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Abstract. The Main Coolant Line (MCL) is the pressure boundary of the reactor 

coolant loop in the pressurized reactor nuclear power plant, and the weld quality 

determines the integrity of the pressure boundary. Nowadays, the narrow gap gas 

tungsten arc welding (GTAW) technology has taken place of the shield metal arc 

welding (SMAW) technology in the installation of the main pipeline. The Ultrasonic 

testing is one of the main methods to test the quality of the narrow gap welds. Due to 

the space and location limit, the specific manipulator is designed to perform ultrasonic 

inspections from the external surface of the Main Coolant Line welds. Techniques 

have been developed using conventional ultrasonic duel element focusing techniques 

for the inspection of thick section austenitic stainless steel. In this paper, the 

validation of this technique on mock-up has been performed. The qualification result 

shows that the selected ultrasonic technology and specific designed scanner 

demonstrate excellently in the mock-up and block with artificial flaws. 

1. Introduction 

The function of the main coolant line (MCL) is to maintain the integrity of the pressure 

boundary of a nuclear power plant (NPP). The MCL takes coolant from the reactor pressure 

vessel to the steam generator, and then provides cold coolant back to the vessel through 

reactor coolant pump. During the long-term operation, the main coolant line will work up tp 

40 - 60 years under the high temperature, high pressure, corrosion, and radiation conditions. 

Therefore, the welded joints should have good structural integrity performance. To gurantee 

the operating safety, the regulation of application imposes a rule to perform the Pre-Service 

Inspections (PSI) and In-Service Inspection (ISI) on the components of the MCL welds with 

qualified Non-Destructive systems. The main coolant line of CEPR is required to be 

inspected by Ultrasonic Testing (UT), in accordance with the requirements of the TAISHAN 

Unit PSI/ISI outline. Due to the inspection environment with high level of radiation dosage, 

and thick section walls and large grain size  strongly affect the propagation of the ultrasound 

by causing beam attenuation. It is necessary to develop an automatic ultrasonic scanning 

device. This paper presents a designing of a suitable ultrasonic inspection system to ensure 

the repeatability and accuracy of positioning display signal, with a discussion on the 

reliability of the sizing results. 

More info about this article: http://ndt.net/?id=19749
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2. Materials and equipment and experimental procedures 

There are 4 loops in the primary system of the Taishan CEPR plant, each loop has 9 

homogenous welds and 2 dissimilar welds (Fig. 1). The main coolant pipe was forged by 

stainless steel and the butt welds were completed using the automatic narrow gap gas 

tungsten arc welding (GTAW) process with ER316L filler wire. A typical microscopic 

photograph of the narrow gap weld of the primary loop system is shown in Fig. 2
[1]

. 

 

Fig. 1. Top view of MCL four loops 

 

Fig. 2.Narrow-gap weld joint [1] 

In order to guaranty the welds quality of main pipe, non-destructive testing (NDT) should be 

performed in the manufacturing and installation of main pipe specified in the regulation. The 

main methods include the radiographic test, penetration test, ultrasonic test, etc. After the 

unit service, due to the site space, radiation environment, the radioactive source import and 

other problems,  ultrasonic inspection is given preference for the inspection prior to service 

and the inspection in service. 

Considering the position structure, inspection range and other factors of the main 

pipe,difficulties to develop an ultrasonic inspection equipment are shown as follows:   Many weld joints (44 weld joints), complex spatial location;   Radiation area, limited installation space and time;   more sizes of main pipe: There are five sizes of CEPR main pipe including Φ974 mm, 

Φ960 mm, Φ932 mm，Φ932 mm and Φ938 mm. The variation range of pipe wall 

thickness is 76-97 mm. 

Therefore, it is necessary to ensure the convenient installation and disassembly in a limited 

space and time. 

According to the structure characteristics and inspection requirements of main pipe of the 

CEPR nuclear power plant, CGNPC Inspection Technology Co., Ltd. (CITEC) developed 

the scanning device AWIS-19. The structure of the scanning device AWIS-19 is shown in Fig. 

3. (font size is different compared with others) The whole system consists of MS-19 scanner, 

MC-01 motion control platform, etc. Functions of each part are briefly shown as follows: 
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Fig. 3. The layout chart of AWIS-19 system 

The structure of MS-19 scanner is shown in Fig.4. The probe plate is fixed on the axial motion 

module. Through the motor drive of motion module, achieve the axial and circumferential 

directions of the reciprocating motion. In view of quick installation, the adoption of the 

opening and closing type of fast installation track are shown in Fig. 5. The track consists of 

two half semicircular tracks. The other end can be closed freely, which is used in installation 

and disassembly. In order to ensure that this track can be applicable to the main pipe with 

different pipe diameter, many columns are installed on the track to support the track. 

Through adjusting the extension elongation of support pillar, the track is supported at the 

outer wall of the pipeline with different pipe diameter. 

MC-01 is the motion control platform that is designed for the scanner AWIS-19 of main pipe. 

