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ABSTRACT 
 
The IPR-R1 TRIGA MARK 1 reactor is an open pool type reactor, cooled by light water. It is used for research 

activities, personnel training and radioisotopes production, in operation since 1960 at the Nuclear Technology 

Development Center – CDTNCNEN. It operates at a maximum thermal power of 100 kW and usually, the fuel 

cooling is done by natural circulation. If necessary, an external auxiliary cooling system, with a shell-and-tube 

type heat exchanger, can be used to improve the water heat removal. As part of the ageing management program 

of the reactor, a nondestructive evaluation of their heat exchanger stainless steel tubes will be performed, in 

order to verify its integrity. The examinations will be performed using the eddy current test method, which 

allows the detection and characterization of structural discontinuities in the wall of the tubes, if existing. For this 

purpose, probes and reference standards were designed and manufactured at CDTN facilities and test procedures 

were established and validated. In this paper, a description of the proposed infrastructure as well as the test 

methodology to be used in the examinations are presented and discussed. 

 

 

1. INTRODUCTION 
 

Tubes of nonferromagnetic materials, used in industrial heat exchangers, must be periodically 

inspected, in order to detect and to characterize structural discontinuities that can be 

compromising their use or promote their failure. The type and characteristics of these 

discontinuities is dependent of the operational conditions of the equipment and of the 

degradation processes to which they are submitted, such as fatigue, corrosion and 

fragilization. 

 

The heat exchanger of the cooling system of the TRIGA MARK 1 reactor is a shell and tube 

type heat exchanger. It consists of a shell of AISI 304 stainless steel with a bundle of 164 

AISI 304 stainless steel straight tubes. The dimensions of the tubes are 19 mm external 

diameter, 4800 mm length and 1.65 mm wall thickness. It is assembled in two independent 

circuits: a primary circuit, where the water from the reactor pool flows and a secondary 

circuit, where the water from the water distribution public system flows. The water from the 

reactor pool flows inside the shell, having direct contact with the external wall of the tubes. In 

turn, the water in the secondary circuit flows inside the tubes, having a direct contact with 
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their internal wall. The tubes bundle is supported by 48 support plates, which are also 

responsible for directing the water flow, through the shell side. Considering the reactor 

operating at 250 kW, the temperature of the water that flows into the shell side of the heat 

exchanger is about 40.7°C and the temperature of the water that flows into the tubes is about 

26.7°C. Photography of the heat exchanger and a schematic drawing of its internal 

components can be observed in Fig. 1 and Fig. 2 [1]. 

 

 

 
 

Figure 1: Heat exchanger of the cooling system of TRIGA IPR-R1 reactor. 
 

 

 
 

Figure 2:  Heat exchanger of the cooling system of TRIGA IPR-R1 reactor: internal 

details. 
 

 

While the water from the reactor pool is maintained under carefully controlled conditions, the 

water from the public supplying system presents elevated levels of chlorine ions and fluoride, 

which can propitiate the initiation of corrosion processes in regions inside the tubes. For this 

reason, discontinuities such as corrosion pits can occur at these sites. Additionally, a local 

wear produced by fretting can occur in the external regions of the tubes just under the support 

plates (baffles), due to the vibrations induced by the water flow during the equipment 

operation. In this study, the use of the eddy current testing to inspect the stainless steel tubes 

assembled in the heat exchanger of the cooling system of TRIGA MARK 1 reactor is 

presented. The calibration and reference standards to be used in the heat exchanger 

examination are defined. The test equipment, eddy current probes and accessories important 

to the test execution are presented. Finally, an initial calibration of the test system, 

considering the necessity to reduce the signals of the support plates is performed. 
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2. EXPERIMENTAL METHODOLOGY 
 

2.1 Material 
 

The tubes used in this study as calibration standard and as reference standards were 

manufactured from samples of an AISI 304 stainless steel tube, with the same characteristics 

of the tubes of the heat exchanger under examination. The rings used as simulators of the 

presence of the support plates were manufactured from an AISI 304 stainless steel plate, with 

the same thickness as the support plates. 

