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요 약 문 

 

소듐냉각고속로의 원자로 노심과 내부구조물은 불투명한 소듐내에 잠겨있어 

직접적인 육안 관측이 불가능하다. 원자로 노심과 내부구조물의 건전성 확보를 

위하여 주기적으로 가동중검사를 수행하여야 하고 이를 위해 초음파를 이용한 

소듐내부가시화가 필수적으로 요구된다. 소듐내부가시화 육안검사에 액침 센서와 

웨이브가이드 센서가 적용되고 있다. 액침센서는 정밀 가시화에 적용되지만 고온 

환경에서 수명이 제한이 있으며 웨이브가이드 센서는 고온 고방사능의 소듐 

환경에서 안정적으로 적용되지만 구동 및 가시화 성능에 제한이 있어왔다. 최근에 

기존 웨이브가이드 센서의 단점을 보완할 수 있는 새로운 판형 웨이브가이드 

센서를 개발하였다. 웨이브가이드 센서에서의 판파 전파특성을 분석하고 판파 

적용 모드로 제 0 차 반대칭 A0 모드를 선정하였다. 웨이브가이드 센서에 

액체웨지를 적용하여 A0 모드의 저주파수 분산 영역에서 판파가 발진되도록 

하였으며 입사펄스의 주파수 변조에 의하여 초음파 빔 방사각을 변환시킬 수 있는 

빔 방사각 변환 신기술이 개발하였다. 본 방법은 기계적인 구동없이 빔 방사각을 

조정할 수 있어 웨이브가이드 센서의 구동 제한성을 극복할 수 있게 해 

준다.  새로 개발된 웨이브가이드 센서의 소듐내부가시화에 대한 적용 가능성 

분석 연구를 수행하였다. 소듐냉각고속로의 소듐내부가시화 검사에 실제 적용할 

수 있는 길이가 10m 인 웨이브가이드 초음파센서 어셈블리를 설계 제작하였다. 

웨이브가이드 센서의 빔 방사각 변환 특성을 실험적으로 검증하였으며, 제작된 

웨이브가이드 센서 어셈블리를 이용한 수중 C-스캔 시험을 수행한 결과 수중 

시험체의 반사체의 현상을 인식할 수 있고 폭 2 mm 이하의 결함을 충분히 탐지할 

수 있음을 실험적으로 검증함으로써 웨이브가이드 센서의 소듐내부가시화 적용 

가능성을 확인하였다.  
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SUMMARY 
 

The reactor core and internal structures of a sodium-cooled fast reactor (SFR) can 

not be visually examined due to the opaque sodium. The examination of the internal 

structures is possible by using ultrasonics to penetrate the sodium. The under-sodium 

viewing technique using an ultrasonic wave should be applied for the in-service 

inspection of the reactor internals. Immersion sensors and waveguide sensors have 

been utilized for the under-sodium viewing application. The immersion sensor has a 

precise imaging capability, but may have high temperature restrictions and an uncertain 

life. The waveguide sensor can operate in a hostile environment, such as liquid metal at 

a high temperature in the presence of high radiation. The waveguide sensor has the 

advantages of simplicity and reliability, but limits in its movement. A new plate-type 

waveguide sensor has been developed to overcome the limitations of previous 

waveguide sensors. And a novel ultrasonic technique has been suggested. The 

technique is capable of steering a radiation beam of a waveguide sensor without a 

mechanical movement of the waveguide sensor. The control of the radiation beam 

angle can be achieved by a frequency tuning method of the excitation pulse in the 

dispersive low frequency range of the A0 Lamb wave. A waveguide sensor assembly 

has been designed for the actual application of under-sodium visual inspection in 

sodium-cooled fast reactor. The main purpose of this study is achievement of 

feasibility of ultrasonic waveguide sensor technology to the application of under-

sodium viewing. Under-water C-scan imaging test was carried out by using 10 m long 

waveguide sensor assembly. It was confirmed that the test target could be clearly 

visualized and the resolution of C-scan image could be less than 2 mm.  
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1. INTRODUCTION 

 

Nuclear power plant is generally subject to regular in-service inspection (ISI) 

throughout the plant life. ISI is required to ensure high plant availability and to confirm 

the integrity of function of parts necessary to safety. In sodium-cooled fast reactor 

(SFR), the in-service inspection is necessary to examine the integrity of the safety 

related structures of SFR. Division 3 of ASME Boiler and Pressure Vessel Code 

(B&PVC) Section XI is the base document for ISI of components of liquid metal 

cooled plants [1]. ASME XI specifies the general type and extent of the ISI required 

for Class 1, 2 and 3 nuclear power plant systems or components. Systems and 

components are designed with adequate physical access and visibility to allow the 

required inspection in accordance with the requirements of ASME XI. The Code 

describes a number of available ISI techniques as follows: visual inspections, surface 

examinations, volumetric examinations, continuous monitoring and alternative 

examinations. Sodium-cooled fast reactors operate with the primary circuit at low 

pressure and reactor vessel and structures is made from thin highly ductile stainless 

steel. Visual inspection and continuous monitoring are adopted for the major inspection 

techniques in the ISI of SFR. 

