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Summary 
The U.S. Nuclear Regulatory Commission (NRC) has identified nondestructive evaluation 
modeling and simulation tools as a technical area of focus for confirmatory research. The NRC 
Office of Nuclear Regulatory Research initiated a task for the Pacific Northwest National 
Laboratory (PNNL) to conduct a multi-phase technical assessment of modeling and simulation 
platforms and to address modeling issues of increasing levels of complexity. Over the past 
several years, PNNL has focused on ultrasonic modeling software packages UltraVision (Zetec, 
Inc.),1 CIVA (EXTENDE, Inc.), and OnScale2 (OnScale, Inc.).  
This report is divided into two parts. Part 1 addresses flaw-response simulations in CIVA 
through an austenitic weld model using thermal fatigue crack geometries obtained by 
destructive testing. Results were compared to empirical scans of the same specimens using the 
same probes as those modeled. Part 2 assesses ultrasonic modeling using OnScale—a 
modeling and simulation package based on finite-element analysis.  

In part 1, PNNL performed over 600 flaw-response simulations in CIVA covering an array of 
scenarios using actual flaw geometries and compared simulated results to empirical data. 
Results showed that the simulation accuracy did not benefit in a statistically meaningful way 
from using a realistic weld model. Uncertainty was dominated by randomness in the 
microstructure of austenitic welds, making the model an inaccurate representation of the 
laboratory specimens. Furthermore, flaw geometry also has a strong effect on the ultrasonic 
signal response. When actual flaw geometries and weld microstructures are unknown, results 
suggest that efforts would be better used to determine a range of flaw responses instead of 
focusing on a specific weld model or flaw geometry. Parametric studies or CIVA metamodels 
can be used to explore the effects of varying flaw properties, such as through-wall depth, tilt, 
and ligament. (For non-surface-breaking cracks, the ligament is the distance between the end of 
the crack and the inner surface of the specimen.) 

Studies discussed in part 1 also showed that flaw-response amplitudes in coarse-grained 
materials are strongly dependent on the microstructure. It was shown that randomly changing 
the microstructure from simulation-to-simulation resulted in changes in the echo response 
amplitude by a factor of five or more. Much like with austenitic welds, uncertainty in modeling 
coarse-grained materials is dominated by microstructural randomness. Therefore, flaw-
response simulations of the coarse-grained models were avoided because it was impossible to 
correlate the simulated and empirical flaw responses when microstructural randomness was 
such a strong and unpredictable factor. 

Finally, part 1 used destructive testing of several flaws in order to obtain the actual flaw 
geometries for the flaw-response models. It was found that the flaw true-state parameters for 
implanted thermal fatigue cracks, such as through-wall depth, tilt, and ligament, often varied 
significantly from the parameters specified in the flaw documentation. When using mockups with 
flaws that have been laboratory grown or implanted to meet certain specifications, the flaw 
documentation should not be accepted as fact. When feasible, destructive testing should be 
included in flaw detectability studies. 

 
1 Zetec was acquired by Eddyfi Technologies during the writing of this report. 
2 Note that there are multiple OnScale products. OnScale SOLVE is the online Web interface FEM product. OnScale 
Lab is the desktop client product with three interfaces, Designer for GUI model creation, Analyst for scripted interface, 
and PostProcess for visualizing data generated from simulations. In this report, the OnScale products will be referred 
to collectively as OnScale. OnScale Inc. was acquired by Ansys, Inc. during the writing of this report. 
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In part 2, OnScale simulations were performed, and results were compared to those of similar 
simulations in CIVA and to empirical data. Overall, results of OnScale and CIVA simulations 
were similar for isotropic material models. Beam simulations of conventional (dual-element) 
transmit-receive longitudinal probes showed a comparable near-field/far-field transition point 
and beam shape in the far field. Flaw-response simulations showed similar echo locations and 
intensities, although the tip echoes in CIVA was weaker than those seen either in OnScale or 
the empirical data. Simulations through an austenitic weld model showed the largest differences 
between the modeling platforms. CIVA showed more scatter through the weld, but both 
platforms had similar beam characteristics on the far side of the weld. Structural noise simulated 
in both platforms gave similar results, although noise simulated with OnScale more closely 
resembled noise measured empirically in coarse-grained materials. 

OnScale and CIVA work in fundamentally different ways. CIVA uses a semi-analytical approach, 
while OnScale numerically solves the model using finite-element modeling. These two 
approaches have significantly different impacts on the computation time. CIVA can complete 
some simulations in seconds, while the same simulation could take minutes or hours in 
OnScale. As models increase in geometric complexity, the time it takes OnScale does not 
increase as drastically as CIVA; indeed, geometrically complex models can take much longer in 
CIVA. Depending on the intended application, one simulation software could have advantages 
over the other. 
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Acronyms and Abbreviations 
BC Boundary condition 
CAD Computer-aided design 
CASS Cast austenitic stainless steel 
CS Carbon steel 
DMW Dissimilar metal weld 
DT Destructive testing 
EBSD Electron backscatter diffraction 
EDM Electrical discharge machining 
FEM Finite-element modeling 
GEIT General Electric Inspection Technologies 
GUI Graphical user interface 
HIP Hot isostatic pressed 
ID Inner diameter 
ISI Inservice Inspection 
NDE Nondestructive evaluation 
NRC U.S. Nuclear Regulatory Commission 
NRR Office of Nuclear Reactor Regulation 
PA Phased array 
PNNL Pacific Northwest National Laboratory 
PT Penetrant testing 
RES Office of Nuclear Regulatory Research 
RMSE Root mean square error 
SD Standard deviation 
SDH Side-drilled hole 
SNI Sensor Networks, Inc. 
SNR Signal-to-noise ratio 
TLR Technical letter report 
TRL Transmit-receive longitudinal 
UT Ultrasonic testing 
WCL Weld centerline 
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Overview 
The U.S. Nuclear Regulatory Commission (NRC) has identified nondestructive evaluation (NDE) 
modeling and simulation tools as a technical area of focus for confirmatory research. The NRC 
Office of Nuclear Regulatory Research (RES) initiated a task for the Pacific Northwest National 
Laboratory (PNNL) to conduct a multi-phase technical assessment of various modeling and 
simulation platforms and to address modeling issues of increasing levels of complexity. PNNL 
was directed to focus on ultrasonic testing (UT) modeling software packages, in particular 
UltraVision (Zetec, Inc.)1, CIVA (EXTENDE, Inc.), and OnScale2 (OnScale, Inc.). The approach 
to the work has included: 

• Beam and flaw-response models of multiple component/material/flaw configurations 

• Empirical data acquisition to compare with and validate the model results 

• A gap analysis of where the models fail to provide effective and reliable results. 

To date, PNNL has published a series of four technical letter reports (TLRs) on the modeling 
and simulation assessment (Dib et al. 2017; Dib et al. 2018; Jacob et al. 2020; Jacob et al. 
2022). The reports have covered topics including: 

• Quantitative metrics for measuring simulation outcomes and comparing simulated 
results to empirical ultrasonic data 

• Understanding and identifying uncertainties in simulation results and the role of 
verification and validation 

• Understanding how variability in parameter selection affects variability in simulation 
outcomes 

• Exploring the relationship between ultrasonic beam simulations and flaw-response 
models and whether the former can be used as a surrogate for the latter 

• Developing and testing models of austenitic welds, coarse-grained materials, and 
dissimilar metal welds (DMWs) 

• Comparing ultrasonic beam simulations generated by UltraVision and CIVA 

• Investigating how well attenuation and noise can be simulated, particularly in coarse-
grained materials. 

The current report addresses flaw-response simulations through an austenitic weld model using 
actual thermal fatigue crack morphologies obtained through destructive testing. Results are 
compared to empirical scans of the same specimens using the same probes as those modeled. 
The current report also explores UT modeling using OnScale—a modeling and simulation 
package based on finite-element modeling (FEM). The modeling and simulation work on the 
current project will be concluded with publication of a Nuclear Regulatory Contractor Report 
(NUREG/CR) on UT modeling, with a focus on identifying gaps and best practices for the 
nuclear NDE industry. 

 
1 Zetec was acquired by Eddyfi Technologies during the writing of this report. 
2 Note that there are multiple OnScale products. OnScale SOLVE is the online Web interface FEM product. OnScale 
Lab is the desktop client product with three interfaces, Designer for GUI model creation, Analyst for scripted interface, 
and PostProcess for visualizing data generated from simulations. In this report, the OnScale products will be referred 
to collectively as OnScale. OnScale Inc. was acquired by Ansys, Inc. during the writing of this report. 
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NRC inservice inspection (ISI) regulations require essentially 100 percent examination 
coverage1 of the designated examination volume. There are certain examination volumes where 
this is not achievable due to component geometry or physical obstructions. Licensees are 
required to seek relief from the Office of Nuclear Reactor Regulation (NRR) via relief request in 
cases where essentially 100 percent coverage is unachievable. In such cases, licensees are 
increasingly using modeling and simulation to illustrate that adequate sound field coverage has 
been achieved within the reduced inspection volume. This report, together with the TLRs 
described above, is intended to assist NRR in effectively evaluating licensee submittals 
containing modeling and simulation results, and to confirm that a solid technical basis exists for 
conducting, interpreting, and applying the results of ultrasonic modeling. 

In commercial nuclear NDE, models can be used to help develop inspection procedures, 
calculate ultrasonic beam coverage, predict flaw detection, and inform probe and mockup 
design. Ultimately, the goal of modeling is to save time, money, and resources while maintaining 
or improving plant safety. The use of NDE modeling and simulation continues to grow, but 
modeling has some significant limitations: 

• Human factors cannot be effectively modeled, as they are dependent on the skill level, 
experience, and physical environment of the NDE examiner. 

• Models may be invalid for certain scenarios if they contain too many approximations or 
simplifications. 

• Incomplete knowledge of the specimen material, grain orientation and microstructure, 
and/or geometry can have a strong impact on simulation accuracy, including flaw-
response amplitudes. 

• Incomplete knowledge of the flaw position, through-wall depth, geometry, and tilt can 
strongly impact flaw-response simulation accuracy. 

• Unanticipated variables can occur in the field, such as noisy scan data, examination 
access limitations, and spurious signals like those from weld root, counterbore, or 
fabrication defects. 

This report is divided into two parts. Part 1 explores flaw-response simulations in CIVA, and part 
2 is an assessment of the UT simulation capabilities of OnScale. 

Part 1 addresses the accuracy of flaw-response simulations in multiple simulation scenarios and 
compares results to empirical scans. Effective ISI of flaws through cast austenitic stainless steel 
(CASS) and austenitic welds has long been an issue for the nuclear power industry. It is well 
known that the material microstructure can attenuate, partition, redirect, and scatter the sound 
beam, leading to detection difficulties. The goal of this work is to determine if flaw-response 
simulations are predictive of actual flaw responses in CASS and DMWs, and, ultimately, to 
determine if such simulations are reliable for predicting if an inspection will be able to detect 
flaws in the inspection volume.  

PNNL developed an austenitic weld model from electron backscatter diffraction (EBSD) images 
acquired on a laboratory weld sample. PNNL previously showed beam simulation results using 
the EBSD-based weld model (Jacob et al. 2022); overall, results showed that the specific details 
of a weld model may not be critical and should not deter end-users from using a weld model to 

 
1 ASME Boiler and Pressure Vessel Code Case N-460 states, “when the entire examination volume or area cannot be 
examined due to interference by another component or part geometry, a reduction in examination coverage on any 
Class 1 or Class 2 weld may be accepted provided the reduction in coverage for that weld is less than 10%.” 
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represent an uncharacterized weld in beam simulations. In the current study, PNNL performed 
over 600 simulations covering an array of scenarios and actual flaw geometries. Results 
showed that the predictive value of flaw-response simulations did not benefit in a statistically 
meaningful way from incorporating a realistic weld model. Weld microstructure varies randomly 
throughout a weld. Uncertainty in the weld model is dominated by randomness making flaw-
response simulations through a weld model inaccurate. Furthermore, every flaw is different, and 
variations in the flaw geometry/morphology also has a strong effect on the echo response. 
Results suggest that, instead of focusing on a specific weld model or flaw geometry, efforts 
would be better put toward determining a range of flaw responses based on variations in flaw 
morphology. Parametric studies or CIVA metamodels can explore the effects of varying flaw 
properties, such as through-wall depth, tilt, and ligament. (For non-surface-breaking cracks, the 
ligament is the distance between the end of the crack and the inner surface of the specimen.) 

