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ABSTRACT 
  
During in-service inspection the steam generator tubes are generally inspected using single 
probe eddy current techniques. Magnetite deposit built up on the outer surface of the tubes can 
be detected with the applied techniques. As deposits grow thicker they tend to split as flakes 
from the surface of the tubes. These flakes often build magnetite piles between the tubes. The 
piles restrict free flow of secondary water. Under magnetite piles the conditions are also favour-
able for corrosion induced defect initiation and growth on the outer surface of the steam genera-
tor tubing. The height of the magnetite piles cannot be sized properly with the standard single 
probe techniques.  

In this study experiments were conducted to size the height of the magnetite piles. For this 
purpose a small simple steam generator mock-up with parallel tubes was constructed. Flake 
piles of magnetite deposits were heaped up between the tubes. A developed two probe technique 
was used. In this technique two eddy current probes are pulled simultaneously through two 
neighbouring tubes. The probes were axially aligned.  

The test showed that the pile of the magnetite can be located and its height can be esti-
mated with two-probe technique. The results of the experiments are presented. 

 
INTRODUCTION 
 

Eddy current method is the main method in the in-service inspections of the steam genera-
tor (SG) tubing. The method has high inspection speed and it is sensitive to both inner surface 
and outer surface defects. The applied inspection techniques are based on the use of bobbing 
probes. The main purpose of the eddy current inspections of steam generators is to detect and to 
characterize the possible degradation of the steam generator tubes. The applied techniques are 
sufficiently reliable and give repeatable results in detecting and in sizing volumetric defects and 
axial cracks in the tubing. 

During operation of the VVER-440 pressurized water reactor (PWR) magnetite deposits 
precipitate on the outer surfaces of the steam generator tubing. After deposits have grown thick 
enough, the deposits peel as flakes from the surface of the tubes. These magnetite flakes can 
form magnetite piles between the tubes. 

The magnetite deposits and magnetite piles can be detected in standard eddy current in-
spections when absolute technique and low inspection frequency e.g. 25 kHz are used. However 
the detected magnetite indications are not generally used to quantify the thickness of the mag-
netite deposits or extension of magnetite piles. 

This study is a part of the NDE project in the Finnish Research Programme on Nuclear 
Power Plant Safety SAFIR 2014. The goal of the study is to develop a method applicable to 
locate and to map the magnetite piles within the steam generator tubing or the magnetite piles 
extending from the bottom of the steam generator shell up to the steam generator tubing.  

In this study the results of the laboratory measurements of the height and thickness of the 
magnetite piles are given. The measurements were conducted using eddy current method and 
standard bobbin probes. The results of absolute eddy current techniques in sizing the height and 
thickness of magnetite piles within the SG tube bundle are given. Four different eddy current 
frequencies were used. 
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MAGNETITE ON STEAM GENERATOR TUBING 
 

Walls of the steam generator tubes are part of the pressure boundary of the primary water circuit 
of the PWR. Deterioration of SG tubing can shorten the lifetime of the reactor. For this reason  
the integrity of the SG tubes is important and it is imperative to conduct careful, regular well-
planned inspections. 

One of the concerns in the field of steam generator tubing is magnetite deposits accumu-
lating on the secondary side of the tube. Material of the deposits (or sludge) is ferromagnetic 
and is mainly composed of magnetite. The iron oxide particles in the secondary water circuit 
form magnetite layers on the SG tubes. When deposit is thick enough, magnetite layers i.e. de-
posits peel from the surfaces of the tubes as flakes. The magnetite flakes build up magnetite 
piles when falling on the tubes, tube support plates or on the bottom of the horizontal steam 
generator or on tube sheet and on tube support plates of the vertical steam generators. 

The piles restrict free flow of secondary water and thus decrease the heat transfer of the 
SG tubes. Under magnetite piles the conditions are also favourable for corrosion induced defect 
initiation and growth on the outer surface of the steam generator tubing. In spite of this the 
magnetite indications detected in in-service-inspections are not usually analysed or reported in 
details. In this study an eddy current technique has been developed to detect, to locate and to 
size the extension of the magnetite piles within the SG tubing. 

 
DETECTION OF MAGNETITE PILES 
 

Magnetite piles can build up a complex geometry that generates high amplitude indica-
tions. In laboratory scale, several mock-up structures have been used for detection of magnetite 
piles [1–3]. 

There have been successful set-ups to measure the thickness of the magnetite deposit on 
the surface of the tube [2, 3]. In these set-ups the circumferentially symmetric magnetite layer 
extended around the tube. The thickness of the magnetite was constant at each cross-section and 
it was changing in axial direction. The amplitude of the eddy current signal correlated well with 
the thickness of the magnetite deposit. The respective graph of this data (the amplitude versus 
deposit thickness) can be used as a reference graph when analysing actual inspection results, 
only if the magnetite layer on the outer surface of the tube is remaining constant. 