Liquid sodium is used as the coolant in a sodium-cooled fast reactor. The reactor 

core and internal structures of a sodium fast reactor are submerged in a liquid sodium 

pool. Visual inspection can be direct, remote, or can use less conventional equipment 

such as under-sodium viewing (USV) and dimensional gauging. As the liquid sodium 

is opaque to the light, a conventional visual inspection can not be used for observing 

the internal structures under a sodium condition. An under-sodium visual inspection 

technique using an ultrasonic wave should be applied for the observation of the 

refueling maneuver and the in-service inspection of the reactor internals. Under-

sodium viewing technology utilizing ultrasonic waves has been widely developed for a 

visual inspection of the reactor core and internal components of SFR [2]-[17]. 

Immersion sensors and waveguide sensors have been applied to the USV inspection. 

Immersion sensors for an under sodium operation have been developed for viewing 

purposes. The immersion sensor has a precise imaging capability, but may have high 

temperature restrictions. Liquid sodium has led to instrumentation problems because of 
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its thermal and radiation damage on the piezoelectric and bonding materials of the 

ultrasonic transducer. The immersion sensors are limited for their lifetime in the hostile 

environment of SFR. The waveguide sensor could be a useful alternative to immersion 

sensors for some USV applications in SFR. Tasks involving a dimensional gauging and 

the detection of obstacles are suitable for waveguide applications. The waveguide 

sensor technology is to have an ultrasonic transducer in a cold region (i.e. over the 

reactor head) and a transmission of the ultrasonic waves using some specific 

waveguides still in the hot sodium. Using this technology it has been possible to 

explore the space between the bottom of the upper internal structure (UIS) and the top 

of the core in order to detect if there is some obstacle to the free rotation of the rotating 

plug during the refuelling process. The waveguide sensor has the advantages of 

simplicity and reliability, but with limits for its scanning and movement abilities.  

In this study, a new plate-type waveguide sensor has been developed to overcome 

the limitations of previous waveguide sensors. And a novel ultrasonic technique has 

been suggested [18]. A technique is presented which is capable of steering a radiation 

beam of a waveguide sensor without a mechanical movement of the sensor assembly. 

Figure 1 shows the concept of the under-sodium inspection of KALIMER-600 using 

the new waveguide sensor. The ultrasonic waveguide sensor assembly has been 

designed. Propagation characteristics of ultrasonic wave in a plate waveguide sensor 

are analyzed. Under-water imaging tests are carried out for the feasibility study on the 

ultrasonic waveguide sensor technology for an under-sodium visualization of a reactor 

core and internal structures. 
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Fig. 1 Concept of an under-sodium inspection by using waveguide sensors
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2. THEORETICAL CONSIDERATION OF LAMB WAVE PROPAGATION  

IN PLATE 

 

The propagation of waves in solids is governed by partial differential wave 

equations that arise from theory of elasticity. The motion of a homogeneous, linear 

elastic solid can be modeled by Navier’s displacement equations of motion, 

iijjjji uuu &&ρμλμ =++ ,, )( ,                      (1) 

where λ  and μ  are the Lame constants, ρ  is the mass density, and iu  is the 

displacement vector. 

Ultrasonic wave is propagated in a solid elastic plate of a finite thickness by a 

special type of guided wave, the Lamb wave [19, 20]. Lamb waves are two-

dimensional elastic waves that correspond to the coupled longitudinal and transverse 

motions in a plate. The Lamb wave propagation is associated with wave motion in 

attraction-free homogeneous and isotropic plate, as shown in Fig. 2. This problem is 

governed by the equation of motion (1), with boundary conditions. The surfaces at the 

coordinates z = h and z = -h are considered traction free. The displacement vector 

(field) can be expressed according to Helmholtz decomposition, 
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Where φ  and Ψ  are scalar and vector potentials, respectively. 

Substitution of Eq. (2) into Eq. (1) yields two uncoupled wave equations 
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where 22222 // zx ∂∂+∂∂=∇ , Lc  is the longitudinal velocity and Tc  is the shear 

velocity.  

According to the partial wave formalism, the solutions of Eqs (3) can be described as 

)cos()sin( 21 pzApzA +=φ ,  )cos()sin( 43 qzAqzA +=Ψ            (4) 

where p and q are given by  

222 )/( kcp L −= ω ,    222 )/( kcq T −= ω                   (5) 

Displacements can be obtained from Eq. (2), and stresses ijσ  and strains ijε  are 
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given by 

ijkkijij μεελδσ 2+= ,                          (6) 
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Traction free boundary conditions at the free plate surface (z = ±h) consequently yields 

the Rayleigh-Lamb frequency equation.  

There are two wave equations that describe motion in the interior of an infinite, 

isotropic solid. In symmetric modes, the motion is symmetric about the mid-plane of 

the plate, whereas in anti-symmetric modes the motion is anti-symmetric. It can be 

shown that Lamb waves are described by the characteristic equation as follows [20]: 
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Here, h is the half of plate thickness and the wave number k is equal to c/ω , where c 

is the phase velocity of the Lamb wave and ω  is the angular frequency.  

The phase velocity is related to the wavelength by the relation λπω )2/(=pc . 