Studies discussed in part 1 also showed that flaw-response amplitudes in coarse-grained 
materials are strongly dependent on the material microstructure. It was shown that simply 
changing the microstructure in a random manner from simulation-to-simulation can change the 
echo response amplitude by a factor of five or more. Thus, much like the austenitic weld 
problem, uncertainty in modeling CASS materials is dominated by microstructural randomness. 
Flaw-response simulations of CASS mockups were therefore not performed. 

Finally, part 1 used destructive testing of several flaws in order to obtain the actual flaw 
geometries for the flaw-response models. It was found that the flaw true-state parameters for 
implanted thermal fatigue cracks, such as through-wall depth, tilt, and ligament, often varied 
significantly from the parameters specified in the flaw documentation. Even a flaw fabricated 
from an electrical discharge machining (EDM) notch and subsequently squeezed using hot 
isostatic pressing (HIP) was so tightly closed that penetrant testing did not reveal its extent. 
When using mockups with laboratory-grown or implanted flaws designed to meet certain 
specifications, the flaw documentation should not be accepted as fact until it is verified using 
multiple NDE approaches, or, when feasible, with destructive testing. 

Part 2 of this report explores the usability and accuracy of ultrasonic simulations performed in 
OnScale software. Although not explored in the same depth as CIVA due to resource 
limitations, many of the same simulation scenarios that PNNL ran in CIVA were duplicated in 
OnScale. Section 2.2 discusses some of the basic steps for setting up simulations in OnScale, 
such as creating basic probe, wedge, and specimen models. Sections 2.3 and 2.4 explore beam 
simulations in isotropic material and in the EBSD weld model. Comparisons are made to 
empirical scans. Results show that OnScale and CIVA both give similar results in isotropic 
materials, but CIVA is much more time and computationally efficient. In a weld model, on the 
other hand, the OnScale beam map appears to better match empirical data and the models 
execute more rapidly. Section 2.5 looks at simple flaw-response models of planar flaws in 
isotropic materials. Both OnScale and CIVA yield similar results, including mode-converted 
signals and tip responses. In this case, CIVA is more efficient. Finally, in section 2.6, the effects 
of adding noise and attenuation to OnScale models are examined. Empirical UT scans of 
coarse-grained materials typically include signals reflected from grain boundaries; such signals 
appear as structural noise. The ability to accurately predict flaw detection in such materials 
depends on the ability to accurately simulate structural noise. Simulated noise fields are 
compared to empirical noise to illustrate that OnScale can effectively and realistically simulate 
noise. Attenuation is another key attribute of UT scans, and the severity of attenuation depends 
strongly on the material properties and probe frequency. Section 2.6 describes how OnScale 
implements attenuation in simple materials. Finally, appendix A includes a list of helpful tips 
compiled by PNNL staff while they were learning to use OnScale. 
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Terminology and Concepts 

PNNL uses the term “model” when referring to the digital representation of a specimen, probe, 
flaw, etc. or combination thereof. “Model” also describes the mathematical framework used for 
computation. PNNL uses “simulation” when referring to the computational execution of a model 
scenario with a particular set of input parameters. A model provides an imitation or 
representation of the real-world scenario, whereas a simulation uses the model to predict 
behavior under user-defined conditions. 
CIVA, an NDE simulation software package originally developed by the French Alternative 
Energies and Atomic Energy Commission for nuclear power plants inspection simulations, is 
used globally in the nuclear industry. It has a UT-specific module with a library of standard 
geometries and transducers common in UT inspections, which simplifies the modeling effort for 
most users. CIVA uses a semi-analytical approach and multiple approximations to calculate 3D 
sound fields in beam simulations and flaw-response simulations. As described in Mahaut et al. 
(2010), CIVA uses a “pencil” method, or beam-calculation approach, to calculate sound fields 
and sound propagation. This method uses a high-frequency approximation, which requires the 
wavelength to be on the order of, or smaller than, the size of flaws or model geometry features. 
With this approach, CIVA can compute results with good accuracy in a relatively short time, 
albeit with some limitations. However, CIVA is not suitable for simulating low-frequency 
ultrasonic examinations of coarse-grained material, such as CASS. Low-frequency 
examinations are typically those where the wavelength is larger than the material grain sizes, 
flaw sizes, or the sizes of other features in the model. PNNL has primarily used CIVA for the 
modeling and simulation work under the NRC agreement because the nuclear NDE industry is a 
primary target of CIVA applications.  

OnScale is a cloud-based modeling platform that uses FEM, which is a more common approach 
to modeling because of its flexibility. However, FEM packages typically require some 
computational or programming expertise, and they usually lack a UT-specific module with 
predefined probes and geometries like those found in CIVA. The FEM approach discretizes the 
model into elements using a mesh, then solves for the sound field in each mesh element by a 
series of boundary-value problems with a system of differential equations. FEM has more 
flexibility than CIVA because it is not bound by the high-frequency approximation and other 
model assumptions, but FEM simulations typically require much more computing power and 
time, particularly for 3D computations. There are dozens of commercial and open-source FEM 
software packages, many with toolboxes specific to ultrasonic simulation. 

Empirical data are data acquired in the field or laboratory. For PNNL, the vast majority of 
empirical data are collected in the laboratory under controlled conditions. The laboratory setting 
allows for examination of specifically designed mockups and for acquisition of more data than in 
the field, as scans can be repeated as necessary using a variety of probes or scan parameters 
without time or dose constraints commonly experienced in the field. Laboratory data can lack 
the realism of field data, especially when surrogate flaws are used, such as EDM notches or 
saw cuts.  

Destructive testing (DT) is used to determine the true-state of a specimen. DT is used to 
determine physical properties or failure points of materials. In the context of NDE, DT usually 
entails cutting into a specimen to reveal information about grain structures and weld profiles. 
Flaw locations, shapes, through-wall depths, and profiles are also be determined with DT. 
However, due to the cost and finality of DT, it is rarely done on NDE mockups. 
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Part 1.0: Flaw Response Simulations 
from Flaw Profiles Determined by 

Destructive Testing 
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1.1 Introduction 

The goal of this work is to determine if flaw-response simulations are predictive of empirical flaw 
responses in CASS and DMWs, and, ultimately, to determine if such simulations are reliable for 
predicting if an inspection will be successful. ISI of flaws through CASS and austenitic welds 
has long been an issue for the nuclear power industry. It is well known that the material 
microstructure can significantly attenuate and scatter the sound beam, leading to detection 
difficulties. 

There are two primary unknown variables in flaw-response simulations: the flaw geometry, or 
shape, and the material microstructure. Laboratory mockups are accompanied by 
documentation with flaw specifications, but the actual flaw geometry may vary from that 
specified. Small variations in flaw parameters, such as the through-wall depth and tilt, can cause 
dramatic differences in the echo response. Specimen microstructure, which is random and 
varies throughout a specimen, also plays a significant role in the echo response. In a given 
specimen, some regions may be inspectable while others are not, simply due to local variations 
in microstructure. It is extremely difficult and costly to accurately measure and model the 
microstructure to the resolution needed for simulations; however, measuring the flaw properties 
is relatively easy with destructive testing (DT). Serial slicing of a specimen perpendicular to the 
flaw can reveal the flaw properties. By measuring one variable (the flaw geometry) with DT, 
effects of the other variable (microstructure) on simulations can be inferred.  

Part 1 of this report describes a modeling study in which DT was used to obtain the flaw true-
state parameters, including depth, tilt, and ligament, where the ligament is the distance from the 
end of the flaw to the surface of the specimen for non-surface-breaking flaws. To model CASS, 
specimen microstructure was approximated by using: (1) the EBSD-based weld model 
developed at PNNL, and (2) CIVA’s built-in Voronoi regions. Over 600 simulations were 
performed covering a range of flaw geometries and model scenarios. 

1.2 Specimens 

1.2.1 Flaw Descriptions 

Three mockups were selected for this project. Table 1.1 lists the flaw parameters as specified in 
the flaw documentation. All cracks were designed as inner diameter (ID) surface-breaking (i.e., 
no ligament). 

1. A thick-wall, CASS to carbon steel (CS) DMW mockup with implanted thermal fatigue 
cracks (TFC). The cracks were grown in coupons and inserted into the mockup during 
the welding process. The wall thickness was 84 mm (3.3 in.). This specimen, labeled 
14C-146, was described in detail in Jacob et al. (2019). Flaws 1 and 3 were selected for 
DT; these flaws were circumferentially oriented and placed at the weld centerline (WCL).  

2. A thin-wall CASS-CASS pressurizer surge line with a wall thickness of 34 mm (1.3 in.). 
This mockup was labeled 9C-001 and was described in Diaz et al. (2012). This 
specimen consisted of coarse-grained columnar material on the pipe end and fine-
grained equiaxed material on the elbow side. Flaw 2 was selected for DT; it was located 
at the WCL.  

3. A thin-wall DMW CASS-CS nozzle with a wall thickness of 39 mm (1.5 in.). This mockup 
contained two electrical discharge machining (EDM) notches that were subsequently 
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squeezed using hot isostatic pressing (HIP) and two implanted TFCs. It was labeled 8C-
091 and described in Diaz et al. (2009). Flaws 2, 3, and 4 were selected for DT. 
According to the specimen design drawings, these flaws were located slightly off the 
WCL toward the CS nozzle, but the distance from the WCL was unspecified.  

Table 1.1 Flaw Design Specifications 

Specimen Flaw ID# Type Length Depth % TW 
Tilt 

(from 
vertical) 

14C-146 1 TFC 76.5 mm 
3.01 in. 

8.5 mm 
0.335 in. 10.1 0° 

14C-146 3 TFC 101.9 mm 
4.01 in. 

16.5 mm 
0.650 in. 19.6 0° 

9C-001 2 TFC 50.8 mm 
2.00 in. 

9.6 mm 
0.377 in. 28 0° 

8C-091 2 HIP’ed EDM 50.8 mm 
2.00 in. 

7.0 mm 
0.277 in. 17.6 0° 

8C-091 3 TFC 70.6 mm 
2.78 in. 

14.1 mm 
0.556 in. 36.4 10° 

8C-091 4 TFC 57.7 mm 
2.27 in. 

9.2 mm 
0.363 in. 23.2 19° 

After UT data collection, a section of the specimen, including a few inches of material 
surrounding the flaw, was cut out. The section was stamped with the labels and locations of 
slices to be cut, as measured from the center of the flaw. Figure 1.1 shows an example of 
14C-146 flaw 3 prepared for slicing. Slices were cut using an EDM process every 10 mm 
(0.4 in.). Each slice was assigned a unique label based on the flaw number, the slice number, 
the side of the flaw center (left or right), and the slice face (left or right). After cutting, the slices 
were scrubbed of any carbon deposits and photographed. For slices with a clearly visible flaw 
profile, the photographs were used for extracting the flaw geometry and parameters (such as tilt 
or through-wall depth). For other slices, penetrant testing was used to help visualize the flaw 
morphology. Close-up images were acquired with a microscope, as needed. 



PNNL-33625 

Flaw Response Simulations from Flaw Profiles Determined by Destructive Testing 4 
 
 
 

 

Figure 1.1 Specimen 14C-146 Flaw 3 Prepared for Slicing 
Slice labels indicate the flaw and location of each slice. For example, slice 31R is 
flaw 3, slice 1, to the right of the flaw centerline. The black tick marks, which mark 
where the specimen is to be cut, are spaced by 10 mm. 

1.2.2 Penetrant Testing 

Solvent-removable penetrant testing (PT) was performed using a system from Sherwin, Inc., 
with Method C evaluation. The slice faces were cleaned of contamination using acetone. 
Penetrant was applied via the wipe/swab method. Excess penetrant was wiped away using lint-
free wipes in a single direction to avoid smearing. When the majority of excess penetrant was 
removed, further wiping with a cloth lightly moistened with cleaner (DR-62) was performed 
under blacklight to remove the final excess. The slice faces were then coated lightly with 
developer (D-100) to assist in contrast for viewing. Manufacturer instructions were followed for 
penetrant and developer dwell times. 