The preceding studies [4] have proven that it was possible to measure the magnetite 
thickness up to 10 mm thickness, when the frequency was 10 kHz and up to 8 mm when the 
frequency was 25 kHz. A single bobbin probe and absolute technique were applied in the meas-
urement. The described techniques apply only when the height of the pile of the magnetite de-
posit is constant. If the deposit pile height is not constant in each test, the maximum or mini-
mum thickness of the deposit between the two tubes cannot be judged from the data. 

Arora et.al. [5] have used a two probe method that they call “tube-to-tube” measurement 
to detect wall loss and grooves on heat exchanger tubes and later Shatat et.al. [6] have also used 
the same method when inspecting finned tubes.  

 
EXPERIMENTAL METHODS 
 

The work presented in this article has been conducted in the NDT-research laboratory at VTT. 
The purpose of the conducted experiments was to study the effect of the magnetite piles on the 
eddy current signal of the bobbing probe. To be able to detect the magnetite deposits on the 
outer surface of the tube, the eddy current frequency has to be low enough to be able to pene-
trate the tube wall. To be able to detect and to measure the existence of the magnetite piles be-
tween the tubes, the magnetic field generated by eddy currents has to extend further into the 
magnetite pile. 

The experiments were conducted using two similar bobbin probes, one transmitting and 
another receiving, in the adjacent parallel tubes. The applied eddy current frequencies were 
12.5, 50, 100 and 200 kHz. The diameter of the applied probes was 12 mm. The fill factor of the 
probes was 0.85. The eddy current equipment Zetec MS5800 and Magnify 2.0R3 software were 
used. The applied parameters are shown in Table 1. Absolute technique was used. 
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A simple mock-up of the horizontal steam generator tubing was used in the experiments (Fig. 
1). The horizontal free span between tubes in VVER-440 type horizontal steam generator and in 
the mock up is 14 mm. The material of the tubes in the mock-up was Ti-stabilized austenitic 
steel AISI 316 Ti. The outer diameter of the tubes was 16 mm and wall thickness 1.5 mm. The 
magnetite material i.e. the flakes were from the steam generator nuclear power plant.  

 

 

Figure 1. On the left there are the ends of the tubes in the mock-up simulating the SG tubing. On the right 
there are the eddy current probes used in the measurements. 

Table 1. The applied parameters in eddy current tests. 

Test Description Probe 
diam 

Freq. Gain/ 
Voltage 

Comments 

A Magnetite detec-
tion, probes in 
adjacent tubes, 
absolute technique 

12 
mm 

12,5, 
50, 100 
and 200 
kHz 

60 dB 
3 V 

The height of the magnetite pile 
was increased: from 10 mm 
under the lower tubes up to the 
level where second row was 
fully covered with magnetite. 

B Magnetite detec-
tion, probes in 
adjacent tubes ab-
solute technique 

12 
mm 

12,5, 
50, 100 
and 200 
kHz 

60 dB 
3 V 

The transmitting probe was in 
the tube submerged into mag-
netite pile, receiving probe was 
in the adjacent free tube outside 
magnetite pile. The thickness of 
magnetite layer between the 
tubes was increased up to 14 
mm (flakes, 1, 1.8, 3.4, 4.1, 4.9, 
5.8, 7.1, 8.6, 11 and 14 mm) 

 

In the test series A and B the transmitting probe and receiving probe were in the two low-
est tubes of the mock-up. In the first measurement of test series A the height of the magnetite 
pile was increased in steps. First the magnetite pile was below the lower tubes. The free distance 
between the lower tubes and the pile was 10 mm. In the second measurement the free distance 
between the lower tubes and the pile was 7 mm. In the third measurement the magnetite pile 
touched the lower surface of the lower tubes. In the fourth measurement the lower tubes were 
covered by magnetite. The upper surface of the pile was on the same level than the upper sur-
face of the lower tubes. In the last measurement surface of the pile was on the same level than 
the upper surface of the tubes in the next tube row. The level of the magnetite in the last meas-
urement is shown in Figure 2a.  

In the test series B the width of the magnetite pile was increased in the horizontal direc-
tion. The height of the pile was kept constant through all the measurements in the vertical direc-
tion. The pile extended to the upper surface of the tubes of the row two as shown in Figure 
2.The thickness of the pile was controlled by a plastic plate (Fig 2b). One of the tubes was em-
bedded in the magnetite pile. The transmitting coil was in this tube. The other tube was free of 
magnetite. The indication due to magnetite pile was studied. Thickness of the magnetite layer 
between these two tubes was changed from 1 to 11 mm (steps: 1, 1.8, 3.4, 4.1, 4.9, 5.8, 7.1, 8.6, 
and 11 mm). In one additional measurement there was one layer of magnetite flakes on the sur-
face of the tube with driving probe. The flakes were attached to the tube surface with a plastic 
tape.  
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In another additional measurement both of the tubes were completely submerged into magnetite 
pile. In that case the thickness of the magnetic pile between the tubes was 14 mm (equal to the 
distance of the outer surfaces of the tubes). 