 

2.1.1 Calibration and reference standards 
 

The calibration and reference standards used in the experiments are those recommended by 

the ASME BPVC for eddy current examination of tubular products [2]. In order to establish 

and to verify the test system response, a calibration standard tube containing two different 

types of holes was machined. The first one is a single hole with dimensions of 1.30 mm 

diameter and 1.65 mm depth (a through-the-wall hole). The second one is a set of four flat 

bottom holes, with dimensions of 5.00 mm diameter and 0.33 mm depth, spaced 90 degrees 

apart in a single plane around the tube circumference. 

 

In order to estimate the depth of discontinuities, a reference standard tube was machined. It 

contains the discontinuities described above and a set of three flat bottom holes, with 

diameters of 5.00 mm, 2.80 mm and 2.00 mm and depths of 40%, 60% and 80% of the tube 

wall thickness respectively. External and internal circumferential grooves, with a depth of 

10% of the tube wall thickness also were machined. Besides, a second reference standard 

tube, containing a set of four through wall holes, with diameters of 0.25 mm, 0.50 mm, 0.80 

mm and 1.00 mm was machined, in order to support the analysis of small discontinuities 

[3,4]. The standard used to estimate the discontinuities depth is shown in Fig.3. All the holes 

were machined using an electrical discharge machine. 

 

 

 
 

Figure 3 – ASME BPVC Reference standard tube used to estimate the depth of the 

discontinuities. 

 
 

2.1.2 Support plate simulator 
 

In order to simulate the presence of the support plates and establish the procedures to 

minimize their influence on the eddy current signals characteristics, small rings, with the 

same thickness of the plates, were machined and mounted in a PVC support, in order to make 

easy its manipulation during the test system adjustment. A single ring, a ring support and the 
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ring fixed in its support can be seen in Fig.4. The ring positioned in the reference standard 

tube can be seen in Fig. 5. 

 

 

 

 

 

 

 
(a)  (b)  (c) 

 

Figure 4 – Support plates (baffles) simulator. A single ring (a); ring support (b) and the 

ring fixed in its support (c). 
 

 

 
 

Figure 5 – The support plates simulator positioned in the reference standard tube. 
 

 

2.3 Test system 
 

2.3.1 Eddy current test equipment 
 

This study was carried out using ECT MAD8D eddy current test equipment [5]. The eddy 

current probes were designed and manufactured in the facilities of the nondestructive testing 

laboratory of CDTN, according to specific procedures [6]. The electrical and mechanical 

designs of the probes were developed based on the characteristics of the material tested and 

test equipment. In eddy current test the best signal-to-noise ratio is obtained when the 

external diameter of the probe is so near as possible of the tube internal diameter. The 

parameter used to evaluate the coupling effectiveness between the probe and the tube to be 

inspected is the fill factor. It is defined as the ratio of the effective cross-sectional area of the 

internal probe to the cross-sectional area of the tube interior [7]. A high fill factor results in a 

better magnetic coupling between the probe and the material. In turn, a low fill factor 

decreases the test sensitivity and increases the noise during the probe displacement through 

the tube. So, fill factor should approach one for best test sensitivity. 

 

Probes with fill factors of 95%, 90% and 85% were assembled, in order to allow the 

examination of regions of the tubes with restrictions to their motion, such as regions with 
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deposits of impurities or deformed regions. In these regions, a reduction of the free cross 

sectional area of the tube or a local reduction in the internal diameter of it can occur. Initially, 

the examination will be performed using probes with fill factors of 95%. If necessary, probes 

with fill factors of 90% and 85% will be used too. 

 

The eddy current test equipment and an eddy current probe can be seen in Fig. 6. The device 

to be used to move the probe through the tubes can be seen in Fig. 7. 

 

 

 
 

Figure 6 – MAD8D eddy current test equipment and an eddy current probe. 
 

