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ABSTRACT 
 

Ensuring safe nuclear power plant (NPP) operation is the main and mandatory requirement. Periodical 
inspection of reactor pressure vessel (PRV) base metal, weldings and overlays is one of the most 
important measures to meet this requirement. 

Nowadays in Ukraine at NPPs with VVER the following RPV inspection systems to perform 
periodical ISI of RPV base metal and weldings are being utilized: SK-187 (South-Ukrainian NPP), 
CMM-SAPHIRplus (Rivne NPP), RPV-1000 (Zaporizhzhya NPP) and RPV-ISI-INETEC 
(Khmel`nytskyy NPP). 

These inspection systems are applied for RPV In-Service Inspection in accordance with current 
Ukrainian norms and standards, but for some cases an estimation of detection sensitivity, sizing and 
limitations must be performed. There are different approaches for this estimation performance, among 
which a conduction of practical testing with using of test-specimens and / or modeling inspection 
results with application of professional software. 

The RPV ultrasonic testing (UT) modeling with application of software “CIVA” is a subject of 
this paper, where an inspection technology with application of classic piezoelectric transducers that is 
realized in inspection system RPV-1000 was modeled. The analysis of detection features for defects 
located in overlay and under-overlay zones was performed. Based on results obtained one can make 
the conclusions about RPV inspection result reliability with using of this inspection technology. 
Specific attention was paid to application of software “CIVA” for UT modeling VVER RPV Du850 
nozzles. In this paper a dependence of amplitude changing of ultrasonic signal reflected on semi-
elliptic crack orientation angle is discussed. This dependence was obtained from modeling results and 
allows to estimating detection sensitivity for under-overlay semi-elliptic cracks taking into account 
their orientation relative to scanning direction. 

 
 

INTRODUCTION 
 

Periodic examination of RPV base metal, welds and overlay is one of the main measures to meet the 
requirements of safe operation according to Ukrainian norms and standards [1 - 2]. Nowadays world 
experience of RPV examination in nuclear power engineering is based on development and operation 
of up-to-date systems for RPV NDE ISI from inside (mainly) and from outside (in part). 

In Ukraine at NPPs with VVER the following RPV inspection systems are available to perform 
the periodical ISI of RPV base metal and welds: SK-187 (South-Ukraine NPP), CMM- SAPHIRplus 
(Rivne NPP), RPV-1000 (Zaporizhzhya NPP) and RPV-ISI-INETEC (Khmel`nytskyy NPP). These 
ISI systems are applied to carry out VVER RPV ISI in accordance with valid Ukrainian norms and 
standards, but sometimes an estimation of detection sensitivity must be performed taking into account 
cases when some specific tasks must be addressed during RPV examination. The inspection system 
RPV-1000, where classic piezoelectric transducers are applied together with UT instrument 
“Tomoscan”, is used for UT. 

Taking into account that defects positioning and sizing accuracy is a strong requirement for UT 
application in nuclear industry, we consider a way to improve the accuracy of defects detection and 
sizing while performing ISI of VVER-1000 RPV. The model of RPV was developed using software 
“CIVA” [3]. The main attention was paid to assess this examination method sensitivity and definition 
of it’s application limits. 

 
 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=1
16

78



MODELS FOR THE SIMULATION OF THE UT 
 
Model of the classic piezoelectric transducer 

 
In accordance with the methodology of UT application for RPV examination, there were used three 
types of transducers: 45°, 60° and 70° prisms with pulse echo.  

Transducer element is operated in combined mode.  To perform inspection of overlay and 
under-overlay zones in radii transitions and DU-850 nozzles, ultrasonic dual element transducer with 
incident beam angle 70° was used.  Transducer includes two equal rectangular piezoelectric plates 
(size 10 mm x 18 mm) located under 7° angle.  This allows focusing acoustic field in a focal zone.  
This transducer with 2 MHz was selected because dual element transducers have minimal “dead 
zone” and high “signal to noise”  ratio.  