Equations (8) and (9) can be considered as relating the wave number and phase 

velocity to the frequency. There are many modes of Lamb waves. Lamb waves exist in 

the form of resonant modes where the combination of the frequency and phase velocity 

corresponds to the standing waves in the thickness direction. Numerical calculation of 

equation yields Lamb wave dispersion curves of phase velocity as a function of the 

thickness-frequency product fd. Figure 3-(a) shows the theoretical phase velocity 

dispersion curves of Lamb wave modes from the characteristic equations for a stainless 

steel plate. Group velocity dispersion curves can be calculated from the phase velocity 

by use of the following formula: 
1
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Figure 3-(b) shows the theoretical dispersion curves of the group velocity. 
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Fig. 2 Plate and displacement distribution of Lamb waves 
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(a) Phase velocity 

 
(b) Group velocity 

Fig. 3 Dispersion curves of Lamb waves for a stainless steel plate 
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3. PLATE WAVEGUIDE SENSOR USING LEAKY LAMB WAVE 

 

3.1 LEAKY LAMB WAVE 

 

Lamb waves are guided waves propagating in a plate of a traction-free condition 

when the plate is placed in a vacuum or in air. The particle motion of a Lamb wave is 

elliptical, with components in the direction of wave propagation and normal to the 

plate surface. The normal component of Lamb wave in a plate creates a local 

disturbance within a liquid, thus the acoustic energy is lost to the liquid. If the plate is 

in contact with a liquid, the Lamb waves become leaky Lamb waves because the 

energy of the Lamb wave leaks from the solid plate to the liquid in the longitudinal 

wave. Leaky Lamb waves propagate while converting a longitudinal wave in a fluid. 

The mode conversion ratio is highly dependent on the imaginary part of the complex 

value of the phase velocity. The Lamb wave and leaky Lamb wave are of great interest 

in the research fields of nondestructive evaluation for the material characterization and 

engineering application. A particularly important application engineering field is on 

non-destructive inspection of plate structures, material characterization, process 

monitoring, and defect evaluation [20]. 

Leaky Lamb wave propagation characteristics such as the dispersion curves of 

phase velocity and group velocity, and attenuation can be calculated by considering 

fluid loading effect. Figures 4 and 5 show the dispersion curves of phase velocity and 

group velocity, and attenuation for a stainless steel plate in a fluid. Leaky Lamb wave 

velocity is slightly different from the Lamb wave velocity due to fluid loading effect. 

When the stainless steel plate is submerged in water or sodium liquid, the velocity 

difference is very small and can be negligible because of the small fluid loading effect.  

It is necessary to choose a special mode for each application purpose of a leaky 

Lamb wave. In a waveguide sensor application, the zero-order anti-symmetric A0 mode 

has been utilized for an effective radiation capability and a single mode generation. In 

Fig. 5, the attenuation due to energy leakage of the lowest order antisymmetric A0 

mode in plate within a liquid are plotted as a function of the frequency thickness 

product (fd). The normal component (z direction) of the particle displacement of A0 

mode at the transmitting plate surface has greater value than that of zero-order 
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symmetric S0 mode. The A0 mode has a significant particle displacement perpendicular 

to the plate due to the flexural mode and the high radiation effect in fluid contact 

condition. As shown in Fig. 6, the phase velocity of the A0 mode is always less than the 

shear velocity, and consequently a single mode is generated in the waveguide plate.  

 
(a) Phase velocity 

 
(b) Group velocity 

Fig. 4 Dispersion curves of leaky Lamb waves for a stainless steel plate in water 
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Fig. 5 Attenuation curves of leaky Lamb waves for a stainless steel plate in water 
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Fig. 6 Dispersion curves of A0 Lamb wave for a stainless steel plate 
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3.2 PLATE WAVEGUIDE SENSOR  

 

Plate waveguide sensor consists of a thin strip plate, a wedge and an ultrasonic 

sensor, as shown Fig. 7. The wedge is clamped to the top of the waveguide. Lamb 

wave is generated in a plate by an excitation from the transducer where the 

compression wave is impinging at an angle within the wedge. The generated Lamb 

wave at the end of the plate propagates towards the radiating surface side contacting a 

liquid.  

When a waveguide sensor is submerged in a liquid, the waves create the leaky 

compression wave within the liquid by the mode conversion. The radiation beam 

resulting from the mode conversion is emitted at an angle θ to the waveguide normal, 

given as:        

)(
)(

fdC
V

fdSin
p

L=θ                          (11) 

where VL is the longitudinal wave velocity in a liquid and Cp is the phase velocity of 

the Lamb wave.  

Since the Lamb wave energy is equally distributed about the median plane of the 

plate, the wave will radiate compression waves from both sides of the plate. In the 

design of a plate waveguide sensor, the way to increase the energy loss is to enclose 

one side of the plate, so the liquid is in contact with only one face. The energy will 

then be radiated from the one face contacting the liquid. Thus a single beam is 

generated from the one emission face and the radiating energy is double. Ultrasonic 

radiation beam is reflected from the object in water. Reflection ultrasonic waves are 

received via the face of the impinging plate surface by the reciprocal mode-conversion 

process.  
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Lamb Wave
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Fig. 7 Plate waveguide sensor and leaky Lamb wave propagation 
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3.3 RADIATION BEAM STEERING TECHNIQUE  

 

