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Abstract 
 Pressurized Heavy Water Reactor (PHWR) is a pressure tube type power reactor. Two types of 
PHWRs viz. 235 Mwe and 540 Mwe are operating in India. 700 MWe (4 nos.) PHWRs are under 
construction. There are 306 coolant channels in 235 Mwe PHWRs and 392 coolant channels in 
540 and 700 MWe PHWRs. In Coolant Channels, the gap between pressure tube and concentric 
calandria tube is maintained using four tight fit garter springs rested on the outer surface of the 
pressure tube. Eddy Current Testing is used for detection of garter spring in coolant channels of 
235 Mwe PHWRs. The garter spring consists of a helical coil of rectangular wire and a girdle 
wire inserted inside the helical coil. The girdle wire is welded in 235 Mwe PHWRs. During 
service, diameter of pressure tubes increases and it may lead to either creation of depression on 
the outer surface of the pressure tube or breakage of welded girdle wire. To overcome this 
difficulty, overlapped girdle wire was used in 540 Mwe PHWRs. The girdle wire is provided for 
easy detection of garter spring using eddy current testing. In welded condition, it supports during 
detection of garter spring by eddy current testing but in overlapped condition, its contribution 
towards garter spring detection is not so effective. During service, the detection of garter spring 
is more difficult in 540 Mwe PHWR as the girdle wire get oxidized which leads to non-contact 
between its overlapped ends. To overcome the difficulties faced due to welded or overlapped 
girdle wire of garter spring, it is proposed to use centrally corrugated and tip spot welded girdle 
wire in 700 MWe PHWRs.  
 
Eddy Current test coil was designed and eddy current test procedure was developed for detection 
of 540 Mwe PHWRs at Tarapur Atomic Power Station (TAPS-3&4). The test procedure was 
also standardized for detection of garter springs in 700 MWe PHWRS. The sensitive test coil 
was designed and the test parameters were standardized for detection of garter spring. The design 
of eddy current test coil, standardization of eddy current test parameters and eddy current test 
signal analysis will be discussed in this paper.                    
 
Key-Words : Eddy Current Testing, Garter Spring, Coolant Channels, Eddy Current Test Coil 
Design etc.  
 
1.0 Introduction 
There are three stages nuclear power program in India.  Pressurized Heavy Water Reactor 
(PHWR) belongs to first stage. The schematic of pressurised heavy water reactor is shown in 
figure 1. Two types of PHWRs viz. 235 Mwe and 540 Mwe are operating in India. The 
construction of 700 MWe PHWR is in progress. There are 306 coolant channels in 235 Mwe 
PHWRs and 392 coolant channels in 540 MWe and 700 MWe PHWRs [1]. In Coolant Channels, 
the gap between pressure tube and concentric calandria tube is maintained using 4 numbers of  
tight fit garter springs rested on the outer surface of the pressure tube.  The materials for pressure 
tube, calandria tube and garter spring are Zr-2.5%Nb, Zr-2 and Zr-2.5%Nb-0.5%Cu respectively. 
The pressure tube is having 103.4 mm internal diameter, 4.3 mm wall thickness and 6.3 meter 
length. The pressure tube is connected with the end fitting using Zero Clearance Rolled Joint. 
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Natural uranium oxide is used as fuel in PHWR. There are 19 elements fuel bundles and 37 
elements fuel bundles in 235 Mwe and 540 Mwe PHWRS respectively. Heavy water (D2O) is 
used as coolant and moderator. High temperature (300C) and high pressure (1500 psi) heavy 
water coolant flows around the fuel elements present in the pressure tube. Heavy Water 
moderator, surrounded the calandia tube of coolant channels, is at low temperature (70C) inside 
the calandria vessel. Due to flow induced vibration, garter springs may shift from their design 
location. Due to irradiation creep, diameter of the pressure increases and the garter springs get 
strained. This strained condition may unhook the garter spring. It may leads to dislodge of  
welded joint on the girdle wire. The pressure tube sags easily in such condition. Under strained 
condition, if girdle wire does not dislodge at welded position, the garter spring will create local 
impression on the pressure tube outer surface. These conditions will be unfavourable for the 
integrity of the pressure tube.  
 