During the imaging stage, developer and bleed-out were cleared away to provide crisp images 
by using single passes with a swab lightly moistened with cleaner (DR-62). Due to lighting and 
background fluorescence conditions, reapplication of developer was not needed. Fluorescent 
penetrant was examined using an LED blacklight with manufacturer specifications as per 
manufacturer instructions in darkened conditions. 
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1.2.3 Flaw Profiles and True-States 

Every 10 mm (0.4 in.) wide slice had two cut faces, one left and one right. Except for the slices 
on the ends of the flaws, every slice had a flaw profile on both faces. Adjacent slices have faces 
that share the same position and therefore (approximately) the same flaw profile. For example, 
the right face of slice 1 and the left face of slice 2 are the same. To avoid duplicate flaw profiles, 
just one of the adjacent faces was selected for modeling. The selections were made based on 
the visibility of the flaw in the photographs, and therefore, how faithfully the flaw could be 
translated into CIVA. 

Figure 1.2 shows the flaw 1 profiles extracted from 14C-146. The profiles were easily visible 
from the photographs, so PT was not needed in this case. The extractions were done using 
image filtering and contrast enhancement so the flaws would be easier to trace in CIVA1. The 
figure shows the flaw profiles as viewed circumferentially (i.e., a circumferential flaw sliced 
axially provides circumferential profiles of the flaw, so these are end-on views of the flaw as 
though looking at the slice faces). The flaw heights are displayed to scale, but the spacing is not 
(each cut was spaced by 10 mm [0.4 in.]). The profiles in figure 1.2 are oriented such that the 
CS side of the weld is to the right and the CASS side is to the left. There were eight slices that 
contained the flaw. Interestingly, the deepest portion of the flaw was from the rightmost slice just 
before the flaw ended; the flaw did not have a characteristic taper on that end. The portion of 
the flaw in the leftmost slice had a ligament of about 1 mm (0.04 in.). This flaw also had several 
regions with large voids. A contrast-enhanced photograph of a slice showing a prominent void is 
shown in figure 1.3; the origin of these voids is unknown. 

Figure 1.2 Specimen 14C-146 Flaw 1 Profiles 
The flaw dimensions are to scale, but the spacing between each profile is not. The 
CS-facing side of each flaw profile is to the right. The scale bar hash marks are 
0.5 mm. 

1 CIVA allows the user to upload an image file into the CAD editor. The user can then draw, or trace, the desired 
geometry directly over the image file. After the geometry is traced, it can be scaled to the appropriate size for the 
model. 
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Figure 1.3 A Contrast-Enhanced Photograph of a Slice of 14C-146 Flaw 1 Showing a Large 
Void in the Flaw 
The scale bar hash marks are 0.5 mm (0.02 in.). 

Figure 1.4 shows the 14C-146 flaw 3 profiles. This flaw had 11 unique profiles. To reduce the 
number of required simulations, five of the 11 profiles were selected (shown in red). Some voids 
and kinks were observed in this flaw, but overall, it was substantially planar with a typical semi-
elliptical profile. The rightmost flaw slice had a ≈2.6 mm (0.10 in.) ligament. 

Figure 1.4 Specimen 14C-146 Flaw 3 Profiles 
The flaw dimensions are to scale, but the spacing between each profile is not. The 
CS-facing side of each flaw profile is to the right. The scale bar hash marks are 
1 mm (0.04 in.). 

Photographs of three representative slices from 8C-091 flaw 2 are shown in figure 1.5. Images 
on the left are before PT and images on the right are after. This flaw was a HIP’ed EDM notch. 
The tip of the notch was clearly visible as a void, but the majority of the flaw was not visible. PT 
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revealed that most of the flaw was too tightly closed for the penetrant to permeate. Because this 
flaw was not visible, the profile was not extracted for simulations. 

 
Figure 1.5 Specimen 8C-091 Flaw 2 Profiles 

Photographs before (left) and after (right) penetrant testing show that the flaw was 
too tightly closed to see. 

Photographs before and after PT of 8C-091 flaw 3 are shown in figure 1.6. The profiles in the 
figure are oriented such that the CS side of the weld is to the right and the CASS side is to the 
left. The PT clearly revealed the flaw profiles, making them easy to trace in CIVA. This flaw was 
designed to be surface-breaking, but PT revealed that most of the flaw was not ID connected 
and had a ligament of up to 1.4 mm (0.06 in.). The flaw also had a tilt that varied from about 3° 
to about 22° toward the CS side—the specified tilt was 10° toward the CS side. Also, the tip of 
the flaw curved significantly toward the CS side in some of the slices; strangely, this was not 
consistent throughout the flaw profile. For example, the top of the leftmost profile bent down 
forming an inverted “J” shape, but the adjacent flaw profile—only 10 mm (0.4 in.) away—was 
substantially planar. 
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Figure 1.6 Specimen 8C-091 Flaw 3 Profiles 

Photographs before (top) and after (bottom) PT clearly show the flaw profile. The 
CS side is to the right and the CASS side is to the left. The scale bar hash marks 
are 0.5 mm (0.02 in.). 

Figure 1.7 shows photographs of 8C-091 flaw 4 before and after PT. This flaw was supposed to 
be surface-breaking but had a ligament of up to 1.4 mm (0.06 in.) along most of its length. It 
also had a substantial tilt toward the CS side, although the tilt angle was not as high as specified 
in the mockup documentation. On average, the tilt was about 13° from vertical, but its design 
was specified at 19°. Again, the PT images were used to trace the flaw profiles directly in CIVA. 
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Figure 1.7 Specimen 8C-091 Flaw 4 Profiles 

Photographs before (top) and after (bottom) PT clearly show the flaw profile. The 
scale bar hash marks are 0.5 mm. 

Photographs of 9C-001 flaw 2 are shown in figure 1.8. This flaw did not require PT or image 
extraction because it was wide open and easily visible. PT was done anyway to verify if the flaw 
was ID connected. The design specified the flaw to be surface-breaking, but the flaw had a 
ligament ranging from 1.3 mm to 1.8 mm (0.05 to 0.07 in.). Curiously, this flaw appeared to be 
surface-breaking because there was what looked like a crack visible on the ID surface at the 
correct location and of the correct length; this is shown encircled in figure 1.9. However, PT 
showed that the flaw was not actually connected to the surface. This flaw also had a substantial 
tilt of about 20° from vertical, although it was specified as vertical (0° tilt). The pipe end 
(columnar CASS) of the specimen is to the right and the elbow end (equiaxed CASS) is to the 
left. 
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Figure 1.8 Specimen 9C-001 Flaw 2 Profiles 

The scale bar hash marks are 0.5 mm (0.02 in.). 

 
Figure 1.9 Specimen 9C-001 Flaw 2 Appears to Be Visible from the ID Surface 

The left photograph shows what appears to be the flaw (encircled in red). However, 
PT (right) revealed that the surface-breaking feature was not connected to the flaw. 

The true-state flaw depths and tilts were measured from the slices, as shown in table 1.2. All 
flaws were supposed to be fully ID surface-breaking, but at least a portion of each flaw had a 
ligament. The ligaments were accounted for in the models. 
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Table 1.2 Actual (Measured) Flaw Depths, Tilts, and Ligaments 

Specimen Flaw Reported 
Depth 

Actual 
Depth 

Reported 
% TW 

Actual 
% TW 

Designed 
Tilt 

Actual 
Tilt Ligament 

14C-146 1 8.5 mm 
0.335 in. 

11.8 mm 
0.465 in. 10.1% 14.0% 0° 0° 0 mm† 

0 in. 

14C-146 3 16.5 mm 
0.650 in. 

20.3 mm 
0.799 in. 19.6% 24.2% 0° 0° 0 mm‡ 

0 in. 

9C-001 2 9.6 mm 
0.377 in. 

9.9 mm 
0.390 28% 28.9% 0° 19°–23° 

1.3–1.8 mm 
0.051–0.071 

in. 

8C-091 2 7.0 mm 
0.277 in. * 17.6% * 0° * * 

8C-091 3 14.1 mm 
0.556 in. 

13.8 mm 
0.543 in. 36.4% 36.0% 10° 3°–22° 0–1.4 mm 

0–0.055 in. 

8C-091 4 9.2 mm 
0.363 in. 

11.3 mm 
0.445 in. 23.2% 28.5% 19° 10°–17° 0–1.4 mm 

0–0.055 in. 
*Could not be measured 
†One slice at the edge of the flaw had a 0.8 mm (0.03 in.) ligament. 
‡One slice at the edge of the flaw had a 2.6 mm (0.10 in.) ligament. 

Specimen 14C-146 flaw 1, 14C-146 flaw 3, and 8C-091 flaw 4 were factors of 1.39, 1.23, and 
1.23 deeper than intended, respectively. Both flaws in 8C-091 had tilt angles that varied across 
the length of the flaw, often with significant deviations from the specified tilt angles.  

One key result of this study was the demonstration that the actual properties of flaws introduced 
into mockups can vary significantly from the specified design properties. This can be 
problematic when mockups are designed for specific laboratory-based flaw detection tests. It is 
common to assume that the actual flaw depth, length, tilt, profile, and ligament match the design 
specifications and that any discrepancies measured in a UT exam are due to other factors, such 
as the probe, the specimen microstructure, or the inspection angle. For example, if a flaw is not 
detected or is undersized in a scan, the conclusion is typically that the inspection method was 
not able to adequately find and characterize the flaw. The fact that a flaw’s true-state can vary 
significantly from the design specification means that flaw parameters should be considered as 
approximate in laboratory studies. 

1.3 Empirical Scanning 

1.3.1 Probes 

Eight different probes were used to scan the three specimen sets using longitudinal waves. 
Table 1.3 shows the probes that were used for each specimen set. The SNI (Sensor Networks, 
Inc.) and GEIT (General Electric Inspection Technologies) probes are conventional, dual-
element transmit-receive longitudinal (TRL) probes. Refer to (Diaz et al. 2012) for additional 
information on the phased-array (PA) TRL probes and (Harrison et al. 2020) for the 
conventional TRL probes. The probe parameters are shown in tables 1.4 and 1.5. 
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Table 1.3 Probes Used on Each Specimen Set 

 14C-146 9C-001 8C-091 
1 MHz PA 🗸🗸 🗸🗸 🗸🗸 
2 MHz PA 🗸🗸 🗸🗸 🗸🗸 
SNI 2M-45  🗸🗸 🗸🗸 
SNI 2M-60  🗸🗸 🗸🗸 
SNI 2M-45, deep focus 🗸🗸   
SNI 1M-45, deep focus 🗸🗸   
GEIT 2M-45   🗸🗸 
GEIT 2M-60   🗸🗸 

Table 1.4 TRL Probes 

Probe ID 
Aperture 
(mm [in.]) 

Center 
Frequency 

(MHz) 

−6 dB 
Bandwidth 

(%) 

Refracted 
Angle 
(deg.) 

Crossover 
Depth (mm 

[in.]) 

GEIT 2M-45 34×20 
(1.3×0.8) 1.9 79% 45 40 (1.6) 

GEIT 2M-60 
34×20 

(1.3×0.8) 2.2 65% 60 40 (1.6) 

SNI 2M-45 
25×15 

(1.0×0.6) 2.0 78% 45 35 (1.4) 

SNI 2M-60 25×15 
(1.0×0.6) 2.1 69% 60 42 (1.7) 

SNI 2M-45 
deep focus 

42×24 
(1.7×0.9) 2.1 65% 45 75 (3.0) 

SNI 1M-45 
deep focus 

42×24 
(1.7×0.9) 1.1 63% 45 75 (3.0) 

Table 1.5 PA Probes 

Probe ID 
Array 
Shape 

Element 
Size (mm 

[in.]) 
Aperture 
(mm [in.]) 