 

 
 

Figure 7 – Push-puller for probe displacement. 
 

 

2.4 Test Procedures  
 

2.4.1 Test system calibration 
 

The test system calibration was performed according to the requirements of the ASME Code 

[2]. The presence of the support plates (baffles) in the heat exchanger produces a 

characteristic signal in the eddy current test system, when the probe is passing in a region of 

the tube close to the support plate. If there is a discontinuity in the tube wall, in this region, 

the eddy current signal referent to it, will be distorted by the support plate signal, promoting a 

decreasing in the efficiency of this test method. To minimize this effect, the eddy current test 

is performed using two different frequencies, named principal frequency and auxiliary 

frequency. The signals of the two frequencies are mixed, according to specific procedures [5], 

and the support plates signals are minimized in the mixer channel, allowing the detection and 
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characterization of discontinuities in these regions. So, the evaluation of the tubes is done 

using the signals of from the principal frequency and the signals from the mixing channel. 

 

In this study, the principal frequency and the auxiliary frequency, used in the preliminary 

tests, were 170 kHz and 85 kHz respectively, adjusted in the channels 1 and 2 of the 

MAD8D. The signals from the discontinuities of the reference standard tube, used to estimate 

the depth of the discontinuities, at the frequency of 170 kHz, with the probe operating in the 

differential mode, can be seen in Fig. 8. As mentioned previously, they were obtained 

according to the ASME Code recommendations [2]. 

 

 

 
 

Figure 8 – Signals from the reference standard tube used to estimate the depth of the 

discontinuities – principal frequency of 170 kHz. 
 

 

In eddy current testing of heat-exchangers tubes, the signal of a differential probe is usually 

presented in the complex plane as a Lissajous figure and it corresponds to the changes that 

have occurred in the test system impedance promoted by discontinuities existing in the tested 

material. Two parameters, determined from the figure, can be used for discontinuities 

evaluation. The first one is the amplitude of the signal. It is related to the volume of the 

discontinuity. The second one is the phase angle. It is related to the depth of the discontinuity 

and its location, in the inner surface of the tube or in the outer surface of it. Finally, the shape 

of the figure depends on the morphology of the discontinuity. The angle formed between the 

horizontal axis and the straight region of each discontinuity signal (phase angle), is used to 

establish the “Phase Angle X Discontinuity Depth” reference curve, used for signals 

evaluation during the eddy current test [2]. During the test, the phase angles of the signals of 

detected discontinuities are measured and, using the reference curve, the corresponding 

depths are determined. 

 

The signals shown in Fig. 8 are referent to through-the-wall hole (100%) and to the flat 

bottom holes with depths of 20%, 40%, 60% and 80% of the reference standard tube wall 

thickness, respectively. Signals of discontinuities with phase angles higher than the phase 

angle of the through-the-wall hole (100%) are related to discontinuities located at the outer 

surface of the tubes. Signals of discontinuities with phase angles lower than the phase angle 

of the through-the-wall hole are related to discontinuities located at the inner surface of the 

tubes. The reference curve obtained from these signals (principal frequency) will be used in 

100% 
80% 60% 

20% 

40% 
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the evaluation of the signals of discontinuities in regions of the tubes not submitted to the 

support plate’s influence. 

 

The signals of the simulator ring, positioned on the reference standard tube, in a region free 

from discontinuities, at the frequencies of 170 kHz and 85 kHz, are shown in Fig. 9. After the 

mixing process, the signal of the simulator ring, in the same region of the tube, is shown in 

Fig. 10. As can be seen, the mixing process promoted a strong reduction in the amplitude of 

the simulator ring signal. 

 

 

 

 

 
(a)  (b) 

 

Figure 9 – Signals of the simulator ring, in a region of the reference standard tube 

without discontinuities, at the frequencies of 170 kHz (a) and 85 kHz (b). 
 