 

 

Figure 2. a) Test series A: The level of the magnetite in the last measurement. The magnetite pile extend-
ed up to the upper surface of the tubes in upper row. b) Test series B: The lower tube with transmitting 
probe was embedded into the magnetite pile. The lower tube with receiver probe was free of magnetite 
piles and deposits. The thickness of the pile in horizontal direction between the tubes was controlled by 
the acrylic plastic plate.  
 

RESULTS 
 

The results of the conducted tests show that the sensitivity in magnetite detection was 
greater when the lower eddy current frequency was used. With both 12.5 kHz and 50 kHz fre-
quencies the changes in the amplitude of the magnetite indication was high enough to be able to 
measure the height of magnetite pile in the bottom of the mock-up.  

The results of test series A are given in Figure 3. The amplitude of the eddy current indi-
cation due to the magnetic pile is given as a function of the distance between the upper surface 
of magnetite pile and the lower surface of the lower tubes in the mock up. The amplitude of the 
eddy current indication was nearly zero when the free distance between the tubes and the mag-
netite pile was 10 mm. When the free distance was 7 mm, the existence of the pile can already 
be detected. When the pile was touching the lower surface of the tubes i.e. the distance between 
the pile and the lower surface of the tubes was 0 mm, the amplitude was ranging from 0.1 to 
0.34 V depending the applied eddy current frequency. The amplitudes of the indications due to 
magnetite pile were increasing when the height of the pile was growing. 

 
Figure 3.Test series A: The amplitude of the eddy current indication versus the distance of the upper level 

or the pile from the lower surface of the tubes that the probes were in. 
 

The results of test series B are given in Figure 4. The amplitude of the magnetite indication is 
given as a function of the thickness of the magnetite layer between two tubes. The thickness of 
the magnetite was controlled by plastic plates. The trend of the curve is rising. However, the 
slope of the amplitude versus thickness graph is decreasing strongly when he the thickness of 
the magnetite layer is exceeding 1 mm.  
The saturation effect was stronger when higher frequencies (100 kHz and 200 kHz) were used.  

 

 

 

 

 

a) b) 
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Figure 4. Test series B: The amplitude of the eddy current indication as a function of the thickness of the 
magnetite layer between the two adjacent tubes that the transmitting and receiving bobbin probes were 

located. 
 

Discussion 
 
Figure 3 shows that sections of the tube pairs embedded into the magnetite pile can be easily 
detected with the presented two-probe technique. With this technique it is possible to map the 
areas where magnetite piles fill the volume between the steam generator tubes.  

Figure 4 shows that it is not possible to measure the thickness of the magnetite layer be-
tween nearby tubes reliably with the applied technique when the thickness of the layer is con-
siderably more than 1 mm even if the height of the pile were constant.  

The test series B was carried out with a set-up, where the transmitting probe was always 
in the tube that was surrounded with magnetite and the receiving probe was in the tube with no 
magnetite around respectively. Some tests were conducted with vice versa set-up that the receiv-
ing probe was in the tube covered with magnetite. There was no significant difference in the 
amplitudes of the magnetite indications whether the probe in the tube, covered with magnetite, 
was transmitting or receiving. This property helps when the technique is used to map the areas 
where the magnetite piles have grown into the tubing of the steam generator. In test series A and 
B the best sensitivity was achieved, when the eddy current frequency was quite low, 12.5 or 50 
kHz.  

When the two-probe technique is used it is very important that the transmitter and receiv-
er probes locate exactly parallel in the same cross-section perpendicular to the axis of the two 
tubes. Any deviation from the proper location will generate indication which have same phase 
angle than the magnetite indication (Fig. 5).  

With the applied probe configuration it is not possible to distinguish whether the indica-
tion is due a magnetite pile or due to the location error of the transmitter and receiver probes. 
The proper probe location has to be assured with push puller or with more developed probes or 
probe configuration possibly combined with intelligent push pullers.  

 

 

 
Figure 5. Impedance plane presentations of the eddy current indications illustrate that it is impossible to 
judge from the eddy current indication if there is a magnetite indication or if the probes have lost their 

proper location. The red dot implicates the impedance of the probe when the probes are in proper location 
in respect to each other in the adjacent parallel tubes and no magnetite is present. 
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Conclusion 
 

In this work the aim was to develop and test a technique capable to map a magnetite pile 
within the tube bundle of the mock-up simulating SG tubing. The measurements were conduct-
ed using eddy current method and standard bobbin probes. Transmitting and receiving probes 
were located in the separate adjacent tubes. Four different frequencies and absolute technique 
were used.  

The results of the tests showed that the extension of a magnetite pile can be mapped with 
the two-probe eddy current technique used in this study. 
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