Eddy current testing is used for detection of garter spring in coolant channels of pressurized 
heavy water reactors [2]. In 235 Mwe PHWR, the girdle wire is welded whereas in 540 Mwe 
PHWR, the girdle wire is overlapped. The welded girdle wire helps in getting the eddy current 
test signal from garter spring. The overlapped girdle wire gets oxidized during service. Hence the 
signal observed from such garter spring is very weak. To overcome this problem, new 
differential bobbin probe was designed and eddy current test parameters were standardized for 
detection of garter spring at TAPS 3&4. 
 
During detection of garter spring, some unwanted eddy current test signal was observed during 
in-service inspection of TAPS 3&4. This signal was observed at regular interval which may be 
due the constriction in pressure tube at the end of the fuel bundle. This signal can be 
differentiated from the signal from the garter spring.   
 
For 700 MWe PHWR, the design of girdle wire in garter spring will be corrugated and welded. 
Two-third of the central portion of the girdle wire will be corrugated and one third near the both 
end of the girdle wire will be in plain and un-corrugated condition. At the tip of the girdle wire, 
two spot welds will be provided at 10 mm span. Eddy Current Test Coil was designed and 
fabricated and test parameters were standardised for detection of garter spring containing the 
corrugated and welded wire.     
 
The design of eddy current test coil, standardization of eddy current test parameters and analysis 
of EC signal will be discussed in this paper.                  
 



 
Fig. 1 : Schematic of Pressurised Heavy Water Reactor  
 
2.0 Principle of Eddy Current Testing 
Eddy current testing is based on the principle of electromagnetic induction. When a coil carrying 
alternating current is passed through the tubes, the changing primary magnetic field associated 
with the alternating current flowing through the coil induces the eddy current in the tube. The 
eddy current flows parallel to the coil winding in the tube and opposite in direction to that of 
primary current in the coil. The secondary magnetic field associated with the eddy current 
opposes the primary magnetic field and the impedance of the coil differs to that of the empty coil 
impedance. This change in impedance is visualized on the CRT screen in terms of voltage. Tube 
conditions govern the flow path of eddy current and changes the amplitude as well as the phase 
of the signal. There are many variables that affect the eddy current flow path but generally the 
signal responses from the different variables are different.  
 
Selection of the test parameters is extremely important in eddy current testing. Eddy current 
density decreases exponentially from the surface to the inside of the tube. This limits the tube 
wall thickness which can be tested by eddy current testing. Standard depth of penetration, the 
distance from the surface at which eddy current density is 37% of surface current density, 
depends on the test frequency as well as test object variables such as electrical conductivity and 
permeability. Once the tube is supplied for testing, the tube properties such as electrical 
conductivity and permeability are fixed. Frequency is the only variable that can be varied to meet 
the desired depth of penetration as well as sensitivity. Depth of penetration decreases and 
sensitivity increases as the frequency increases.          
 
3.0 Test Parameters Selection 
Three parameters such as frequency, phase and gain are to be selected for testing of the test 
object by eddy current testing. Frequency decides the depth of penetration of eddy current in the 
tube, the sensing volume of the material as well as the sensitivity of the flaw detection. Garter 
spring is rested outside the pressure tube. For detection of garter spring, 7 kHz frequency was 
selected. At 7KHz frequency, the depth of penetration is more than the tube wall thickness. The 
magnetic field can emerge out of the pressure tube and interact with the garter spring. The 
separation of signals on the basis of phase was also better. Phase was selected to set the garter 
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spring signal in vertical direction. Gain was selected to get the appreciable signal from the garter 
spring.              
 
4.0 Test Coil Design 
Eddy Current test coil is one of the important elements of eddy current test system. Test coil 
carries alternating current and induces eddy current in test tube with the help of changing 
magnetic field across it. Self-comparison type differential bobbin coil was designed, fabricated 
and used during detection of garter spring. Differential coils compare nearby zone around the 
coils and hence it is the most suitable coil for detection of garter spring. Garter springs are 
located at outside the pressure tube and they need to be detected by insertion of inspection coil 
through the pressure tube. On this basis, bobbin shape of the coil was selected. Single impedance 
coil of 7 Khz central frequency was used for generation and detection of eddy current signal. 
Number of turns and diameter of the copper wires, coil depth and coil length were selected to 
match the impedance of the equipment and coil Q-factor (ratio of inductive reactance to 
resistance) of 10. Coil was winded in groove ‘a’ in one direction and in groove ‘b’ in opposite 
direction. Gap between the coils was selected comparable to garter spring diameter. Depth and 
width of the groove and the gap between the grooves was selected to ensure accommodation of 
number of wires required to match the equipment impedance and to produce the required central 
frequency.  The details of the differential bobbin coil are shown as below in Fig. 2.           
        a   b 