Figure 8 shows the dispersion curves of the phase velocity for the A0 mode. In the 

dispersive region of the A0 mode where the products of the frequency and the thickness 

of the plate (fd) are below 3.5, the phase velocity depends on the frequency. In this 

region, a fine frequency tuning of the excitation pulse causes a change to the phase 

velocity. The beam radiation angle θ  of a leaky wave can be changed by the phase 

velocity of the A0 mode in accordance with Eq. (11). Table 1 lists the calculation 

results of the radiation beam angle in sodium and water. The beam angle is dependant 

on the product of the frequency and the plate thickness in the dispersive range of the A0 

mode. When the phase velocity Cp is equal to or less than the longitudinal wave 

velocity of the wedge ( Lp VC ≤ ), the Lamb waves are not generated in the plate. The 

longitudinal wave velocity of the Lucite wedge is about 2700m/s, therefore the A0 

Lamb wave can not be formed in the dispersive frequency range where the fd value is 

under 2.5. A special liquid wedge which is filled with water (VL=1480m/s) is used for 

an effective generation of the A0 mode in the dispersive region (fd < 2.5). A solid 

wedge which is made of Teflon material (VL=1270m/s) can be used for the generation 

of the A0 mode in the dispersive region (fd < 2.5). As shown in Fig. 9, the ultrasonic 

beam is not formed when the phase velocity Cp is equal to or less than the compression 

wave velocity of sodium. The range of the radiation beam angle in sodium and water is 

roughly from 62 degree to 80.2 degree and from 31.9 degree to 53.3 degree, 

respectively. 
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Fig. 8 Dispersion range and non-dispersive range of A0 leaky Lamb wave 

 

 

Ultrasonic 
Sensor

Waveguide

Liquid Wedge
A0
Lamb 
Wave

θ
Leaky Wave

Liquid 

α

In Water

In Sodium

Protection Tube

Ultrasonic 
Sensor

Waveguide

Liquid Wedge
A0
Lamb 
Wave

θ
Leaky Wave

Liquid 

α

In Water

In Sodium

Protection Tube

In Sodium
(VL=2474m/s)

In Water
(VL=1480m/s)

Sodium 
Water 

In Sodium
(VL=2474m/s)

In Water
(VL=1480m/s)

Sodium 
Water  

Fig. 9 Frequency range for A0 mode for the application of waveguide sensor 

in water and sodium 
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Table 1. Calculation result for the radiation beam angle of the waveguide sensor 

in sodium and water 

 

radiation beam angle (θ) [degree] 

f d 
Cp (A0) 

[m/s] 
water  

(VL=1480m/s) 

sodium (at 200℃) 

(VL=2474m/s) 

0.5 1846 53.3 - 

1.0 2290 40.3 - 

1.2 2395 38.2 - 

1.4 2477 36.7 87.2 

1.6 2542 35.6 76.7 

1.8 2594 34.8 72.5 

2.0 2640 34.1 69.6 

2.5 2715 33.0 65.7 

3.0 2765 32.4 63.5 

3.5 2798 31.9 62.0 
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4. DESIGN AND ANALYSIS OF WAVEGUIDE SENSOR ASSEMBLY 

 

4.1 DESIGN OF WAVEGUIDE SENSOR ASSEMBLY 

 

Waveguide sensor assembly was designed for the actual application in the under-

sodium inspection of the reactor internal structures. Figure 10 shows the schematic 

design of the waveguide sensor assembly and detail drawing of a mock-up waveguide 

sensor. Waveguide sensor has a slender cylindrical structure. Waveguide sensor is 

vertically supported at the rotating plug of reactor head and horizontal anti-vibration 

support plates are installed outside the tube to support the tube from the horizontal 

vibration induced by sodium flow. Waveguide sensor is located at the hot pool region 

inside of the reactor vessel but ultrasonic sensor which is located at the outside of the 

reactor vessel has to be operated at the low temperature. Waveguide plate guides the 

ultrasonic wave and waveguide protection tube is protecting the waveguide sensor from 

the hot sodium. Waveguide sensor assembly is made up of an ultrasonic transducer, 

wedge, waveguide strip plate, acoustical shielding tube, radiation shielding steel block, 

and separation pad. The ultrasonic transducer is used commercial PZT sensor. A suitable 

wedge is absolutely necessary for the matching of the ultrasonic transducer to the plate 

surface so that produce A0 mode Lamb wave. Variable angle liquid wedge is designed to 

produce A0 mode Lamb wave in the low frequency range. Teflon wedge can be used an 

alternative because the velocity of longitudinal wave is 1270 m/s lower than the phase 

velocity of the working frequency range. In the design of the end of waveguide sensor 

submersed in a liquid, only one face of strip plate should be contacted the liquid thus 

providing one emission face, hence a single beam is radiated inside a liquid. The angle 

of radiation beam emission face on the tube end section is set so that the emerging beam 

is vertically downward. Additionally, radiation shield block is installed at the upper part 

of protection tube to protect the radiation effect on the reactor head access area and thus 

its safety operation can be maintained. The thickness of radiation shield block is 

assumed as a sum of a reactor head thickness and an insulation plate thickness and the 

selected material for waveguide sensor and shield block is Type 304 stainless steel.  

The strip plate of a mock-up waveguide sensor assembly is a 10m long 

stainless steel plate, 15 mm wide and 1mm thick. To prevent an energy loss taking place 
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due to a liquid contact, the strip plate is enclosed within an acoustical shielding tube 

until the point of a radiation beam emission is reached. The acoustical shielding tube is 

a 19 mm diameter, 1 mm thick stainless steel tube. The waveguide strip is extended 

about 6 cm above the top of the shielding tube to allow access for clamping the wedge.  