 

 
 

Figure 10 – Signal of the simulator ring, in a region of the reference standard tube 

without discontinuities, in the mixture channel, showing the support plate signal 

reduction. 
 

 

With this procedure, the signals of discontinuities located in regions of the heat exchanger 

tubes under the support plate will be detected in the mixer channel. So, the depth of the 

discontinuities is determined using a “Phase Angle x Discontinuity Depth” reference curve, 

similar to that obtained for the principal frequency. The signals from the discontinuities of the 

reference standard tube, used to estimate the depth of the discontinuities, in the mixing 

channel, with the probe operating in the differential mode, can be seen in Fig. 11. 



INAC 2013, Recife, PE, Brazil. 

 
 

Figure 11 – Signals from the reference standard tube used to estimate the depth of the 

discontinuities – mixing channel. 
 

 

In order to evaluate the efficiency of the procedure used for the support plate signal 

reduction, the simulator ring was positioned in the region of the reference standard tube in 

which the through-the-wall hole with 1.30 mm diameter was machined. In this condition, the 

signal of the through-the-wall tube was acquired. After that, this procedure was repeated, but 

without the presence of the simulator ring. 

 

The signal of the through-the-wall hole, free from the influence of the simulator ring, at the 

frequency of 170 kHz, can be observed in Fig. 12 (a). The signal of the through-the-wall hole, 

under the influence of the simulator ring, can be observed in Fig. 12 (b). 

 

 

 

 

(a)  (b) 

 

Figure 12 – Signals of the through-the-wall hole at the frequency of 170 kHz (principal 

frequency) without the influence of the support plate (a) and under its influence(b). 
 

 

The signal of the through-the-wall hole, free from the influence of the simulator ring, in the 

mixing channel, can be observed in Fig. 13 (a). The signal of the through-the-wall hole, under 

the influence of the simulator ring, can be observed in Fig. 13 (b). 

 

100% 80% 60% 40% 

20% 
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(a)  (b) 

 

Figure 13 – Signals of the through-the-wall hole, in the mixer channel, without the 

influence of the simulator ring (a) and under its influence (b). 
 

 

To verify the test system sensitivity, the second reference standard tube was used. This 

reference standard tube was described previously The signal of the through-the-wall hole 

with diameter of 0.50 mm, in the mixer channel, under the influence of the simulator ring, 

can be seen in Fig. 14. 

 

 

 

(a)  (b) 

 

Figure 14 – Signals of the through-the-wall hole with diameter of 0.50 mm, in the 

mixing channel, without the influence of the simulator ring (a) and under its influence 

(b). 

 

 

3. DISCUSSION 
 

The Eddy current test of tubes of nonferromagnetic materials, installed in heat exchangers, 

allows the detection and the characterization of discontinuities which cause a reduction, local 

or gradual, in these tubes wall thickness. From the reference curves of “Phase angle of the 

signal of a discontinuity x Discontinuity Depth”, obtained in laboratory conditions, it is 

possible to determine the depth of discontinuities detected in the component tested. After the 

measurement of the phase angle of the signal of a specific discontinuity, its depth can be 



INAC 2013, Recife, PE, Brazil. 

 

determined using the reference curve. The minimum discontinuity size, detectable by the test 

system, is adjusted in the calibration and test system adjustment operations. 

 

In heat exchangers, the tubes are supported by plates which, during the eddy current 

examinations, produce a characteristic signal. This signal, superimposed to the signal of a 

discontinuity located in the tube wall, close to the plate, will affect the detectability of the test 

system in this region, decreasing the test efficiency. For this reason, for eddy current 

examination of heat exchangers, two frequencies of test are used. The principal frequency is 

used in the evaluation of the regions of the tubes non-submitted to the influence of the 

support plates. For this purpose, a reference curve, obtained from signals generated from the 

principal frequency is used. In turn, the evaluation of the regions of the tubes under the 

influence of the support plates is done using signals referent to the mixture of the two 

frequencies. This mixture allows reducing, or eliminating, the signal due to the support plate. 