Center 
Frequency 

(MHz) 

Average 
−6 dB 

Bandwidth 
(%) 

1 MHz PA 10×5 2.0×2.0 
(0.08×0.08) 

39.5×19.5 
(1.6×0.8) 1.1 56% 

2 MHz PA 10×5 4.0×4.0 
(0.16×0.16) 

21.8×10.8 
(0.9×0.4) 2.0 62% 

1.3.2 Equipment 

Data were acquired using the software, equipment, and methods described in Harrison et al. 
(2020). 
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1.4 Modeling 

Each flaw profile was traced in CIVA using the 2D computer-aided design (CAD) tool. The CAD 
tool allows the user to load an image file that can then be traced. Flaws were traced such that 
the width of the flaw was preserved, since many flaws were not tightly closed and had pores or 
gaps. Figure 1.10 shows an example of a profile extracted from a photograph of 146-14C flaw 3 
(left) and the flaw as it was traced in CIVA (right). Note that the CAD-drawn flaw necessarily 
comprises straight-line segments, so it is an approximation of the actual flaw geometry. In CIVA, 
the flaws can be scaled, rotated, and positioned arbitrarily in the specimen model. The flaw 
placement and orientation were done to imitate the flaw’s true-state as accurately as possible. 

 
Figure 1.10 An Example Flaw Profile from 14C-146 Flaw 3 

The profile extracted from the photograph is on the left, and the profile drawn in 
CIVA is on the right. 

The final key step was the creation of models of the three specimens described in section 1.2.1. 
Note that weld root and counterbore were ignored in the models because the purpose was to 
examine flaw responses and not echoes from other sources. 

1. The CASS-CS model of 14C-146 was created by using PNNL’s existing EBSD weld 
model, described in detail in Jacob et al. (2022). Note that the EBSD weld model was 
derived from a different specimen, but it is PNNL’s most complete weld model that is 
based on an actual weld microstructure. The weld model was merged with a CASS 
parent-material model comprising 2D Voronoi regions generated outside CIVA. The CS 
parent material was defined as isotropic steel. A buttering region was added on the CS 
side. Euler angles (to define grain orientations) were randomly assigned to the CASS 
grains and weld buttering. Figure 1.11 shows the model. 

2. The 9C-001 CASS-CASS model was treated differently in that it did not initially 
incorporate a weld and was composed only of CIVA-generated 3D Voronoi regions. This 
approach was done as a test to separate the influences of the CASS microstructure from 
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the weld microstructure on the simulation results. It was found that signal intensity 
variations caused by randomness in the CASS Voronoi regions dominated simulation 
uncertainty; this is described in detail in section 1.6.1. Therefore, flaw-response 
simulations of this mockup (and from the CASS side of 14C-146) were not completed.  

3. As a result of what was learned about the influence of CASS on simulation uncertainty, 
the model for 8C-091 incorporated just the EBSD weld and buttering; no simulations 
were performed from the CASS side, so no CASS grains were modeled. The model also 
included the taper on the nozzle side of the weld. Figure 1.12 shows the model.  

 
Figure 1.11 The Specimen Model of 14C-146 

This model was 2D and extruded in the third dimension. Simulations were 
performed only from the CS side (right side of the model). 

 
Figure 1.12 The Specimen Model of 8C-091 

The CASS side of this model was not completed, and simulations were performed 
only from the CS side (right side of the model). This model was 2D and extruded in 
the third dimension. 

To have a representative model in 3D, 2D specimen models shown in figures 1.11 and 1.12  
were extruded by 50 mm (2 in.) in the third dimension (i.e., into the page). The flaw profiles were 
also extruded by 50 mm (2 in.). For the simulated and empirical data, the X-axis defines the axis 
of motion of the transducer perpendicular to the circumferential weld axis. The Y-axis defines 
the translation of the transducer in the circumferential direction, parallel to the weld. The Z-axis 
defines the specimen thickness and is correlated to the time-of-flight data. The convention used 
for viewing ultrasonic volumetric NDE data (3D array of data points) refers to 2D planar “scan-
views” of the component. These views include A-scan, B-scan, C-scan, and D-scan displays.  
An A-scan is the representation of a single waveform (time-series) captured at a single probe 
location; it shows the signal response amplitude as a function of time along the ultrasound path. 
A compilation of A-scans along the X-axis makes up a 2D planar image, referred to as a B-scan, 
or a side view. A compilation of B-scans can be used to reconstruct the 3D image space. 
Conventional planar views represent the X-Y plane (C-scan view or top-view), the Y-Z plane (D-
scan view or end-view), and the X-Z plane (B-scan view or side view). PNNL simulated B-scans 
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down the center of each model with 1 mm (0.04 in.) resolution in the scan direction. C-scans 
and D-scans were not simulated due to time constraints. 

Additional models were created with identical dimensions to 14C-146 and 8C-091 but with 
homogeneous material properties and with planar flaws instead of the actual flaw profiles. Thus, 
there were four simulation scenarios that were investigated: 

1. The EBSD-based weld model with the true-state flaw profile. This is the “full model” and 
tests how well the simulation results agree with the empirical scans. 

2. The EBSD-based weld model with a planar flaw (of nominally identical depth, ligament, 
and tilt to the actual flaw). This tests the influence of the weld by showing the flaw 
response independent of flaw geometry. 

3. A homogeneous weld model with the true-state flaw profile. This tests the influence of 
the flaw profile independent of any weld geometry. 

4. A homogeneous model with a planar flaw. This is the control scenario. 

The four scenarios were designed to illustrate which parameter is more influential in flaw-
response simulations: the flaw geometry or the specimen microstructure. 

A few additional models were created for testing purposes. 

• Scenario #3 but with an increased CIVA accuracy factor. 

• Scenario #1 but with completely random Euler angle assignments for all weld regions. 

• A model with a side-drilled hole (SDH) and random CIVA-drawn CASS Voronoi regions 
(multiple iterations of this scenario were tested). 

Most simulations with the full weld model and true-state flaw took between 2 and 10 hours, 
depending on the probe frequency and model complexity (e.g., higher frequencies and EBSD-
based weld models take longer). Scenarios #2 and #3 took less time, and scenario #4 models 
were typically completed in 1–2 minutes. 

To minimize simulation time and duplicate what would be the most likely approach by a typical 
end user, the modeling was simplified. Complicating factors that added significantly to 
simulation time were omitted, such as noise, multiple specimen echoes, mode conversions, 
interface interactions, and backwall echoes. The “Full Incident Beam” option1 was used with a 
“half-skip”2 to account for backwall reflections. Some limited tests were performed to verify that 
the half-skip would be suitable. An A-scan was simulated from the CASS side of 14C-146 using 
three options: (1) the simplest case with the half-skip but no internal interface reflections, (2) 
half-skip with interface reflections computed using the “skip only” option, and (3) half-skip with 

 
1 According to the CIVA user’s manual, the Full Incident Beam “describes the beams as set of rays with various times 
of flight and directions. For each location considered at the surface of a flaw, the beams of both the emitting and 
receiving probes are considered to be sets of rays. The echo is obtaining by summing the contributions of each pair 
of emitted and received rays, taking into account their specific directions, polarizations, and times of flight. … [This] 
approach leads to more accurate results, in particular for signal shapes, though it tends to make calculations longer. 
It should be preferred to the [Plane Wave Approximation] if the beams have large apertures or are distorted by the 
part geometry.” 
2 The half-skip option in CIVA accounts for a single specimen echo and a single flaw echo. Multiple specimen and 
flaw echoes are not calculated. This allows for a full corner response to be calculated without spending additional 
resources on calculating additional unnecessary sound-field reflections. Other options include “Direct,” which 
calculates only flaw echoes, and multi-echo options to account for specimen OD and ID echoes. 
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interface reflections computed using the full “Kirchhoff” option. According to the CIVA manual, 
“skip only” accounts for the beam interaction at interface surfaces and the “Kirchhoff” accounts 
for beam interactions and echoes at interface surfaces. The manual states that the “Kirchhoff 
model for specimen echoes can be very [computationally] expensive.” Figure 1.13 shows the 
calculated beam paths and the resulting A-scan for each option. For the Kirchhoff option, there 
were so many beam reflections that the entire model depiction was obscured by the ray path 
rendering. The half-skip option took the least simulation time, while the Kirchhoff option took a 
long time and was computationally demanding. All three options gave nearly identical results in 
this case; therefore, the half-skip option was used. 

 
Figure 1.13 Different Beam Path Options Explored in CIVA 

The calculated beam ray path is shown in green, and the calculated A-scans are 
shown below each ray path example. Left: Half-skip. Center: Interface interactions 
with “skip only” computation. Right: interface interactions with “Kirchhoff” 
computation. 

One important parameter is the accuracy factor, which essentially determines the fineness or 
density of the computational mesh. An accuracy factor of 1, the lowest mesh density, is 
desirable since it minimizes the simulation time. However, a low accuracy factor may 
compromise results. An accuracy factor of 2 would effectively double the mesh density, which is 
helpful when modeling flaws with small facets. CIVA automatically adjusts the mesh based on 
the probe frequency, so higher frequency probes will have a higher mesh densities (and 
correspondingly longer simulation times). The bottom line is that increasing the accuracy factor 
for the 2 MHz probes should have less impact on the results (but more impact on simulation 
time) than doing so for the 1 MHz probes. 

PNNL ran several simulations through isotropic material with accuracy factors of 1 and 2 to test 
how the flaw response was affected. Simulations with accuracy=2 took approximately twice as 
long as those with accuracy=1. Direct comparison of the peak echo responses is the easiest 
way to see if the accuracy factor change is significant. Simulation results of the SNI-45L (deep 
focus) probes with 14C-146 flaw 3 are shown in figure 1.14. These plots show the 1 MHz (left) 
and 2 MHz (right) signals of the accuracy=1 and accuracy=2 simulations, with the signal 
response in arbitrary units. If changing the accuracy had no effect, then results of each 
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simulation (at a given frequency) should be identical and a linear least-squares fit would 
produce a line with slope of 1.00 and an intercept of 0.0. The slope describes the change in the 
signal with accuracy=1 compared to a change with accuracy=2. For datasets with a perfect one-
to-one relationship, the slope should be exactly 1. For the 1 MHz response, the slope was 1.05 
± 0.08, which is consistent with 1.00, and the intercept was −0.05 ± 0.07, which is consistent 
with 0.0. For the 2 MHz response, the slope was 1.015 ± 0.001, which varies from 1.00 by about 
a percent, and the intercept was −0.001 ± 0.007, which is consistent with 0.0. The results show 
only small deviations between accuracy=1 and accuracy=2. As PNNL was conducting a large 
number of simulations, and since there was little difference between the results for accuracy=1 
versus accuracy=2, PNNL choose to run all simulations with accuracy=1. It is best practice to 
use an accuracy factor that gives the most consistent results and to use a parametric study to 
determine the appropriate accuracy factor. 

 
Figure 1.14 Plots Showing the Relationship between Simulated Flaw Echoes Using Accuracy 

Factors of 1 and 2 with the 1 MHz (Left) and 2 MHz (Right) SNI-45L Deep Focus 
Probes 
The axes are signal intensity in arbitrary units. The blue dotted line is the linear 
least-squares-fit to the data, and the black dashed lines show the ideal slope of 
1.00 and intercept of 0.0. If changing the accuracy had no effect, then all data 
points would lie on the black lines.  

1.5 Analysis Methods 

Empirical data were collected and analyzed in UltraVision. The UltraVision default is to display a 
3D data set in 2D as a maximum intensity projection, which collapses a 3D image into 2D by 
displaying the pixels with the highest signal intensity. However, simulations were 2D, so in order 
to compare the flaw response at a particular position UltraVision was set up to show a single B-
scan. B-scan positions were selected corresponding to each slice face position that was being 
modeled, and the peak (maximum) echo responses were recorded. Similarly, the peak echo 
responses were recorded from the simulated data. 

The question arose about whether the peak echo height was the most appropriate metric for 
comparing empirical and simulated data. Weld microstructure and flaw facets cause beam 
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scatter that disperses the sound energy. Instead of receiving a sharp echo peak, the dispersed 
sound causes an echo peak that are spread, which effectively flattens and widens the echo. In 
theory, the same total amount of sound energy is returned to the probe in both cases, but one 
echo is high with a narrow peak and the other is low with a broad peak. The peak height may 
then be an inaccurate measure of the echo response. Therefore, a test was done on a subset of 
data to determine if integrating the echo responses led to better correlations between empirical 
and simulated data. Integrating the echo entails calculating the area under the entire echo and 
measures the total sound energy returned by the flaw. Simulated data had no noise or mode 
conversions, so integrals were calculated in Python by simply summing the signal from the 
entire scan. Integrating empirical data was more complicated and required using the 2D 
Gaussian fit metric described in Jacob et al. (2020). Results of the integration test showed that 
measuring the integrated echo responses did not improve correlations between empirical and 
simulated results compared to simply measuring the peak heights. Indeed, measuring the 
integrated responses was considerably more difficult and time consuming, especially for the 
empirical data. 