 

 

 

 

   Fig. 2 : Differential Bobbin Coil 

5.0 Eddy Current Test Signal Analysis 
Inspection Head containing differential bobbin coil for garter spring detection is calibrated in the 
mock-up coolant channel. Test frequency used during calibration is 7KHz. Gain was adjusted to 
get appreciable signal from garter spring. The garter spring signal is set in vertical direction.  
Eddy Current test signals observed from garter springs are recorded. The calibrated inspection 
head is inserted through the defueled pressure tube using remotely operated drive mechanism. 
Eddy current test signals are recorded during the retraction of inspection head inside the pressure 
tube. Garter springs were located at is design location. During inspection, some eddy current test 
signals are observed whose characteristics are not matching with the signal from garter spring. 
These signals are observed from the change in properties of the pressure tube at the end of fuel 
bundles. The signals observed from garter spring and the change in pressure tube properties are 
shown in figure 3. 
 
 
 
 



 
 
        ECT Signal from Garter Spring  
        ECT Signal from Pressure Tube 
 
       
 
 
Fig. 3 : Eddy Current Test Signal (ECT) Signal observed from garter spring and change in 
material properties of pressure tube. 
 
6.0 Experience during Detection of Garter Spring at TAPS 3&4 
The garter spring in 540 MWe PHWRs contains overlapped girdle wire. The eddy current test 
signals observed from the garter spring calibration set-up and garter springs in coolant channel of 
TAPS 3&4 observed during in-service inspection are shown in Fig. 4a and 4b respectively.     
 

                                        
  a   b    GS1        GS2 GS3           GS4 
Fig. 4 Eddy Current Test Signal from (a) Garter Spring Calibration Set-up (b) 4 Nos. of Garter 
Springs in Coolant Channel of TAPS 3 
 
7.0 EC Signal observed from Garter Springs for 700 Mwe 
To overcome the difficulty faced during garter springs in 540 Mwe PHWR Coolant channels, it 
is proposed that the girdle wire in garter spring of 700 Mwe PHWRs shall be corrugated and 
welded. The corrugated region will expand as the diameter of the pressure tube will increase due 
to irradiation creep. The tips of the girdle wire will be welded to ensure better detectability of 
these garter springs using eddy current testing. 
Eddy current testing was carried out in author’s laboratory to detect both garter springs for 540 
Mwe as well as 700 Mwe PHWRs. Differential bobbin coil with 7 Khz central frequency was 
designed and fabricated. ECT signals were recorded for both the garter springs. 
ECT signals recorded with garter springs (overlapped girdle wire without welding) for 540 Mwe 
PHWRs is shown in figure 5. It shows the EC Signals from garter spring, as shown in figure 5a,  
is of smaller amplitude as compared to ECT signals recorded with garter springs (corrugated 
girdle wire with welding) for 700 Mwe PHWRs as shown in figure 5b. It shows the EC Signals 
from garter springin 700 Mwe is of appreciably higher amplitude than that of EC Signals from 
GS Signal from 540 Mwe PHWRs. 
 

 

 

 
 



 

 
 

Fig. 5 : EC Signals from Garter Springs for (a) 540 Mwe and (b) 700 Mwe 
 
8.0 Conclusions 
Coolant Channel is one of the most critical components of the pressurised heavy water reactors. 
Garter springs maintain the gap between pressure tube and calandria tube in coolant channels. 
Shifting of garter springs from design location limits the life of coolant channels. Detection of 
location of garter springs in coolant channel is an important activity during in-service inspection 
of coolant channels. Eddy current testing is utilised for detection of garter spring using 
differential bobbin coil. In 540 Mwe pressurised heavy water, the girdle wire in garter spring is 
overlapped. Eddy current test coil with sufficient sensitivity and eddy current test equipment 
with sufficient amplification facility were used during in-service inspection of coolant channels 
of TAPS 3&4 and all the four garter springs were detected in all the coolant channels required to 
be inspected during shutdown. 
 
EC signals from garter spring containing corrugated and welded girdle wire is having higher 
amplitude than that of garter spring containing overlapped without welded girdle wire. Hence 
detectability will be better for garter spring containing corrugated and welded girdle as compared 
to garter springs containing overlapped without welded girdle wire. 
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