 

 

 

                 
(a) Schematic design           (b) Drawing of mock-up sensor 

 

Fig. 10 Schematic design and drawing of waveguide sensor assembly 
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4.2 ANALYSIS OF WAVEGUIDE SENSOR ASSEMBLY 

 

4.2.1 Temperature Distribution Analysis 

 

Waveguide sensor is a semi-permanent-life sensor for the inspection of the reactor 

internal structures. Waveguide sensor is located at the hot pool region inside of the 

reactor vessel but ultrasonic sensor which is located at the outside of the reactor vessel 

has to be operated at the low temperature relatively to maintain the its safe operation. 

Waveguide sensor is immersed into a reactor hot pool region over 500℃ in normal 

operation condition. Thus its temperature distribution analysis is carried out to 

investigate the application feasibility. 

Temperature distribution of waveguide sensor would be classified into three 

regions; hot pool region, cover gas region and reactor head region. For a hot pool region, 

waveguide protection tube has a similar temperature distribution as a coolant 

temperature distribution because its size is relatively too small comparing with a coolant 

volume. As shown in Fig. 11, the convection and radiation heat transfer ( RQ ) for an 

inside of the protection tube is more dominant than axial conduction ( ZQ ). It is assumed 

that the temperature of waveguide plate and protection tube has a same temperature 

distribution of the coolant conservatively. 

The temperature distribution in a cover gas region is also regarded as same as the 

coolant temperature distribution but its axial temperature has a tendency to decrease 

from the hot pool to the bottom surface of reactor head. The cover gas region 

temperature refers to the result of a fluid system analysis. The temperature of reactor 

head region is calculated by considering the reactor head conduction and reactor head 

upper surface cooling effect. Figure 12 shows the axial temperature distribution feature 

in cover gas region and reactor head region. As shown in Fig. 12, a steep temperature 

gradient induced by the thermal insulation in a cover gas region and reactor head is 

shown. 

Temperature distribution analysis of the waveguide sensor based on the reactor 

inner heat transfer feature is carried out for the normal operating condition of 

KALIMER-600. The temperature of waveguide sensor in the hot pool and cover gas 

region is same as the temperature of the coolant and the cover gas respectively. Figure 
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13 shows the temperature distribution of the attachment area of an ultrasonic sensor and 

the waveguide sensor support in the region of reactor head. The temperature of 

waveguide sensor support is maintained about 48℃ and the temperature of ultrasonic 

sensor and wedge is similar to the temperature of reactor head about 40℃. From this 

result, it is found that ultrasonic can be maintained at the low temperature relatively 

during the reactor normal operation. 

 

 
Fig. 11 Heat transfer feature in hot pool region 
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Fig. 12 Temperature distribution feature in cover gas region 
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Fig. 13 Temperature analysis of waveguide sensor 
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4.2.2 Preliminary Modal Analysis 

The waveguide sensor is vertically supported at the reactor head. The waveguide 

sensor has a long and slender structure so the preliminary mode analysis is carried out to 

investigate the structural support condition of the waveguide sensor. The waveguide 

sensor is located in the UIS (Upper Internal Structure) cylinder. The thickness of the 

waveguide plate and tube is 1mm and it is horizontally supported at the UIS support 

plate (1 position) and UIS lower cylinder plates (2 positions). Also, the central part of 

UIS middle cylinder between UIS support plate and lower cylinder upper plate has to be 

supported horizontally. Figure 14 shows the support positions of the waveguide sensor 

and the UIS structure of KALIMER-600. 

 

UIS support 
plate

Anti-vibration 
support

Upper plate of 
UIS lower 
cylinder

Lower plate of 
UIS lower 
cylinder  
Fig. 14 Waveguide sensor support 

 

Table 2 shows the result of modal analysis and Fig. 15 shows the deformation 

shape of the 1st, 9th and 10th modes. As shown in Table 2, the deformation modes of 

waveguide sensor gets in the low frequency range due to the less stiffness. To endure 

the FIV (Flow Induced Vibration) by hot sodium out of the core, the stiffness of a 
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waveguide sensor should be increased and the proper method to support the waveguide 

sensor has to be proposed. This support design concept of waveguide sensor would be 

gradually modified to get a structural rigidity. 

 

Table 2. Modal analysis for preliminary design concept of waveguide sensor support 

Set Frequency (Hz) Deformed shape 

1st 0.754 Plate deformation 

2nd 1.008 Plate deformation 

3rd 1.085 Plate deformation 

4th 1.106 Plate deformation 

5th 2.118 Plate deformation 

6th 2.844 Plate deformation 

7th 3.009 Plate deformation 

8th 3.113 Plate deformation 

9th 4.095 Tube & Plate deformation 

10th 4.256 Tube & Plate deformation 

 

        
(a) 1st mode              (b) 9th mode            (c) 10th mode 

Fig. 15 Result of mode analysis  
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5. EXPERIMENTAL FEASIBILITY TEST 

 

5.1 EXPERIMENTAL SETUP 

 