To analyze the data, the amplitudes of the peak echo amplitudes from the empirical and 
simulated B-scans were measured. There were no calibration signals for normalizing individual 
B-scans or simulations, so absolute echo amplitudes could not be compared. Therefore, data 
were normalized to the maximum signal of each dataset. A dataset comprised the data acquired 
(or simulated) from a given flaw using a given probe. For example, if a flaw was sectioned into 
six slices, then each dataset for that flaw would have six simulations and six empirical 
measurements. The six simulations were normalized to the simulation with the highest echo, 
and the six empirical measurements were similarly normalized to the measurement with the 
highest echo. By normalizing each set of data, comparisons in trends could be made. For 
example, if empirical data show that a flaw has a maximum signal amplitude at the midpoint of 
the flaw and diminishing signals toward the ends of the flaw, then the simulated data should 
show the same trend with the same relative amplitudes if the simulations are predictive. The 
empirical and simulated data were plotted as a function of the slice position to help visualize 
how predictive the simulations were.  

It is extremely difficult to determine significant relationships between datasets with limited 
numbers of data points. Therefore, four metrics were used in this analysis: 

• The Pearson correlation coefficient R. This is a measure of the strength of the linear 
relationship between two datasets. R is always a value between −1 and 1, with 1 being a 
perfect positive correlation, −1 being a perfect negative correlation, and 0 being no 
correlation. A positive correlation implies that strong simulated echoes predict strong 
empirical echoes, whereas a negative correlation implies that strong simulated echoes 
predict weak empirical echoes, and vice versa. For this study, a negative R is not 
physically meaningful, because strong simulated signals should predict strong empirical 
signals. 

• The root mean square error (RMSE). This is a measure of absolute differences between 
predicted and observed values. An RMSE of 0 means the data are a perfect match. For 
this study, lower values of RMSE indicate closer relationships between simulated and 
empirical datasets. 

• The p-value from a paired Student’s T-test. This is a measure of whether there is a 
statistically significant difference between two sets of data with paired samples. A p-
value of ≤ 0.05 suggests that the difference between the datasets is statistically 
significant, i.e., that the data do not represent the same measured events. If two 
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datasets are similar, then a higher p-value will be obtained. Identical datasets will result 
in an undefined p-value, which is commonly reported as p = 1. 

• The slope of the linear regression line. The slope describes the change in the empirical 
response compared to a change in the predicted value. For datasets with a perfect one-
to-one relationship, the slope should be exactly 1. In these experiments, the data were 
normalized to the peak value of each set of simulations or empirical measurements. 
Ideally, a given change in the simulated value would correspond to the same change in 
the measured value. The uncertainty, or error, in the regression line’s slope was also 
calculated. For the slope to be meaningful, it should be substantially different from zero, 
which means the error should be smaller than the slope magnitude (e.g., a slope of 0.5 ± 
0.6 is not substantially different from 0 and is therefore not meaningful). 

Four metrics were used because quirks in datasets, especially small datasets, can cause 
deceptive results. It is important to understand how differences in datasets affect interpretation 
of the results. Consider the example data shown in figure 1.15 along with the metrics in table 
1.6. The blue data are the control data and are the same in every panel. In Case 0 (not shown), 
the two datasets are identical, so the metrics have the ideal values: R = 1, RMSE = 0, p = 1, 
and slope = 1. 

 
Figure 1.15 Example Datasets to Illustrate Variations in R, RMSE, P-Value, and Least-

Squares-Fit Slope 
The blue data are the same in every panel. 
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Table 1.6 Metrics of the Different Cases in Figure 1.15 

Metric 
Case 0 
(blue = 
orange) 

Case 1 Case 2 Case 3 Case 4 

R 1 1 1 -1 0.60 

RMSE 0 2 1.65 2.10 0.84 

p 1 1 0.011 0.31 0.37 

slope 1 1 2 -1 0.36 

• In Case 1, the orange data points are offset from the blue data by a constant amount 
(such as might occur due to a signal offset). The result is a perfect correlation (R = 1), 
RMSE = 2, p = 1, and slope = 1, suggesting a strong relationship between the datasets 
in spite of a relatively high RMSE.  

• In Case 2, the orange data increase or decrease at twice the rate of the blue data. The 
result is a perfect correlation of R = 1 and RMSE = 1.65, but p = 0.011 and the slope = 2. 
The correlation coefficient shows a strong relationship between the data, and the RMSE 
is relatively low. On the other hand, the low p-value suggests that they are statistically 
distinct while the slope is relatively high.  

• In Case 3, the orange data are the mirror image of the blue data. Here, the data have a 
perfect negative correlation (R = −1), RMSE = 2.1, p = 0.31, and slope = −1. The p-value 
suggests that the data are related (albeit not strongly), but the RMSE is high and the 
negative correlation coefficient and slope show that results are not meaningful for this 
study (i.e., the trends of simulated and empirical data are opposite).  

• Finally, in Case 4, the orange data points were obtained using a random number 
generator. The result is R = 0.60, RMSE = 0.84, p = 0.37, and the slope = 0.36. All the 
metrics suggest, except possibly the slope, that the datasets may be related even 
though the orange points were generated randomly. 

The point is that metrics can be helpful in determining whether the simulation results are 
predictive of the empirical results, but random fluctuations in the data can lead to misleading 
conclusions. Datasets may appear to be related when in fact there is no meaningful relationship 
between them. Therefore, it is important to evaluate the results with a critical eye and not simply 
accept the metrics at face value. 

In addition to the quantitative metrics, some qualitative comparisons were made, as described in 
section 1.6.5. A random subset of ten scenarios was selected for comparison. For each 
scenario, all four sets of simulations were compared to the empirical response. 

1.6 Results 

Included in the scope of this work was the difficult process of determining the relative 
importance of different parameters on the simulated flaw response. In this section, the effects of 
random variability in CASS materials on flaw-response simulations will be explored. The effects 
of the flaw geometry will also be considered. 
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1.6.1 CASS Model Variability 

Much has been learned about simulations using CASS models (EPRI 2018; Nagai et al. 2018; 
Jacob et al. 2020; Jacob et al. 2022), but complete and realistic simulations through CASS 
models—those that include noise, mode conversions, and realistic grains—are still impractical 
to generate and execute in CIVA within a reasonable computation time. Importantly, the 
randomness of the CASS microstructure and grain orientations renders any direct comparisons 
between empirical and simulated scans in CASS unmeaningful because such randomness 
cannot be predicted. Note that the microstructural geometry refers to the shape of the grains 
while the orientation refers to the crystalline orientation as defined by the Euler angles. Both of 
these parameters vary randomly throughout a specimen, and both need to be represented 
correctly to have an accurate model. The effects of that randomness are explored in this 
section. 

PNNL has previously shown that CIVA’s built-in 3D Voronoi regions are excellent for modeling 
CASS; unfortunately CIVA cannot integrate the Voronoi regions with a weld model (Jacob et al. 
2020; Jacob et al. 2022). New CASS models would be needed to represent each end of 9C-
001, which is a CASS-CASS weld with coarse-grained columnar on one side and fine-grained 
equiaxed on the other. PNNL decided on initially exploring simulations with the 3D Voronoi 
regions versus developing new 2D CASS models for four reasons. (1) 3D Voronoi regions are 
much better models of CASS than “realistic” specimen-based 2D models PNNL has used. (2) 
The sound path is primarily through CASS, so it makes sense to focus on the CASS portion of 
the specimen by using the best available CASS model. (3) A “realistic” fine-grained equiaxed 
CASS model would have so many regions and interfaces that it, when combined with the weld 
model, would take a prohibitively long time for CIVA to process it, perform a simulation, then 
display the results. (4) At this stage in the project, developing and testing new CASS models 
would have taken too much time and resources.  

Table 1.7 summarizes the comparison between using a model with only 3D Voronoi grains 
versus using a “realistic” 2D CASS model with a weld. 
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Table 1.7 Comparison of Using 3D Voronoi Grains Only vs a “Realistic” Specimen-Based 2D 
CASS/Weld Model 

Realistic 2D CASS/Weld Model 3D Voronoi Grains 
Slow to develop—need to create a model from 
scratch based on DT and microstructural analysis, 
define material properties, load the model into 
CIVA, then verify and validate. A model is created 
in days to weeks. 

Very fast to develop—simply define the number of 
regions, the ΔV, and the grain aspect ratio. A 
model is created by CIVA in seconds. 

Difficult and slow to modify or vary. Fast and easy to modify or make variations. 
Slow to open and run, slow to make any changes 
to the simulation setup since CIVA re-renders the 
entire geometry every time any parameter is 
changed. 

Fast to open and run. 

Can use any arbitrary specimen model. Cannot use with a weld model. 
Can use any arbitrary geometry. Cannot include weld root or counterbore. 
Slow and difficult, but is it good enough? Fast and easy, but is it good enough? 

Whatever approach one decides to take with CASS models, there are three key questions about 
simulations with coarse-grained materials that should be considered. 

1. What is the impact of geometric variability in the coarse-grained regions on the flaw 
response? The CIVA Voronoi regions are generated randomly, but it is unclear how 
randomizing the geometry from simulation-to-simulation affects results. 

2. What is the impact of changing the properties of the grains in a given coarse-grained 
geometry? For example, what happens if the grain properties in a CIVA Voronoi model 
are randomized without changing the Voronoi geometry? 

3. How well do the columnar and fine-grained equiaxed Voronoi models run in CIVA? The 
columnar model should not be a problem because the grains are large and there will be 
relatively few of them, but the equiaxed model of 9C-001 will require ~50,000 regions in 
order to obtain the correct grain size. 

To answer the first question, a simple specimen model was created in CIVA with an SDH. The 
modeled specimen was 125 mm × 35 mm × 34 mm (4.9 in. × 1.4 in. × 1.3 in.) with a sound 
speed of 5,900 m/s (0.2323 in./µs) and the Voronoi ΔV of 4%1. The probe was the SNI 2M-45. 
The SDH was 2 mm (0.08 in.) diameter and 4 mm (0.16 in.) from the inner surface (30 mm [1.2 
in.] deep). Flaw-response simulations were run while changing the Voronoi geometry of each 
simulation. This was done by clicking the “Voronoi diagram reset” button in CIVA prior to each 
run. A calibration SDH was used (CIVA computes the calibration signal in the background, the 
SDH is not actually added to the specimen) that was also 2 mm (0.08 in.) diameter and 30 mm 
(1.2 in.) deep in homogeneous, isotropic material. An identical calibration method was used for 
every simulation. Direct Mode (no specimen echoes) was used to reduce simulation time and 
because it is ideal for SDH simulations. 

Three scenarios were tested. The first set of simulations was done with 1,000 equiaxed Voronoi 
regions to model coarse-grained equiaxed CASS. The average region size was 149 mm3 

 
1 To simulate scatter in coarse-grained models, CIVA assigns each Voronoi region a different velocity based on a 
user-defined range, referred to as ΔV. ΔV is a percentage of the average sound velocity. For example, if the average 
sound speed is 5,900 m/s and ΔV = 4%, then each region would be assigned a velocity between 5,664 m/s and 
6,136 m/s. Refer to Jacob et al. (2020) for more information. 
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(0.0091 in.3). For context, a sphere of equivalent volume would have a diameter of about 
6.6 mm (0.26 in.). The second set of simulations was with 1,000 columnar regions using a grain 
aspect ratio of 7 to model coarse-grained columnar CASS. The grains had the same average 
volume as the equiaxed grains but an elongated shape. The third set was with 16,000 equiaxed 
regions (equivalent diameter of 2.6 mm [0.10 in.]) to model fine-grained equiaxed CASS. Before 
each simulation, the Voronoi regions were reset. Ten runs of each scenario were simulated. 