It is equipped with the high precision motion control card of the integration of drive and 

control to control the four axles. The platform adopts the panel personal computer to input 

the instructions and information, and supports the operation of touch screen. The motion 

control software adopts Motion-View to achieve the linear scanning, grid scanning and other 

scanning types. The operator can customize the required scanning plan according to the 

demand to cooperate with MS-19 to finish the scanning task; the main interface of M-View 

motion control software is shown in Fig. 6. 

 

Fig. 4. The scanner module of automatic ultrasonic inspection of main pipe 
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Fig. 5.  The scanner main track of main pipe 

 

Fig. 6. Main interface of M-View motion control software 

The narrow-gap weld microstructure of main pipe is the coarse grained austenite structure, 

with the anisotropic characteristics; the influence of ultrasonic test mainly embodies as 

follows:   In the course of the ultrasonic wave propagation, scattering and waveform transformation 

occur in the austenitic grain boundary, and the coarse grain can lead to the ultrasonic 

attenuation and the decrease of the signal-to-noise ratio;  Anisotropic characteristic can lead to the bending of acoustic beam and the display of 

incorrect positioning 
[2]

. 

In order to reduce the influence of the two factors, when selecting the ultrasonic probe type, 

frequency, focal length, wafer size and other parameters, it is necessary to consider the 

following principle.  Probe waveform: The acoustic attenuation is related with waveform. The attenuation of 

longitudinal wave probe is an order magnitude smaller than that of transverse wave. So 

for the coarse grain, generally select the longitudinal wave probe.  Probe frequency: According to the principle of obtaining the best signal-to-noise ratio, 

select the probe frequency. The ultrasonic wave with the frequency of 1.5-2MHZ has the 

stronger penetrability in the coarse-grained material and a certain resolution.   Probe wafer: For the ultrasonic test of thick wall weld joint, select the probe with larger 

wafer to gain the bigger energy; in view of the characteristics of curved surface part, in 

order to improve the coupling degree of probe, the probe surface should be processed into 

the radian that is the same as that of contact surface.  The probe angle: Since the weld microstructure of main pipe is the columnar crystal and 

the signal-to-noise ratio and attenuation that are tested from the different direction are 

different, it is necessary to reasonably choose the refraction angle of the longitudinal 

wave angle probe. The tested weld joint area of main pipe is divided into the inner region 
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and near surface are. When checking, the angles of the selected probe are also different. 

For the inspection of inner area, it generally selects 0° and 45° probe. For the inspection 

of near surface area, it generally selects 0° and 60° probe;  Focusing scope: Select the focusing probe in order to strengthen the detection sensitivity 

of the specific inspection area. In order to cover the tested area with larger thickness, it is 

necessary to divide the area to cover. There is at least one probe in each scanning area. 

There is 10 mm depth of overlapping range between probes. The inspection area in 

thickness direction is divided into 3 parts: area A of near outside surface, the middle area 

B and the area C of far inner surface, as shown in Fig. 7. 

 

Fig. 7.Layering diagram of test area 

After comprehensive considering the specifications, acoustic features and other factors of the 

ultrasonic inspection area of CEPR main pipe, the process parameters of probe for 

narrow-gap welded joint ultrasonic test of main pipe are shown in Table 1. 

Table 1. The process parameters of probe for ultrasonic test 

Angle  Frequency  

Focusing sound 

distance 

(mm) 

Waveform  Wafer type 

60° 1.5MHZ 20 Longitudinal wave  Crystal twin (TRL) 

45° 1.5MHZ 40 Longitudinal wave  Crystal twin (TRL) 

45° 1.5MHZ 90 Longitudinal wave  Crystal twin (TRL) 

0° 2MHZ / Longitudinal wave  Single crystal 

0° 1.5MHZ 10 Longitudinal wave  Crystal twin (TRL) 

3. Results and discussion  

In order to determine the test sensitivity of the narrow gap welded joints of the austenitic 

stainless steel and to analyse the actual signal characteristics of defects in the ultrasonic field, 

calibration test block of the narrow gap welded joints processing and test block of artificial 

defect were carried out. The test blocks are made according to the welding process of the 

narrow gap welded joints of the main pipe. According to the France RCC-M standard, the 

calibration test blocks are divided into the axial calibration test block (Fig. 8) and the 

circumferential calibration test block (Fig. 9). The standard reflecting object is Φ2 mm 

horizontal holes that are processed at the direction of the welded joint depth and along the 

welded joint center line and perpendicular to the welded joint center line. 

Some electric discharge machine (EDM) notches are processed on the fusion line of the 

welded joint of the test block with defects (groove width of 0.2 mm), nearly perpendicular to 

the tested surface in order to simulate the different depth. The reference sensitivity means 

that the probe aims at the Φ2 mm horizontal hole on the calibration test block, and the highest 

echo amplitude of reflector is adjusted and set as 80% of the full screen height; the increasing 

12 dB on the basis of the reference sensitivity is regarded as the scanning sensitivity. 