For this purpose, a new reference curve, obtained from signals generated from the mixed 

frequencies is used. Both curves are obtained using the reference standard tube recommended 

by the ASME Code. 

 

The experiments described in this paper were planned in order to verify the capability of the 

test system (probes, reference standards and test methodology used) to achieve the 

requirements of the ASME Code [2]. Besides, a methodology to reduce the signal referent to 

the support plate was proposed. Also, an analysis about the sensitivity of the test system for 

detection of small discontinuities, in the region of the tubes under the influence of the support 

plates, was conducted. 

 

From the analysis of Fig. 12, it can be seen that the signal of the simulator ring, superimposed 

to the signal of the through-the-wall hole, at the frequency of 170 kHz, produces a resulting 

signal that not permit to observe the presence of the through-wall hole, when it is located 

under the simulator ring. However, observing Fig. 13, it can be seen that the characteristics of 

the signal of the through-wall hole, detected in the mixer channel, are very similar, 

independent of the presence of the simulator ring. The phase angle remains the same. It 

means that the depth of a discontinuity in the tube wall, under the influence of the support 

plate, can be determined correctly in the mixer channel. So, the procedure used to minimize 

the influence of the support plate during the test was effective. The only change observed was 

a small change in the amplitude of the signal. It means that, when performing the eddy 

current test of nonferromagnetic tubes installed in heat exchangers according to ASME Code 

2, the test system and the methodology proposed are efficient to detect and to characterize 

discontinuities existing in the tubes of the heat exchanger under examination. 

 

In Fig. 14 (a) is presented the signal of the through-wall hole of 0.50 mm diameter, free from 

the influence of the simulator ring. The signal of the same hole, under the influence of the 

simulator ring, is presented in Fig. 14 (b). From the analysis of these signals, the first 

observation that can be done is referent to the test system sensitivity. With the procedures 

adopted, this discontinuity could be detected in the mixer channel without changes of the gain 

adjustment. However, in this case, the changes occurred in both amplitude and phase angle 

were more expressive than those occurred with the through-wall hole with diameter of 1.30 

mm. The value of the phase angle of the signal presented in Fig. 14 (a), measured using the 

MAD8D software analysis, was 34°. In turn, the phase angle of the signal presented in Fig. 

14 (b) was 49°. It means that, under the influence of the simulator ring, the through–to-wall 
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hole of 0.50 mm would be characterized as an external discontinuity, not as a through-to-wall 

discontinuity. 

 

Usually, the support plates of heat exchangers are made from carbon steel. In this case, the 

mixing process used for the support plate signal reduction is very effective, due to the 

difference existing between the magnetic properties of the materials of the support plate and 

that of the no ferromagnetic tubes. However, in the heat exchanger of TRIGA IPR-R1, the 

support plates are made from AISI 304 stainless steel, the same material of the tubes. So, the 

changes which were observed in both phase angle and amplitude, in the signal of the through-

wall hole, with diameter of 0.50 mm, can be caused by this reason. 

 

Therefore, for small discontinuities, this behavior should be investigated, to improve the 

capability of the test system to characterize small discontinuities. 

 

 

4. CONCLUSIONS 
 

The most part of the infrastructure necessary for the eddy current inspection of the heat 

exchanger of TRIGA MARK 1 reactor was completed. The calibration standard tube and the 

reference standard tubes were designed, manufactured and submitted to a dimensional 

control. The probes necessary to the examinations were designed, manufactured and tested. 

The initial calibration of the test system was performed and the results obtained revealed the 

capacity of the test system to attend the requirements of the ASME BPVC for eddy current 

examination of tubular products of no ferromagnetic materials installed in heat exchangers. 

The test system adjustment and the test procedures applied were able to reduce the support 

plate’s signals. The next activities of this study will be directed to improve the performance 

of the test system and to study the behavior of the test system to detect small discontinuities . 
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