 
Model of the RPV VVER - 1000 cylindrical section inspection 

 
To study the dependence of amplitude of signal reflected on the flat-bottomed holes, two models were 
developed (Fig. 1). Each of these models represents a heterogeneous structure with shape of 
parallelepiped that consists of two homogeneous layers: upper part – overlay, manufactured of 
austenitic steel and lower part - base metal, manufactured of ferritic steel (Fig. 1). The main acoustic 
parameters of the RPV material are the following: 
 

1. Overlay  
1.1. Longitudinal wave velocity - 5,650 m·s-1; 
1.2. Transverse wave velocity - 3,060 m·s-1; 
1.3. Attenuation of longitudinal wave at frequency 1.5 MHz - 0.29 db·mm-1; 
1.4. Attenuation of transverse wave at frequency 1.5 MHz - 0.41 db·mm-1. 

2. Base metal 
2.1. Longitudinal wave velocity - 5,900 m·s-1; 
2.2. Transverse wave velocity - 3,230 m·s-1. 
 
 

 
 

Figure 1 - Inspection model of VVER-1000 cylindrical part 
 

The values of the wave attenuation coefficients have been measured experimentally at real 
VVER-1000 RPV specimen.  Flat-bottom holes with 3.1 mm diameter at different depths were 
simulated in the base metal.  

The first model includes 6 reflectors equispaced in base metal at angle 45°, the second model - 
9 reflectors equispaced in base metal at angle 60°. 

 



Models of the RPV VVER - 1000 united bottom and cylindrical sections 
 

Model of the RPV VVER – 1000 united bottom and cylindrical sections was developed as well [5]. 
All geometrical dimensions were in correspondence with those, indicated above. This model 
represents a heterogeneous structure that consists of two homogeneous layers: upper part – overlay 
and lower part - base metal (Figs. 2 – 4). The following defects were incorporated into the model: 

a) defect No. 1: semi-elliptical defect (with dimensions 4x10 mm) oriented 
perpendicularly to overlay surface (Figs. 3 and 4); 

b) defect No. 2: hemispherical-bottom hole (diameter 4.4 mm, input angle to the overlay 
surface 45°) (Figs. 3 and 4); 

c) defects Nos. 3 and 5: two defects with spherical shape (diameters 4.4 mm) (Fig. 2); 
d) defect No. 4: flat-bottom hole (diameter 4.4 mm, input angle to the overlay surface 45°) 

(Fig. 2). 
 

 
 

Figure 2 - Model of the RPV VVER – 1000 bottom and cylindrical parts, welding area  
“base metal -overlay”  

 
 

   
 

Figure 3 - Model of the RPV VVER – 1000 
bottom part, welding area “base metal -

overlay” 

Figure 4 - Model of the RPV VVER – 1000 
cylindrical part, welding area  

“base metal -overlay” 
 

Defect Nos. 1 and 2 implanted have a ligament with 238 mm and 198 mm widths for RPV 
bottom (Fig. 3) and cylindrical (Fig. 4) parts, correspondingly.  Defects Nos. 3, 4 and 5 have a 
ligament with 190 mm width (Fig. 2). 

 
 



Model of the RPV VVER-1000 nozzle Du-850 
 

RPV VVER-1000 primary circuit nozzle (Fig. 5) was a subject of studying and it`s detailed 
geometrical model was developed (Fig. 6).  Overlay was put on internal surface of nozzle (marked in 
green color). RPV wall thickness (marked in grey color) is 292 mm, including overlay thickness  
8 mm.  Model represents a heterogeneous structure that consists of two homogeneous layers: overlay 
of austenitic steel and base metal of pearlitic steel. 
 

 
 

Figure 5 - VVER-1000 RPV nozzle 
 
Fig. 6 presents indications of defects incorporated at nozzle drawing.  Flat semi-elliptical defect 

No. 6 with height 4 mm and length 10 mm (mark “4”) was studied.  It is located in a welding area of 
base metal (mark “2”) and overlay (mark “1”), bottom area plane is perpendicular to direction of 
reference signal (or longitude ultrasonic wave) (mark “5”).  Flat-bottom reflector with cylindrical 
shape and diameter 3.1 mm (mark “3”) was used for UT calibration for modelling.  Semi-elliptical 
defect was located in a zone of radii transitions; flat-bottom reflector was located in a nozzle 
cylindrical part in depth 16 mm from overlay surface.  

 

 
 

Figure 6 - Defects incorporated and flat-bottom reflector indications at nozzle drawing  
 
 



SIMULATION OF UT RESULTS 
 

Results of UT simulation with application of the RPV VVER - 1000 linear section model 
 
Taking into account, that the RPV inspection system RPV-1000 has a definite scanning step (Index =  
8 mm) for RPV examination, one may suppose that the amplitude of signal reflected from defect will 
depend on transducer centre location relative to defect centres. 