Figure 1.16 shows the results of the simulations as the SDH signal strength in dB below the 
calibration signal. The black squares are the average values, and the error bars show the 
standard deviations (SD). The 1,000 grain equiaxed and 1,000 grain columnar scenarios 
caused about the same average signal reduction (about −12 dB, or a factor of 4); however, the 
SD of the equiaxed runs was nearly twice as large. That is, columnar and equiaxed grains of 
equivalent volume caused about the same amount of average signal loss, but there is much 
more variability from the equiaxed grains, as indicated by the higher SD. The 16,000 grain 
models had a larger reduction in signal intensity (−19.6 dB, or a factor of 9.5), which indicates 
much more beam scatter. The SD was again lower than that of the 1,000 grain scenario. 

 
Figure 1.16 CASS Simulation Results, Values in dB Compared to the Calibration Signal 

Looking at the coarse-grained equiaxed results (the 1,000 grain equiaxed model), the signal 
responses varied from −4.8 dB to −19.8 dB, a range of 15.0 dB (a factor of 5.6). This is a huge 
variation in signal intensity just from changing the grain geometry. Even in the 16,000 equiaxed 
case, the range was 7.5 dB, or a factor of 2.4. This level of random variation will dominate 
simulation uncertainty. With the simulated signal response varying by more than a factor of 2 
just due to randomizing the grains, there is no way to precisely simulate an empirical flaw 
response in CASS material. However, an ensemble of simulations may provide some accuracy 
and a general idea of echo responses in a coarse-grained material. 

As a quick test of the second question (what is the impact of scrambling the Voronoi velocity 
assignments in a given Voronoi geometry?), three simulations were performed using the same 
Voronoi geometry and resetting the velocity distribution by clicking the “Velocity distribution 
reset” button (i.e., ΔV was always 4%, but the velocities assigned to each region were changed 
without changing the regions themselves). Results were similar: variation up to a factor of 2 was 
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observed in signal intensity. Again, there is simply too much randomness and variability to be 
able to do precise flaw-response simulations in coarse-grained materials. 

To answer the third question (how well do the columnar and fine-grained equiaxed Voronoi 
models run in CIVA?), all the simulations were easily set up and executed in CIVA. The 
columnar and equiaxed models, even the ones with 16,000 Voronoi regions, ran smoothly and 
quickly. 

Since the goal of correlating an empirical flaw response to a simulated flaw response is not 
achievable in CASS, modeling using 9C-001 or the CASS side of the DMW specimens was 
abandoned for this study. However, flaw-response simulations in CASS are not useless; one 
can perform several simulations to predict the range of scatter, attenuation, and signal 
responses in CASS in order to understand flaw detectability. Naturally, it would be useful to 
know about the microstructure and scatter of the specimen. However, with enough simulations 
and the proper iteration of parameters, such simulations may provide an envelope of responses 
that can aid with understanding flaw detectability. 

1.6.2 Flaw Geometry Testing with Metamodels 

Realistic flaws can be approximated as comprising multiple, connected straight facets, each 
with a different tilt angle, length, and ligament. An example flaw profile from 14C-146 flaw 3 is 
shown in figure 1.17. The left image shows the flaw profile as extracted from the photograph, 
and the right image shows the same flaw but simplified into straight-line facets (the red, green, 
and orange facets will be discussed below). Each facet has three essential properties: length, 
tilt, and ligament. A facet’s properties will affect the echo intensity of that facet, and the flaw 
shape, ultimately defined by the ensemble of facets, will affect the overall echo intensity. That is, 
the overall echo intensity is essentially the summation of the echoes from the individual facets. 

 
Figure 1.17 An Example of a Flaw Profile from a Photograph (Left) And the Flaw Simplified into 

Straight-Line Facets (Right) 
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To understand how the different facet properties affect the overall flaw response, flaw-response 
metamodels were run in CIVA on a planar flaw, representing a single facet, that included the 
variable parameters of length, ligament, and tilt angle. To focus on the effects of the flaw, 
material properties were ignored (i.e., the specimen was assumed to be isotropic with no 
attenuation or noise). Simulations were run with the SNI 1M-45 probe. The length (or through-
wall depth) was varied from 1 to 10 mm (0.04 to 0.4 in.), the ligament from 0 to 10 mm (0 to 0.4 
in.), and the tilt angle from −60° to 60°. Figure 1.18 shows the results of the predicted sensitivity 
of the echo response amplitude to each variable. Panels A, B, and C show the dependence of 
the signal intensity on two variables for a fixed value of the third variable. For example, Panel A 
shows how the signal intensity depends on variations in the length and tilt angle when the 
ligament is fixed at 5 mm (0.2 in.). The signal intensity peaks at a tilt angle of −45° and a length 
of about 8 mm (0.3 in.) when the ligament is 5 mm (0.2 in). 

Panels A and B show large variations in the signal intensity due to the tilt angle, with the 
maximum signal response occurring at −45°, the angle at which a direct specular echo would 
occur. Panel A shows a strong dependence on flaw length at the −45° tilt angle and weaker 
dependences for other angles. Panels B and C show that there was almost no signal variation 
due to the ligament. The pie chart summarizes the relative sensitivity of the signal response to 
each variable. The most influential variable was by far the flaw tilt. The flaw length was the 
second most important, followed by a small dependence on the ligament. See Jacob et al. 
(2020) for additional information about CIVA metamodels. 

 
Figure 1.18 Metamodel Results of the Three-Variable Simulation 
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By understanding the influence of facet length, tilt, and ligament on the flaw response, it may be 
possible to predict the relative strength of a flaw response based on the flaw geometry (in the 
absence of other factors, such as noise or attenuation). For example, consider the flaw profile 
shown in figure 1.17. The red facet is surface-connected but short (≈1 mm [0.04 in.]) and with a 
0° tilt (“long” and “short” are arbitrary designations that should be defined by simulation results). 
From panel C of figure 1.18, a 1 mm flaw with 0 mm (0 in.) ligament and 0° tilt should cause a 
weak echo response. The green facet is relatively long (≈4.5 mm [0.18 in.]) but is not favorably 
oriented since it has a positive tilt angle of ≈5°, toward the source of the sound. From the 
metamodel results, a positive tilt angle for any ligament or length resulted in a weak echo, 
because there is little to no sound directly incident on the flaw. The orange facet is of medium 
length (≈3 mm [0.12 in.]) and is favorably oriented at ≈−25°, away from the source of the sound. 
The metamodel results suggest that the blue facet (of the three identified) will dominate the 
overall flaw response due to its orientation and length. 

Results show that the flaw geometry can play a strong role in the simulated flaw response. In 
most cases, the actual flaw geometry is not known. Thus, when predicting the echo response 
from an uncharacterized flaw, it is important to run a parametric study or a metamodel study. 
Metamodels run rapidly in CIVA and can be used to explore predicted outcomes from a large 
range of possible flaw geometries by simultaneously testing multiple parameters. 

1.6.3 Empirical Data and Flaw-Response Simulations 

1.6.3.1 Examples of Empirical Scan 

Figure 1.19 shows an example D-scan of 14C-146 flaw 3 acquired with the SNI 1M-45 probe 
from the CS side (top) and from the CASS side (bottom). The flaw profiles were superimposed 
(to scale) above the echo signal to illustrate their positions relative to the D-scan. The flaw 
response from the CS side had a spatially varying signal response but overall high signal-to-
noise ratio (SNR). The response from the CASS side was spotty with poor SNR, but the flaw 
was still visible; the flaw was not visible with the 1 MHz PA probe or the 2 MHz probes. 
Interestingly, there appeared to be an extra echo in the CS D-scan to the left of the flaw 
(indicated by the red bracket). This echo was not correlated with any portion of the flaw in the 
cut sections. A radiograph of that slice (labeled 36L) revealed an embedded flaw, perhaps an 
implantation artifact or fabrication flaw, at that location, as shown in figure 1.20. 
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Figure 1.19 Empirical D-Scans of 14C-146 Flaw 3 with the SNI 1M-45 Probe from the CS Side 

(Top) and CASS Side (Bottom) 
The flaw profiles are shown to scale with the CS-facing side to the right. The red 
bracket indicates an echo that did not originate from the flaw. 

 
Figure 1.20 Radiograph of Slice 36L Showing an Unanticipated Defect 

The red bracket shows the location of the slice in the D-scan. 
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Additional examples of D-scans of 14C-146 flaw 3 from the CS side are shown in figure 1.21. 
There are significant scan-to-scan variations in the flaw appearance due only to changing the 
probe or inspection angle. Such variations are the result of unpredictable nuances in empirical 
scans—the complex interactions between the sound fields and grain structures. Duplicating 
these nuances in simulations is extremely difficult because of the randomness of the 
microstructure throughout the weld and buttering. 

 
Figure 1.21. Additional Examples of D-Scans of 14C-146 Flaw 3 from the CS Side 

Note the variability in the flaw appearance with the different probes and inspection 
angles. Echo responses were set to the same maximum full screen height. 

Another example of a D-scan is shown in figure 1.22. This is a scan of 14C-146 flaw 1 from the 
CS side using SNI 1M-45. The signal from most of the flaw is quite strong, but there is total 
signal dropout toward the right end that cannot be explained by the flaw geometry, and eddy-
current testing on the face of the slice did not reveal any anomalies at that location. 
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Figure 1.22 D-Scan of 14C-146 Flaw 1 from the CS Side using SNI 1M-45 

In section 1.2.3, the actual flaw true-states were compared to those reported in the flaw 
specifications. Several flaws had tilts, ligaments, or through-wall depths that deviated from those 
reported, which would affect the echo response. Additionally, as shown in figure 1.21, there is a 
defect that was not part of the intended flaw. For controlled, laboratory studies, such defects 
and variations from specifications can have an important impact on a study’s conclusions about 
flaw detectability and/or flaw characterization. For example, in the recent EPRI CASS round 
robin, it was concluded that flaw depths could not be well characterized in CASS. Although this 
might be true, DT after the round robin revealed that flaws in some of the specimens were about 
half as deep as specified in the flaw documentation (Jacob et al. 2021). Prior to DT, conclusions 
were drawn based on incorrect flaw true-state information. 

Another example is in Doctor et al. (2005), where 8C-091 flaw 2 (also used in the current study) 
was not detected from the nozzle side, or it was detected with only a weak response. This was 
unexpected because the flaw was reported as being an EDM notch with no tilt; it should have 
been readily detectable. DT in the current study revealed that this flaw was tightly closed from 
the HIP process. Without the DT of this flaw, the failure to detect it was attributed to other 
factors, such as probe frequency, grain structures, or noise. 

Conversely, figure 1.22 shows a region of signal loss, or signal dropout, that cannot be 
attributed to the flaw geometry. However, because of the robust response from the rest of the 
flaw, in the absence of DT it would be tempting to hypothesize that a flaw anomaly was the 
cause of the dropout. This hypothesis would be bolstered by the fact that the scan was taken 
from the CS side with a relatively low-frequency probe, so microstructural interference was 
expected to be minimal. In this case, DT proved otherwise. 

With poor or failed detections in laboratory specimens, there is usually a tendency to blame the 
inspection methods or the specimen microstructure while accepting that the reported flaw true-
state is fact. The current work has shown that actual flaw depths, tilts, and ligaments can vary 
significantly from the flaw documentation. DT is the only method of establishing flaw true-state. 
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DT can be very expensive, but it is the only way to avoid incorrect conclusions. Radiography 
can be done in some cases, particularly with machined flaws, but it cannot reliably detect cracks 
or crack morphology. Therefore, DT should be considered as part of all controlled studies of 
flaw detection. Alternatively, specimens can be thoroughly fingerprinted, or benchmarked, to 
fully characterize a flaw’s characteristics and detectability. This may entail scanning the flaw 
with conventional UT, PA UT, and advanced PA methods, such as full matrix capture, using a 
variety of frequencies and wave modes. Then, the fingerprinting results can serve as the 
reference as opposed to the mockup documentation. 