A

B

C



6 

 

Fig. 8.:Axial calibration test block 

 

Fig. 9. Circumferential calibration test block 

The display signal, which is gained through testing the no opening defect with the 45° probe, 

is shown in Fig. 10. After filtering the noise, the upper and lower endpoints were measured in 

the B-scan. The depth difference between the upper endpoint and the lower endpoint is the 

height of the defect. The defect length can be measured on the step axis in the C-scan. 

 

Fig. 10.Height sizing test schematic diagram of the defect tested by 45°probe 

The results of ultrasonic testing and sizing analysis of the artificial defect test block show that: 

For the defect with the larger included angle between the side wall incomplete fusions, the 

longitudinal wave potable crystal probe (60°/45°) has higher detection capability and higher 

sizing precision. The measured data of the defect test block are shown in Table 2. The 

deviation is fulfil the requirements for ASMEⅧ. 

Table 2. Defect measurement results 

Defect type  Design size of defect (mm) Measured defect size (mm) Size error value (mm) 

Outside surface (a) 

Length  Height  Length  Height  Length  Height 

40 10 35 10.2 -5 0.2 

Middle part (b) 40 16 48 15.8 8 -0.2 

Internal surface (c) 24.7 10.1 18 7.8 -6.7 -2.3 

National Nuclear Safety Adiministration (NNSA) conducted the ability verification 

assessment of the automatic ultrasonic inspection equipment and process of CITEC main 
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pipe in October 2014. The test blocks for the open test and the blind test adopted the full size 

test blocks with the same material, size and welding process as the Taishan main pipe; the 

defects of test block is designed according to the volume XI of ASME standard, and is 

processed by the international well-known company; defect types include the opening cracks 

of external surface, the opening cracks of internal surface, the central crack, incomplete 

fusion, air hole, slag inclusion, etc. (the defect parameters refer to the Table 3). The results of 

the open test show that: The test results of positioning accuracy and repeat positioning 

accuracy of the scanning device: The axial positioning accuracy is 1mm, and the 

circumferential positioning precision is 2 mm. The axial repeat positioning accuracy is 1 mm, 

and the circumferential repeat positioning accuracy is 2 mm. The test results of long time 

continuous scanning show that the scanning device has the higher reliability and stability, 

and can meet the on-site inspection requirements. The ultrasonic scanning device can 

cooperate with the acquisition system to collect all design defects in the defect test block, and 

the data analyst can effectively detect the defects according to the procedure. The sizing 

results of defect length measurement and high measurement can meet the requirements of 

ASME specifications (measured results refer to Tables 4 and 5). The equipment and test 

block for the ability verification assessment refer to the Fig.11. 

 

Fig. 11. Ability verification assessment 

Table 3. Defect parameter list 

No.  Length/mm Height/mm L/mm Defect type 

1 20 5 5 Crack 

2 28 7 16 Crack 

3 21 8 35 Crack 

4 40 18 10 Crack 

5 25 10 90 Crack 

6 35 15 30 Crack 

7 76 29 45 Crack 

8 29 17 50 Crack 

9 10 10 70 Slag inclusion 

10 30 10 65 Air hole 

Table 4. Defect measurement result 

No. Actual value Measured value Defect type 
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 Length/mm Height/mm Length/mm Height/mm  

1 20 5 22 5.7 Crack 

2 28 7 29 9.2 Crack 

3 21 8 23 7.4 Crack 

4 40 18 45 20.2 Crack 

5 25 10 27 12.1 Crack 

6 35 15 38 13.8 Crack 

7 76 29 84 32.1 Crack 

8 29 17 32 15.2 Crack 

9 10 10 14 9.2 Slag inclusion 

10 30 10 33 12.3 Air hole 

Table 5. Root mean square error of defect measurement 

Sizing Root mean square error ASME requirement 

Height measurement 1.87 3.2mm 

Length measurement  3.75 19mm 

4. Conclusion 

In the development process of welded joint ultrasonic test technology of CEPR unit main 

pipe, fully considering the material characteristics of the narrow-gap weld joints, structure 

size characteristics, the probe combination of different acoustic beam angle and different 

focal depth to achieve all wall thickness detection of welded joint of the austenitic stainless 

steel. The results of proficiency test show that the detecting process can conduct the accurate 

positioning, quantification and sizing on the cracks, incomplete fusion, porosity and other 

defects in welded joints. 

For the ultrasonic scanning device of the welded joints of the main pipe of CEPR unit, fully 

considering the narrow gap welding process characteristics of main pipe, spacing layout 

characteristics and environmental characteristics. The device is characterized by easy 

assembly and disassembly, well-adapted, easy maintenance, high reliability, etc., can 

accurately and reliably implement the acquisition task of ultrasonic data, and meet the 

demands of inspection before service and in service. It has the guiding significance on the 

automatic ultrasonic scanning device of large diameter pipe weld joint of nuclear power 

plant. 
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