Dependence of the reflected signal amplitudes on the defect depth is presented at Figs. 7 and 8. 
The curves corresponded to two different positions of transducer. In a first case a transducer was 
located in the front of the reflector center; in second case transducer was 4 mm shifted from the 
reflector center. For this simulation two fixed incident beam angles 45° and 60° were used.  
 

 
Figure 7 - Results of simulation with application 

of the first model 
 Figure 8 - Results of simulation with 

application of the second model 
 

Results obtained indicate that a maximum absolute deviation between signal amplitudes is 21%, 
if the defect is located at 65 mm depth. This fact must be taken into account for development of 
procedure for qualification of ISI systems for VVER NPPs [4 - 5]. 
 
 
Results of UT simulation with application of the RPV VVER – 1000 bottom and cylindrical part 
models 

 
Taking into account that results of practical trials at test-specimens are used during inspection systems 
qualification, test-specimens quantity and parameters should correspond to the data of real inspection 
object.  Ideally, it is necessary to have a separate test-specimen for each RPV inspection area. In many 
cases there is no sense to meet this condition, because some inspection areas are very similar to each 
other. With this aim authors studied a possibility to use a generalized approach for these inspection 
areas [5], i.e. we studied a possibility to apply the modeling results acquired at one inspection area for 
another one.  

In this case it was important to determine inspection areas, for which the same test-specimens 
can be used and generalization of their testing results can be performed. 

After generalization approach application, results of simulation for different RPV inspection 
areas (bottom and cylindrical parts) with the same 1 MHz, 45°T1-St EII(30x25)C transducer in a 
direction of vertical moving along RPV were obtained and are presented in Table 1. 

 



 

Table 1 - Results of simulation 

Conditions of simulations 
RPV bottom 

part 
RPV 

cylindrical 
part 

Amplitude of the reflected signal (%) from defect No. 4 located 
at depth 195 mm 

100 - 

Amplitude of the reflected signal (%) from the defects Nos. 3 
and 5 for RPV cylindrical and bottom parts, correspondingly, 
located at depth 195 mm 

11 13 

Amplitude of the reflected signal (%) from the defect No. 1, ray 
path 425 mm and 379 mm for RPV cylindrical and bottom parts, 
correspondingly 

55 39 

Amplitude of the reflected signal (%) from the defect No. 2 
located at depth 198 mm and 238 mm for RPV cylindrical and 
bottom parts, correspondingly 

111 111 

 
Additionally, it must be indicated, that amplitude values deviation of signals from defect Nos. 3 

and 5, that have the same geometrical parameters, is ~15 %. 
As can be seen from the table, a deviation in amplitude values for different RPV inspection 

areas (bottom and cylindrical parts) are rather small than measurement uncertainty of inspection 
system, and, therefore, generalization approach can be applied for qualification of ISI system of RPV 
bottom and cylindrical parts, when UT results for cylindrical part of RPV may be extended to RPV 
elliptical bottom.  Also, amplitude of signal reflected from defect No. 2, which was located in RPV 
bottom part, is 38% bigger than amplitude of signal from the same defect but located in RPV 
cylindrical part.  At the same time paths ray are 12.1 % different.  This can be explained by defect No. 
1 different orientation (angle of inclination) relative to ultrasonic wave initial propagation. 

 
Results of UT simulation with application of the RPV VVER–1000 Du-850 nozzle model  

 
Piezoelectric transducer was moved at nozzle cylindrical part and radii transition surface in a direction 
of tangent line to external surface of overlay. A coupling was put between transducer and overlay 
surface to provide the ultrasonic wave penetration into metal.  Movement was performed each 3 mm 
at length 120 mm.  This allows to covering area of defect No. 6 and flat-bottom reflector location.   

Ratio of amplitude of received signal from defect Adefect to amplitude of signal reflected from 
flat-bottom reflector Areflector was calculated:  

refletor

defect

A

A
A =∆ . 

Analysis of ∆A parameter changing in dependence on variation of semi-elliptical defect 
orientation parameters relative to direction of ultrasonic wave propagation was performed.  It was 
supposed the following initial positioning: centers of semi-elliptical defect and transducer are 
coinciding; semi-ellipse small semi-axis is mutually perpendicular to overlay internal surface from 
base metal side (Fig. 9). 