An experimental facility was setup for the feasibility test of the waveguide sensor 

technology. Figure 16 shows the bock diagram and experimental hardware. It consists 

of a 3-axis scanner tank (Panametrics MULTISCAN), a high power and frequency 

tunable ultrasonic system (RITEC RAM-10000), a computer, a Lecroy oscilloscope 

and a waveguide sensor assembly. The RITEC RAM-10000 system comprises a high-

power tone burst generator (250kHz~17.5MHz up to 1.5kW), a broadband receiver 

amplifier, a tunable superheterodyne receiver with quadrature phase detection, an 

analog gated integrator and a control personal computer. High power pulse generation 

is necessary to send the ultrasonic signal to the end plate of the waveguide sensor with 

a 10m long distance. A frequency tunable function of RAM-10000 system should be 

applied for the verification experiment of the beam steering technique of the 

waveguide sensor. RAM-10000 system sends out tone burst signals in the fine tuning 

mode. The transducers use a commercial angle beam PZT sensors (Krautkramer 

Benchmark series transducer, 0.5 inch diameter and 1 & 1.5 MHz). The ultrasonic 

transducer is driven by tone burst pulse. Personal computer controls the frequency, 

amplitude and number of cycles of tone burst pulse. The received signal is amplified 

and processed in the RAM-10000 system. The WinspectTM software was used for C-

scan imaging. We verified the propagation characteristics of the A0 Lamb wave mode 

in the waveguide sensor and performed a feasibility test for a radiation beam steering 

and a C-scanning visualization using the waveguide sensor. 
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Fig. 16 Block diagram and hardware setup for feasibility test of waveguide sensor 
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5.2 WAVE PROPAGATION TEST 

 

Lamb wave modes are generally dispersive, so their velocities are frequency-

dependent. The dispersion effect of Lamb wave is that the energy in a wave-packet 

propagates at different speeds depending on its frequency. The wave-packets 

propagating through a plate are spread in time due to the dispersion. The ultrasonic 

wave propagation tests were carried out for an evaluation of the wave propagation 

characteristics in a 10m long plate. Figure 17 shows the propagation of the A0 Lamb 

wave mode in a 1mm thick and 10m long stainless steel plate after excitation with a 2-

cycle toneburst with a frequency of 1 MHz. Figure 18 shows the time trace and STFT 

(short-time frequency transform) of the reflected signals that were measured at the 

propagation distances of 1, 3, 5 and 10 m by the short pulse excitation. The duration of 

an A0 mode wave-packet increases according to the propagation distance in a 10 m 

long plate. The effect of increasing wave-packet duration is undesirable for the 

application of an under-sodium viewing by a waveguide sensor. This effect limits the 

resolution of the radiation beam signal in a waveguide sensor.  

At a dispersive range of the A0 mode and with a small number of cycles for the 

input excitation pulse, the dispersion effect will be significant due to its large 

bandwidth. The increasing number of cycles for the excitation pulse decreases the 

bandwidth. The narrow bandwidth excitation reduces the dispersion effect on a long 

distance propagation of the A0 Lamb wave mode. To illustrate this, the experiment of 

long pulse excitation has been carried out. Fig. 19 shows the time trace and STFT 

(short-time frequency transform) of the reflected signals that would be measured at the 

propagation distances of 1, 3, 5 and 10 m by the long pulse excitation. The number of 

cycles for the excitation pulse should be increased to reduce the duration of the wave-

packet as the propagation distance is increased. In the 10 m long waveguide sensor, it 

is desirable the long pulse excitation above 20 cycles should be applied.     

The sensitivity of a 10m long waveguide sensor assembly was evaluated by a 

measurement of the received ultrasonic signal from a flat reflector in water. Figure 21 

shows an example of the received ultrasonic signal, which is reflected from the pad 

welds, the end of a plate and a target located at a 30mm distance underwater. The 

signal to noise (S/N) ratio of the reflection target signal had a value of above 15dB. 
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Fig. 17 Received A0 mode signals reflected from the location of (a) 1m, (b) 3m, (c) 5m, 

and (d) 10m in a 10m long stainless steel plate by a short pulse excitation (2 cycles). 

Fig. 18 STFT results of end-reflected signals by a short pulse excitation (2 cycles) 

(a) 1m long plate (b) 3m long plate 

(c) 5m long plate (d) 10m long plate 
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Fig. 19 Received A0 mode signals reflected from the location of (a) 1m, (b) 3m, (c) 5m, 

and (d) 10m in a 10m long stainless steel plate by a long pulse excitation  

 
Fig. 20 STFT results of end-reflected signals by a long pulse excitation 

 

(a) 1m (2 cycle toneburst) (b) 3m (5 cycle toneburst) 

(c) 5m (10 cycle toneburst) (d) 10m (20 cycle toneburst) 
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Fig. 21 Received signals reflected from the end face of the 10 m long waveguide 

sensor assembly and the target in water  
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5.3 RADIATION BEAM STEERING 

 

The A0 Lamb wave loses power to a liquid in contact with the strip. The energy of 

the A0 mode is highly radiated away in the form of a bulk compression wave if the 

emission face of the waveguide sensor is immersed in a liquid. The highly directional 

compression wave is radiated from the strip end surface of the waveguide sensor at an 

angle of θ , where 

  
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
= −

)(
)( 1

fdC
VSinfd

p

Lθ .                       (12) 