1.6.3.2 Flaw-Response Simulations 

After the empirical and simulated data were compiled, they were plotted to show the relative 
echo responses versus position. Several examples are shown in figures 1.23, 1.24, 1.25, and 
1.26. The dashed lines represent the empirical data, and the solid lines are simulated data, as 
follows:  

• The orange lines labeled “Flaw/Weld” are from using a full weld model and actual crack 
geometries  

• The gray lines labeled “Flaw/Isotropic” are from using the actual crack geometries but 
with isotropic material (no weld)  

• The yellow lines labeled “Planar/Weld” are from using a full weld model but with planar 
flaws of the same height, ligament, and tilt angle as the actual cracks 

• The blue lines labeled “Planar/Isotropic” are from using isotropic models with planar 
flaws.  

In the plots, the relationship between the simulated scenarios and the empirical data is the 
primary focus. However, relationships between the different simulated scenarios can also be 
observed to infer the impact of the different cases. For example, comparing Flaw/Isotropic to 
Planar/Isotropic can illustrate whether using an actual crack profile is any different than just 
using a simple, planar flaw in an isotropic weld model. Note that the empirical data may be 
affected by background noise; no adjustments or compensations were made for noise in the 
measurements. 

Figure 1.23 shows examples from 14C-146 flaw 1. The empirical data in the two scenarios 
illustrate that dramatic differences in echo response can be observed from the same flaw 
scanned with different probes. With the SNI 1M-45 probe, there was signal dropout from the 
flaw at the 20 mm position (see figure 1.22); however, dropout was not observed with the 
1 MHZ PA probe at the same angle. Because signal dropout was unpredictable and varied 
depending on the specimen microstructure and even the probe, it was not captured in the 
model. Furthermore, as shown in table 1.8 , the metrics suggest that none of the simulation 
scenarios in the two examples shown are predictive of the empirical data. Indeed, for 1 MHz PA 
data, all of the simulation scenarios are negatively correlated to the empirical results. 
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Figure 1.23 Example Data from 14C-146 Flaw 1 

Table 1.8 Metrics for 14C-146 Flaw 1 Data Shown in Figure 1.23 

SNI 1M-45 Flaw/Weld Flaw/Isotropic Planar/Weld Planar/Isotropic 
R 0.258 0.005 −0.326 −0.425 

RMSE 0.312 0.336 0.383 0.435 

p 0.144 0.176 0.399 0.027 

slope 0.149 0.003 −0.210 −0.133 

slope err 0.227 0.206 0.249 0.116 

1 MHz PA, 45° Flaw/Weld Flaw/Isotropic Planar/Weld Planar/Isotropic 
R −0.735 −0.232 −0.579 −0.868 

RMSE 0.326 0.243 0.296 0.354 

p 0.093 0.184 0.445 0.014 

slope −0.655 −0.182 −0.610 −0.483 

slope err 0.247 0.311 0.351 0.113 

Figure 1.24 shows example data from 14C-146 flaw 3. In this case, the empirical data again 
show different patterns of flaw responses across the flaw. For the SNI 1M-45 probe, the 
Flaw/Weld scenario appears to agree strongly with the empirical data, while the other scenarios 
agree less well (see table 1.90). On first consideration, the strong agreement suggests that the 
simulated data with the full weld model and realistic flaw are an excellent surrogate for the 
empirical scans. However, as explained in section 1.5, good relationships between datasets are 
not necessarily meaningful because they can occur by random chance. Indeed, the results from 
the SNI 2M-45 probe—using the same model—show that none of the simulated scenarios 
agree well with the empirical data (see table 1.90). Therefore, although the results using the full 
model agreed strongly with the empirical data for 14C-146 flaw 1 using the SNI 1M-45 probe, it 
is likely serendipitous. This example illustrates the importance of having a large number of data 
sets; random results are less likely to lead to erroneous conclusions. 
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Figure 1.24 Example Data from 14C-146 Flaw 2 

Table 1.9 Metrics for 14C-146 Flaw 3 Data Shown in Figure 1.24 

SNI 1M-45 Flaw/Weld Flaw/Isotropic Planar/Weld Planar/Isotropic 
R 0.920 0.637 0.618 0.662 

RMSE 0.083 0.212 0.231 0.248 

p 0.313 0.070 0.185 0.104 

slope 0.918 0.459 0.790 0.864 

slope err 0.225 0.321 0.580 0.564 

SNI 2M-45 Flaw/Weld Flaw/Isotropic Planar/Weld Planar/Isotropic 
R 0.538 0.175 0.498 0.542 

RMSE 0.233 0.225 0.196 0.214 

p 0.154 0.350 0.449 0.135 

slope 0.930 0.251 0.808 0.840 

slope err 0.841 0.815 0.812 0.752 

Similarly, figure 1.25 and table 1.10 show example data from 8C-091 flaw 3, and figure 1.26 and 
table 1.11 show example data from 8C-091 flaw 4. As with the data shown above, there are no 
compelling arguments for any of the simulated results being predictive of the empirical data. 
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Figure 1.25 Example Data from 8C-091 Flaw 3 

Table 1.10 Metrics for 8C-091 Flaw 3 Data Shown in Figure 1.25 

SNI 2M-60 Flaw/Weld Flaw/Isotropic Planar/Weld Planar/Isotropic 
R 0.491 0.537 0.587 0.466 

RMSE 0.199 0.284 0.258 0.404 

p 0.312 0.059 0.026 0.021 

slope 0.394 0.653 0.536 0.676 

slope err 0.313 0.459 0.331 0.574 

2 MHz PA, 60° Flaw/Weld Flaw/Isotropic Planar/Weld Planar/Isotropic 
R 0.461 0.915 0.728 0.775 

RMSE 0.192 0.119 0.202 0.227 

p 0.419 0.319 0.210 0.036 

slope 0.384 1.228 1.019 1.049 

slope err 0.331 0.242 0.429 0.382 
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Figure 1.26 Example Data from 8C-091 Flaw 4 

Table 1.11 Metrics for 8C-091 Flaw 4 Data Shown in Figure 1.26 

2 MHz PA, 60° Flaw/Weld Flaw/Isotropic Planar/Weld Planar/Isotropic 
R −0.301 0.182 −0.142 0.503 

RMSE 0.369 0.283 0.285 0.268 

p 0.224 0.448 0.433 0.441 

slope −0.336 0.219 −0.126 0.767 

slope err 0.614 0.683 0.505 0.762 

1 MHz PA, 60° Flaw/Weld Flaw/Isotropic Planar/Weld Planar/Isotropic 
R 0.702 0.771 0.695 0.800 

RMSE 0.193 0.158 0.151 0.127 

p 0.112 0.183 0.431 0.439 

slope 0.662 0.764 0.505 0.722 

slope err 0.387 0.365 0.301 0.312 

1.6.3.3 Aggregated Data 

Results showed that there was no predictive value of individual simulations. However, looking at 
the aggregate results may reveal trends or tendencies in the data. All of the calculated metrics 
were combined and plotted in statistical box-and-whisker plots. Such plots show data 
distributions. Data are divided into quartiles, with 25% of the data points residing within each 
quartile. The middle two quartiles are contained within the box with a horizontal line 
representing the median. The upper and lower quartiles are shown by the extending lines, or 
“whiskers,” and any outlier points are shown outside the bounds of the whiskers. The mean is 
represented by an “X.” 

Figure 1.27 shows the box-and-whisker plots of the four metrics that were calculated. Recall 
that a lower RMSE suggests that there are smaller differences between empirical and simulated 
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data, while a high p-value suggests a lack of any statistically significant difference between 
datasets. The RMSE plot shows the lowest RMSE for the full model (weld model with actual 
flaw geometry shown in blue) with increasing median and average RMSE for the other 
simulation scenarios. Similarly, the full model has the highest p-value with decreasing p-values 
for the other scenarios. However, the differences between the scenarios are not significant and 
may have occurred by chance. Furthermore, there are no firm trends or significant differences 
for the correlation coefficient or slope data. In short, the aggregated data do not suggest that 
one modeling scenario is more predictive than another. 

 

Figure 1.27 Box-and-Whisker Plots of the Aggregated Metrics 

1.6.4 Weld Model Versus No Weld Model 

If flaw-response simulation results suggest that there is little to no advantage to using a full weld 
model, and if metamodels suggest that the strength of a flaw response can be predicted based 
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on the flaw tilt and height, then what are the consequences of not using a full weld model or a 
realistic flaw geometry?  

The weld is known to scatter sound, which affects the overall signal intensity. The location of the 
flaw with respect to the weld can have a strong impact on the echo response. A flaw just on the 
near side of the weld can have a stronger echo response due to the funnel effect—an 
intensifying of the sound field due to the interface of the weld fusion line and the specimen 
backwall—while a flaw on the far side of the weld can have a weaker echo due to the shadow 
effect—a diminishing of the sound field due to scattering through the weld. These two effects 
are discussed in detail in Jacob et al. (2022). 

To determine the effect of just the weld model on the echo strength with flaws at about the WCL 
and with buttering, results from the Planar/Weld and Planar/Isotropic simulation scenarios were 
compared. Figure 1.28 shows the data in arbitrary units. The black line indicates where the 
results are identical, and the red line is the trend of the data. Data that fall below the black line 
had a weaker echo for the Planar/Weld scenario. In a few cases the echo with the weld was 
increased, but on average, the weld (and buttering) reduced the simulated echo response of a 
planar flaw to 50% ± 30% of the isotropic case (an average of −6.2 dB with a range of −2.0 dB 
to −14.7 dB). 

 
Figure 1.28 This Graph Shows the Effect That Using a Weld Model Has on the Simulated Peak 

Echo from Planar Flaws versus Using an Isotropic Model 

This simulated signal reduction was tested against empirical data. Empirical scans of identical 
EDM notches both with and without a weld showed that the echo response of a flaw in a weld 
was reduced to 60%–80% of the baseline1 (Jacob et al. 2022). Note that those results were 
from a weld without buttering, and buttering will add additional scatter and further reduce the 
echo response. Because the simulations show that the gross effect of adding a weld model to a 

 
1 It is important to remember that the flaw positioning is critical. Empirical and simulated scans showed that flaws at 
the base of the weld on the near-side of the weld centerline had an increased echo response compared to baseline, 
while flaws on the far-side of the weld were typically reduced to < 60% of baseline. 
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simulation is a reduction in echo response of roughly 50%, one approach to substantially 
simplifying the modeling process would be to avoid using a weld model and instead apply a 
~50% correction factor to the peak signal intensity. Using a simplified model would dramatically 
reduce simulation time and thus allow for more simulations to be run, while applying a correction 
factor would give an approximate signal response relative to a calibration echo. One application 
of this approach could be in the simulation of a flaw response with noise. Setting up a simulation 
in CIVA with noise using the weld model would not be practical and the execution times would 
be excessive (Jacob et al. 2022). However, a simulation with noise could be easily set up in an 
isotropic model. The SNR could be measured, then the SNR in a corresponding weld model 
could be estimated by reducing the SNR in the isotropic model by half. Although shortcuts such 
as these reduce overall accuracy, they help make the modeling process more practical and 
more accessible. 

1.6.5 Qualitative Assessment 

Ten simulation scenarios were selected at random to qualitatively assess the appearance of the 
simulated echo responses and the empirical echo responses. Figures 1.30–1.39 show the 
empirical D-scans with the location of the B-scans indicated by the vertical red line. The red box 
in the B-scan shows the region of the flaw response. Note that the D-scans are maximum 
intensity projections whereas the B-scans single slices. The bottom panels show the simulated 
B-scans; from the top left and moving clockwise, the simulations are: Planar/Isotropic, 
Planar/Weld, Flaw/Weld, Flaw/Isotropic. All of the B-scans, empirical and simulated, were 
normalized to themselves (i.e., software gain was increased so that the peak signal intensity in 
each B-scan was 100% full screen height). The top figures show photographs of the flaw and, 
for cases where PT was used to help identify the flaw geometry, photographs of the PT results 
are also shown. Note that for the Flaw/Isotropic panels of 14C-146, the weld and CASS 
microstructures are shown, but in the model all the material properties were equalized (i.e., it 
looks like there is a weld there, but there really is not). 