 

Figure 9 – Orientation of semi-elliptical defect No. 6 
 
Also real UT was performed at test-specimen with different “rotation” angles in “Skew” 

direction and discrete set of amplitude values was acquired from semi-elliptical defect (with 
dimensions 20 mm x 8 mm, area 126 mm2).  This defect is under-surface one with 10 mm depth from 
overlay surface. 

Modeling results and comparison result of UT modeling and real acquired data are presented at 
Figs. 10 – 12. 

  
Figure 10 - Dependence of amplitude of 

received signal on “Skew” parameter values 
variation 

Figure 11 - Dependence of ∆А on 
“Disorientation” parameter values variation 

 

 
Figure 12 - Dependence of ∆А on “Tilt” parameter values variation 



Validation of modeling data showed that the results of modeling for different “Skew” parameter 
values are in correspondence with real data acquired.  Amplitude maximum deviation of modeling 
results from UT data acquired doesn’t exceed 15 %. This is acceptable due to UT uncertainties and 
confirmed that the model developed is a realistic one.  

As can be seen from Fig. 10, “Skew” parameter values variation within ± 6° from initial 
position leads to signal amplitude changing into 2 times.  Therefore, defect with maximum allowed 
equivalent area and “Skew” parameter value ranged in [-6°, 6°] will be detected and it’s parameters 
will be measured. 

As for “Disorientation” parameter values variation on ± 25° from initial position (Fig. 11) this 
leads to signal amplitude changing up to 2 times.  Consequently, defect with maximum allowed 
equivalent area and parameter “Disorientation” value ranged [-25°, 25°] will be detected and sized.  
The “Tilt” values variation (Fig. 12) on ± 10° from initial position leads to signal amplitude changing 
up to 2 times.  As a result, defect with maximum allowed equivalent area and parameter “Tilt” value 
within [-10°, 10°] will be detected and it’s parameters will be measured. 
 
 
CONCLUSIONS 
 
1) The following conclusions were made based on results of the RPV VVER–1000 linear section 

modeling. 
a) Dependence of the signal amplitude on the defect depth in a case of transducer and defect 

center axes coincidence has been determined. 
b) Dependence of the signal amplitude on the defect depth in a case of transducer displacement 

along the axis (OY) for 4 mm with respect to defects has been determined. The amplitude for 
the top flat-bottom hole was 21% lower than in case of transducer and defect center axes 
coincidence.  

c) Difference between the amplitude values of the signals from the far side defects is reducing 
during the ultrasonic wave propagation into the test-specimen. This dependence can be 
explained by beam spreading features. The fact, that the values of the signal amplitudes from 
the defects located at 140 mm depth are in a good agreement, can be considered as a 
reasonable confirmation of such statement. 

2) With respect to the models of the bottom and cylindrical parts of the RPV VVER-1000, in 
general, the simulation results can be considered as acceptable. Result of defect amplitude values 
comparison is the following: amplitude values deviation for models of the RPV bottom and 
cylindrical parts does not exceed 15%.  Therefore, generalized approach application for inspection 
areas in RPV VVER-1000 cylindrical and bottom parts is justified and can be used in practice. 

3) The dependencies of amplitude values of signal reflected on defect orientation when defect 
orientation varies relative to transducer movement in directions “Skew”, “Disorientation” and 
“Tilt” are obtained and analyzed. The following results of UT simulation in undersurface area of 
radii transition and DU-850 nozzle are obtained: 
a) model developed is a realistic one; 
b) deviation of “Skew” value up to 10° from initial position leads to signal amplitude reduction 

in 5 time approximately; deviation in 5° leads to signal amplitude value reduction on 40% 
from maximum value; 

c) deviation of amplitude values obtained from modeling and acquired experimentally doesn’t 
exceed 15%.  Therefore, model developed is acceptable; 

d) deviation of parameter “Disorientation” values on 10° relating to scan direction doesn’t lead 
to essential signal amplitude values variation.  As opposed to this parameter, deviations of 
parameters “Skew” and “Tilt” values effect essentially on parameter∆А values; 

e) system allows to detect and to sizing defects, for which parameter “Disorientation” values 
doesn’t exceed ± 25°, or parameter “Skew” values doesn’t exceed ± 6°, or parameter “Tilt” 
values doesn’t exceed ±10°. 
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