When the excitation frequency is selected by a fine frequency tuning, the radiation 

angle of the ultrasonic beam can be measured by a goniometer. Figure 22 shows the 

measurement result of the angle of the radiation beam by a change of the excitation 

frequency. The excitation frequency is increased, and the beam angle is decreased. This 

result shows that the ultrasonic radiation beam of the waveguide sensor can be 

electronically steered by a frequency tuning. The transducer is excited in the long pulse 

tone-burst mode by continuously varying the signal frequency from a minimum value to 

a maximum value within the band width of the transducer. A typical amplitude versus 

frequency curve V(f) can be obtained. The frequency was varied continuously from 0.7 

to 1.4 MHz. The amplitude-frequency curves V(f) of the reflected signal from the 

horizontal flat and ±2° tilted specimens are generated by a frequency sweeping, as 

shown in Fig. 23. The center frequency of V(f) is affected very strongly by the 

orientation of the reflection objects. The reflected beam angle of the inclined 

examination surface can be obtained by measuring the center frequency. The beam 

steering function is realized by entirely electronic means without a mechanical 

movement of the sensor.  
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Fig. 22 Changes of the radiation beam angle by tuning excitation frequency 

 

 
Fig. 23 Amplitude-frequency curves of the reflected signal for horizontal flat  

and ±2° tilted specimens by frequency sweep. 
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5.4 RADIATION BEAM PROFILE 

 

An experiment for a beam profile measurement was carried out to evaluate the 

radiation beam-forming characteristics of the A0 leaky Lamb wave in a plate 

waveguide sensor. The radiation beam shape of the waveguide sensor was examined by 

a Y-Z scanning in a 3D scanning system. As shown in Fig. 24, the 30 cm long, 15mm 

wide and 1mm thick plate waveguide sensor is used in the beam profile test. The end 

of the waveguide sensor is bent for an angled compression wave to radiate vertically 

downward onto the radiating face. The profile of the radiation beam can be obtained by 

an amplitude-plotting of the echo reflected from a small rod scanned across and away 

from the radiating end face of the waveguide, as shown in Fig. 24. The vertical and 

horizontal beam profiles of a waveguide sensor where a 1MHz ultrasonic transducer is 

installed are shown in (b) and (c) of Fig. 24. This experimental result shows the 

waveguide sensor forms a highly directional beam in the liquid and the profiles were 

flame shaped. The beam profile of the vertical plane has small side lobes. The beam 

profile of the horizontal plane is more divergent to that of the vertical plane.  
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(a) Setup of beam profile measurement 

 

      

  (b) Beam profile of a vertical plane    (c) Beam profile of a horizontal plane 

Fig. 24 Beam profile of A0 leaky Lamb wave mode of ultrasonic waveguide sensor 
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5.5 C-SCAN IMAGING TEST 

 

The feasibility for the under-sodium visualization using a waveguide sensor is 

evaluated by a C-scan imaging test with a blind target under water. For the underwater 

C-scan test, three waveguide sensors were manufactured. The three waveguide sensors 

are a 300 mm short strip plate, a 10 m long strip plate without a shield tube and a 10 m 

long mock-up waveguide sensor assembly with a shield tube. The strip plate of all the 

waveguide sensors is made of stainless steel with a 1 mm thickness and a 15mm width. 

The test targets were used for the blind test. The first target has four slits of different 

widths (2 mm, 1 mm, 0.8 mm and 0.5 mm) and three loose parts (stepped plate, small 

nut and washer) on the surface. The second target is a mock-up of a reactor core. To 

validate the visualization performance of the waveguide sensors for an underwater 

condition, the waveguide sensors were installed in the 3-D scanning system. The 

waveguide sensor is scanned in a plane (X-Y plane) normal to the direction (Z axis) of 

the ultrasonic wave propagation and a two dimensional C-scan image can be built up. 

Figure 25 shows the test target and the C-scanning results of the three waveguide 

sensors. The loose part reflectors were partially identified and also the slits were clearly 

resolved in the image. It was verified that a spatial resolution of the C-scan image for 

the detection of a surface defect was less than 2 mm. In the second verification test, C-

scan experiment for the mock-up of a reactor core was performed by using a 10m 

waveguide sensor assembly. A bottom right sub-assembly in the core mock-up target 

was intentionally deformed to check on the detection ability of distortion of the reactor 

core. Figure 26 (b) and (c) show the C-scan images gated on the upper part of the core 

mock-up and the top surface of the core mock-up, respectively. This result demonstrates 

the visualization mapping ability of a reactor core and the detection ability of a 

deformed sub-assembly for a reactor core at a 10m long distance by using waveguide 

sensor technology. 
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(a) Resolution test specimen       (c) 30cm plate waveguide 

          
(b) 10m plate waveguide       (b) 10m waveguide sensor assembly 

   Fig. 25 C-scanning visualization image of the test target with slits of different sizes  
and loose parts 
 

   
(a) Core mock-up 

  
(b) Image of core mock-up  (c) Image of top surface 

    Fig. 26 C-scan images of reactor core mock-up by the 10m long waveguide sensor 
assembly 

Slit : 2mm  1mm  0.8mm  0.5mm

70mm
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6. CONCLUSIONS 

 

A plate-type ultrasonic waveguide sensor and ultrasonic visualization technique 

using the A0 mode leaky Lamb wave has been developed for an under-sodium 

inspection of a reactor core and internal structures in a sodium-cooled fast reactor. The 

waveguide sensor technology has several advantages for an under-sodium viewing. 

The waveguide sensor is more economic and stable than an immersed ultrasonic sensor. 

