensor has an internal thermistor for temperatompensation, and a separated amplification
circuit as described in Figure 5 is used for tlymai processing of each sensor. To maintain a aonst
distance between the sensor and cylinder, the finlet of the sensor module is in contact with the
cylinder surface.

3.2. Experimental set-up

A schematic diagram of the experimental setup esvshin Figure 2. In the middle of the setup, the
cylinder is placed in a cooling water pan on to ¢firn table. A rod heater is installed at thedbthe
cylinder, and is connected to the adjusted poweplyu The cooling water circulated from a
thermostat (Daeil Engineering, Korea, Model DTC-Bis2provided to give large temperature gradient
on the cylinder. The rotational angle of the tuablé is measured with a potentiometer connected to
the cylinder with a string, and the measuremeriraasferred to a PC through an A/D converter.
During the experiment, a portable IR thermometay(Bk, U.S.A., Model Raynger IP-K) is utilized
for the measurement of reference temperaturesdbghand bottom of the cylinder. The IR sensors in
the measurement module are calibrated with a huhialm plate and a thermocouple thermometer.
The five voltage signals from the sensors are segpb a PC through the A/D converter during the
experiment.
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3.3 Experimental procedure

The cylinder is adjusted to be at the center of tthre table, and it is checked that the string
connected to the potentiometer for the measureminbtational angle is properly attached to the
cylinder. Then the sensor module is aligned to nmeathe groove temperature with the third sensor
from the top. While the cooling water is suppliedthe bottom of the cylinder, the heater is actdat
to raise the cylinder temperature. After two hooirgonstant supply of cooling water and heat to the
cylinder, the top and bottom temperatures are gexadly measured with the portable thermometer to
check if the temperatures are stable. When the rempet is ready with a steady temperature
distribution, the data acquisition with the PC lmsgand the measurement starts. While the sensor
module is stationary, the turn table holding thencler slowly rotates at a speed of about 30 deggree
per minute. The measurements of temperature aatawal angle are fed to the PC. The experimental
data are stored during the measurement, and redriiev processing after the experiment.

4. Results and discussion

When a metal object contains a defect embeddedensgihe temperature distribution around the
defect is distorted due to the difference of thérommduction around the defect. The temperature on
the surface of the metal object is measured hdride wne point heating is provided for the generati
of temperature distribution. The measurement ofpenature distribution was conducted for three
times. In the measurements the third sensor frandp of the sensor module was aligned to pass the
center of the concealed groove. Figure 6 shows nieasured temperature distribution in the
experiment of run-1. The numbers on the curvesansor position counted from the top. As expected
the highest temperature was yielded at the ceriténeocurve 1, closest to the heater, and a nearly
symmetric temperature distribution was found inhbeides of the cylinder. Note that the heating
occurs at the center of cylinder top. A similartdisition of temperature is shown in the curve 2
except that the temperature is lower than the clirdae to the distance from the heater. A large dro
of temperature at the center of curve 3 was datdoten the defect. Because the thermal conduction
through the defect does not occur, the temperaitoand the defect is lower than its sides clearly
indicating the existence of the defect.

The lack of heat conduction from the defect aldeci¢d the temperature in the curve 4. When the
curve is compared with the curves 1 and 2, the ézatpre in the middle is lower than expected from a
no-defect cylinder. The effect of no conductionhet defect is lowered with the curve 5 as the dista
from the heater increases.

The iso-thermal contour calculated from Eg. (1)d&monstrated in Figure 7. The iso-thermal
temperature distribution of whole cylinder inclugithe heater and groove is illustrated in Figure 7a
and the detailed distribution around the groovgiven in Figure 7b. While large temperature gratlien
is observed near the heat source, the gradienharhe groove is not varied much from nearby area
except the disturbance caused by the groove. Tdrerethe temperature measurement around the
groove detects the disturbance to indicate thaenae of the simulated defect.
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Figure 6. Variations of measured temperatures in the cylifBen-1).
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Figure 7. Iso-thermal contourga) global domain including the heat source and grpove
(b) details near the groove.
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For the better comparison between the measuredetatope and the numerically computed
distributions, the temperature around the groovplosted in Figure 8. The patterns of temperature
distribution are similar to each other. The defectiocated at the center of the figure, and the
temperature above the center (lines a - e) is hitjtaa its sides as demonstrated in the curvesi?an
of Figure 6. However, the temperature below thedefiine f) is lower than those of the sides. When
the distance from the heater increases (lines)gthd effect of the defect diminishes as givertha
curves 4 and 5 of Figure 6. Two more experiment®wenducted for the inspection of reproducibility

of the proposed technique, and the outcome wadiatiiin Figure 9 and 10. The explanation given
with Figure 6 identically applies to the resultdhe figures.
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Figure 8. Computed temperature distribution on the cylindefase.
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Figure9. Variations of measured temperatures in the cyliigen-2).
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Figure 10. Variations of measured temperatures in the cyfifgen-3).
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In the previous applications of the IR thermometiersthe defect detection [11, 12] a uniform
heating was utilized, but the heating is difficuti apply in a practical implementation. As
demonstrated in this study, the point heating ¢ocalized spot in a vessel wall is more practibaint
the uniform heating and is effective to detect gecde In addition, the proposed procedure does not
employ an x-ray or radioactive material being diift and dangerous to handle.

Conclusion

A set of IR thermometers was used for the deteatfom simulated defect in a cylinder in order to
examine if it can be used as a nondestructive tdegection device. Unlike the previous experiments
one point heating was applied because it was moaetipal than a uniform heating in field
applications. The outcome of three experimentak rundicates that the proposed technique clearly
distinguishes the defect. The measured temperdiatebution was compared with the result of the
numerical analysis using a 3-D conduction equationshow the similar distributions to the
experimental measurements. The performance exaonsagxhibit that the IR defect detection system
is useful in the field application of the inspeatiof cylindrical equipments.
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