The waveguide sensor also has a long lifetime and can be used for an on-line 

monitoring of a structural deflection. This report presents the feasibility study results 

for the development of ultrasonic waveguide sensor technology for an under-sodium 

visualization. An ultrasonic waveguide sensor assembly has been designed and 

manufactured for the actual application in SFR. The special liquid and solid wedges 

were designed and applied for the effective generation of the A0 Lamb wave. High 

power tone burst ultrasonic pulse should be applied to minimize the dispersion 

characteristic of the A0 mode leaky Lamb wave. A radiation beam steering technique 

has also been developed for the application of a waveguide sensor for a versatile 

application in under-sodium viewing. A control of the radiation beam angle of the 

waveguide sensor can be achieved by a frequency tuning method of the long excitation 

pulse in the dispersive low frequency range of the A0 Lamb wave. This technique has 

an advantage to help overcome the scanning limitation of the waveguide sensor. The 

possibility of the ultrasonic waveguide sensor has been verified by C-scanning 

experiments in water. As the C-scanning result of the blind test, a precision of less than 

2 mm was achieved.  

In a future program, an under-sodium visualization system with a waveguide 

sensor assembly array and a rotation scanner is scheduled to be manufactured by 2009. 

Also, the design improvement of the waveguide sensor and the basic performance tests 

in water will be performed for an enhancement of the application capability and 

imaging resolution of the waveguide senor assembly. The final performance tests in hot 

sodium are planned to be carried out by the end of 2010. 
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 초록 (15-20 줄 내외)  

소듐냉각고속로의 원자로 노심과 내부구조물은 불투명한 소듐내에 잠겨있어

직접적인 육안 관측이 불가능하다. 원자로 노심과 내부구조물의 건전성 확보를

위하여 주기적으로 가동중검사를 수행하여야 하고 이를 위해 초음파를 이용한

소듐내부가시화가 필수적으로 요구된다. 소듐내부가시화 육안검사에 액침 센서와

웨이브가이드 센서가 적용되고 있다. 액침센서는 정밀 가시화에 적용되지만 고온

환경에서 수명이 제한이 있으며 웨이브가이드 센서는 고온 고방사능의 소듐

환경에서 안정적으로 적용되지만 구동 및 가시화 성능에 제한이 있어왔다. 최근에

기존 웨이브가이드 센서의 단점을 보완할 수 있는 새로운 판형 웨이브가이드

센서를 개발하였다. 웨이브가이드 센서에서의 판파 전파특성을 분석하고 판파 적용

모드로 제 0 차 반대칭 A0 모드를 선정하였다. 웨이브가이드 센서에 액체웨지를

적용하여 A0 모드의 저주파수 분산 영역에서 판파가 발진되도록 하였으며

입사펄스의 주파수 변조에 의하여 초음파 빔 방사각을 변환시킬 수 있는 빔 방사각

변환 신기술이 개발하였다. 본 방법은 기계적인 구동없이 빔 방사각을 조정할 수

있어 웨이브가이드 센서의 구동 제한성을 극복할 수 있게 해 준다.  새로 개발된

웨이브가이드 센서의 소듐내부가시화에 대한 적용 가능성 분석 연구를 수행하였다. 

소듐냉각고속로의 소듐내부가시화 검사에 실제 적용할 수 있는 길이가 10m 인

웨이브가이드 초음파센서 어셈블리를 설계 제작하였다. 웨이브가이드 센서의 빔

방사각 변환 특성을 실험적으로 검증하였으며, 제작된 웨이브가이드 센서

어셈블리를 이용한 수중 C-스캔 시험을 수행한 결과 수중 시험체의 반사체의

현상을 인식할 수 있고 폭 2 mm 이하의 결함을 충분히 탐지할 수 있음을 실험적으로

검증함으로써 웨이브가이드 센서의 소듐내부가시화 적용 가능성을 확인하였다.  
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Abstract (15-20 Lines)  
The reactor core and internal structures of a sodium-cooled fast reactor (SFR) can not be 

visually examined due to the opaque sodium. The examination of the internal structures is 
possible by using ultrasonics to penetrate the sodium. The under-sodium viewing technique 
using an ultrasonic wave should be applied for the in-service inspection of the reactor internals. 
Immersion sensors and waveguide sensors have been utilized for the under-sodium viewing 
application. The immersion sensor has a precise imaging capability, but may have high 
temperature restrictions and an uncertain life. The waveguide sensor can operate in a hostile 
environment, such as liquid metal at a high temperature in the presence of high radiation. The 
waveguide sensor has the advantages of simplicity and reliability, but limits in its movement. A 
new plate-type waveguide sensor has been developed to overcome the limitations of previous 
waveguide sensors. And a novel ultrasonic technique has been suggested. The technique is 
capable of steering a radiation beam of a waveguide sensor without a mechanical movement of 
the waveguide sensor. The control of the radiation beam angle can be achieved by a frequency 
tuning method of the excitation pulse in the dispersive low frequency range of the A0 Lamb 
wave. A waveguide sensor assembly has been designed for the actual application of under-
sodium visual inspection in sodium-cooled fast reactor. The main purpose of this study is 
achievement of feasibility of ultrasonic waveguide sensor technology to the application of under-
sodium viewing. Under-water C-scan imaging test was carried out by using 10 m long 
waveguide sensor assembly. It was confirmed that the test target could be clearly visualized and 
the resolution of C-scan image could be less than 2 mm.  
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