Figure 1.29 shows an illustration B-scan and D-scan views shown in figures 1.30–1.39 in 
relation to the weld and flaw orientations. The B-scan is the side view looking toward the edge 
of the flaw, and the D-scan is the end-view looking toward the face of the flaw. The flaw is 
parallel with the weld, and the probe is directed toward the flaw. The figure illustrates multiple 
slices through the flaw, with the position of the B-scan shown by the red line in the D-scan. 

There are issues with CIVA adaptive reconstructions in multi-region specimen models that 
cause the reconstructed echoes to appear to have gaps and discontinuities. This issue was 
explained previously (Jacob et al. 2022) and has to do with CIVA calculating the beam path of 
each A-scan based on the microstructure instead of using a straight-line beam path as in an 
empirical scan. Figure 1.31 shows a particularly striking example of the reconstruction artifacts. 
Empirical data acquisition always assumes a straight-line beam path, because the scanning 
equipment and software do not know about or account for specimen microstructure. Therefore, 
none of the simulations using the full weld model strongly resemble the empirical scans. 

Although the qualitative assessment is subjective, in some scenarios the Planar/Isotropic (top 
left) simulation resembles the empirical flaw response better. This can be seen in figures 1.33 
and 1.37. In other scenarios, the Planar/Weld (bottom left) is a better representation, such as 
figures 1.35 and 1.39. In other cases, like figure 1.32, there is little difference between the two 
Planar/Isotropic and Planar/Weld cases. 
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Figure 1.29. Illustration of B-Scan and a D-Scan Views in Relation to the Flaw and Slice 

Orientations 
The red line is the position that the B-scan was taken from (indicated by the red 
arrow). 
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Figure 1.30 Specimen 8C-091, Flaw 3, Slice 832L, GEIT 2M-60
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Figure 1.31 Specimen 8C-091, Flaw 3, Slice −832R, SNI 2M-45 
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Figure 1.32 Specimen 8C-091, Flaw 4, Slice −841L, 1 MHz PA 45° 
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Figure 1.33 Specimen 8C-091, Flaw 4, Slice 842L, 2 MHz PA 45° 
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Figure 1.34 Specimen 8C-091, Flaw 4, Slice −841R, SNI 2M-45 
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Figure 1.35 Specimen 14C-146, Flaw 1, Slice 13LR, 1 MHz PA 45° 
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Figure 1.36 Specimen 14C-146, Flaw 1, Slice 13RL, 2 MHz PA 60° 
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Figure 1.37 Specimen 14C-146, Flaw 1, Slice 13LL, SNI 2M-45 
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Figure 1.38 Specimen 14C-146, Flaw 3, Slice 35LR, 1 MHz PA 60° 
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Figure 1.39 Specimen 14C-146, Flaw 3, Slice 32LL, 2 MHz PA 45° 
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1.6.6 Summary 

Results showed that there were no simulation scenarios that quantitatively or qualitatively stood 
out as being the best representation of empirical scans. Although the flaw profiles were 
duplicated in the simulations, the weld microstructure was estimated based on EBSD 
measurements from a different specimen. Because the weld microstructure in a specimen 
varies essentially randomly from position to position, it is impossible to create a precise model 
for every scan. A more efficient approach to flaw-response simulations is to use an isotropic 
specimen model and a planar flaw. Metamodels or parametric studies can be run to evaluate 
the range of possible flaw responses for different flaw parameters, such as tilt and depth. The 
flaw-response amplitude can be adjusted to account for attenuation through the material 
microstructure. 

A goal of this work was to evaluate the predictive value of simulated flaw responses by using 
the best weld model and most accurate flaw geometry available. In order to run a large number 
of simulations as efficiently as possible, it was necessary to omit computationally expensive 
options from the models that could have improved realism (see bulleted list below). Previous 
experience has shown that adding these options can extend the computation time of a single 
simulation from minutes to days or weeks. Such simulation times are impractical for most users. 
By evaluating the simplest options, this work will allow most users to make practical and 
informed decisions about the types of simulations to run. 

Simplifications used in this study included: 

• A low CIVA accuracy factor was used in order to reduce simulation times. Tests showed that 
using a low accuracy factor added relatively little uncertainty to the results, especially 
compared to the uncertainty added by randomness in the weld microstructure. Even so, it is 
best practice to use a higher accuracy factor when feasible. 

• Some flaw facets were smaller than the probe wavelength, which can cause violations of the 
CIVA high-frequency approximation (i.e., CIVA’s mathematical model assumes that features 
sizes are on the order of or larger than the wavelength) and can potentially lead to inaccurate 
results.  

• Simulations did not include noise. Previous work has shown that including simulated noise in 
CIVA can increase simulation times dramatically, while the resulting noise fields may not 
provide the desired realism. 

• Simulations did not include mode conversions or interface interactions. Although mode 
conversions and interface interactions can add considerable realism to a simulation, their 
calculation is extremely time consuming in complex geometries, such as the austenitic weld 
model. The large number of interfaces and resulting mode conversions in the scenarios used 
this this study made including them unfeasible. 

• A calibration signal was not used. Ideally, a machined reflector, such as an SDH, is used to 
provide a calibration signal in both the empirical scans and simulated data. Such a reflector 
was not available in the empirical specimens, so relative signal intensities were used from 
each scan instead. 

• Flaw geometries from specific locations were used in the simulations. It was assumed flaw 
slice positions in scans were measured precisely and that the sections were sliced with the 
same precision. 
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• The reflectors used in the simulations were not truly representative of the actual flaws. The 
simulated flaws were an extrusion of the flaw profiles taken at the slice positions. That is, 
each simulation used a flaw with a constant profile, so it did not matter what part of the flaw 
was insonified in the simulation. However, geometries of the actual flaws varied across their 
profile. The spot size of the probes was a few millimeters or more in diameter, which means 
that the empirical echo responses were actually an average over the insonified region of the 
flaw.  

• The specimens’ material properties were not precisely measured. The true weld profiles were 
estimated, and the weld model was taken from EBSD data on a different specimen. Acquiring 
microstructural information of each specimen, not to mention of each scan position, and 
creating corresponding weld models was not feasible. 

1.7 Summary of Part 1 

The purpose of this study was to determine the predictive value of flaw-response simulations in 
austenitic weld models. After acquiring UT scans using multiple probes, DT was used to 
characterize the flaw geometry, depth, tilt, and ligament. The flaw profiles were digitized and 
added to PNNL’s EBSD-based austenitic weld model. Simulations were run in four different 
scenarios: (1) with the EBSD weld model and actual flaw geometries, (2) with the EBSD weld 
model and planar flaws of equivalent tilt, depth, and ligament, (3) with an isotropic (no weld) 
model and actual flaw geometries, and (4) with an isotropic model and planar flaws. The 
empirical and simulated data were quantitatively and qualitatively compared. 

Results in section 1.6.3 showed that using full weld models with actual flaw geometries did not 
produce more realistic simulation results than the other scenarios. There are several reasons for 
this finding. First, there were no clear qualitative relationships between the appearances of the 
empirical scans and the simulation results. Second, there was no consistency in the quantitative 
comparisons of the simulated and empirical data, and any correlations or relationships that did 
appear could have been due to random chance. Third, there is too much microstructural 
randomness in welds and CASS to be able to model a specific specimen with any reliability. 

Results of the metamodel studies in section 1.6.2 showed that the flaw geometry, particularly 
the tilt and segment length, had a significant impact on the flaw-response amplitude. Results in 
section 1.6.4 showed that the main impact of the weld model was sound field attenuation. 
Generating realistic, representative weld models is extremely difficult and time consuming, since 
the infinite array of possible weld microstructural arrangements cannot be easily captured; 
fortunately, attenuation is straightforward to model or estimate. Therefore, it is not worth 
focusing efforts on creating realistic weld models. However, modeling the full range of possible 
flaw parameters is fast and easy using a metamodel, particularly when the flaw is broken down 
into constituent facets. It is important to remember that the flaw position with respect to the weld 
has a strong impact on detectability, so the information in (Jacob et al. 2022) should be referred 
to when simulating flaw responses without a weld model. 

An important outcome of this work was the finding in section 1.2.3 that flaw characteristics 
specified in laboratory mockup documentation typically varied significantly from the true-state. 
Flaw true-state parameters that vary significantly from those specified are a problem for 
laboratory experiments that were designed to address specific inspection issues. This has the 
potential to result in incorrect conclusions being drawn about the inspectability of certain 
materials (Jacob et al. 2021). The following examples illustrate deviations of true-state from 
specified parameters: 
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• The through-wall depth of 14C-146 Flaw 3 was about 4 mm (0.16 in.) deeper than specified, 
which made the flaw about 1.23 times deeper than it should have been.  

• Specimen 9C-001 flaw 2 had a tilt of about 20°, but the specified tilt was 0°. A 20° variation in 
the tilt angle can have a significant impact on detectability.  

• Some flaws that were intended to be planar flaws had curvature, such as 8C-091 flaw 3 and 
14C-146 flaw 1.  

• Specimen 8C-091 flaw 2 was a HIP’ed EDM notch that was so tightly closed that PT did not 
reveal the flaw.  

As discussed in section 1.4, the modeling was significantly simplified to accommodate time 
restraints so that the hundreds of simulations required for this program could be completed. 
Simplification is typically not ideal for optimizing accuracy, but it can be necessary in order to 
produce results in a suitable timeframe. It is important to understand the consequences of 
model simplification and to consider potential future areas of research to gain a better 
understanding of model predictability. 

1.7.1 Key findings: 
• It is impossible to create a precise duplicate of a specimen’s 3D microstructure. Voronoi 

regions provide a good model of coarse-grained microstructures; however, randomly 
regenerating the models causes large variations in simulated signal intensities from 
simulation-to-simulation. In the coarse-grained equiaxed model tested in section 1.6.1, the 
simulation-to-simulation signal intensity varied by as much as 15 dB by only changing the 
Voronoi geometry. It is impossible to match the microstructure of a specimen with randomly 
constructed Voronoi regions, so model microstructure will always be a significant source of 
simulation uncertainty. 

• CIVA metamodel results in section 1.6.2 showed that the characteristics of a flaw, especially 
the length and tilt of facets, played a strong role in determining the simulated flaw response. 
Longer facets that are favorably oriented for a direct specular response dominate the overall 
echo response of a flaw, whereas the ligament of a facet was not an important factor. 

• The characteristics of the flaws, revealed through DT and described in section 1.2, varied 
significantly from those specified in the mockup documentation. Discrepancies in flaw tilts, 
through-wall depths, and ligaments were found. Reliance on incorrect reported flaw 
specifications as opposed to actual true-states determined through DT can impact a study’s 
conclusions. 

• Quantitative analysis in section 1.6.3 showed that simulations using the full weld model and 
the actual flaw geometries were not more predictive than simulations using an isotropic model 
and planar flaws. Reasons for this might include simplifications made to the modeling to save 
time, or the unpredictable randomness of the specimens’ weld microstructure that were not 
captured in the model. Whatever the reason, there was no clear advantage to creating 
complicated models over using simple models. 

• Qualitative analysis of a random subset of the scans shown in section 1.6.5 also did not show 
that one of the model scenarios was more predictive than another. CIVA’s method of 
reconstructing the echo through complex, multi-region specimens made qualitative 
assessment difficult, because the echo responses had gaps and discontinuities related to the 
beam path of each A-scan. 



PNNL-33625 

Flaw Response Simulations from Flaw Profiles Determined by Destructive Testing 52 
 
 
 

1.7.2 Recommendations 

PNNL recommends considering the following points when performing flaw-response 
simulations: 

• The flaw geometry has a significant impact on the echo response, but obtaining the actual 
flaw geometry requires DT, which is not possible in field inspection scenarios. Therefore, 
parametric studies or CIVA metamodels should be used to predict how variations in the flaw 
shape, depth, tilt, and ligament affect detectability for a given probe and specimen geometry. 
The flaw position with respect to the weld also has a significant impact on detectability and 
should be accounted for; refer to (Jacob et al. 2022). 

• Using a complex, EBSD-based weld model and actual flaw geometries did not provide more 
realistic results than more simplified approaches. Use the simplest modeling approach saves 
a significant amount of time and allows for running more simulations that can cover a greater 
range of possible conditions. 

• Simplifying the model by removing the weld or other microstructure results in stronger 
simulated echoes because of the lack of beam scatter. For a flaw at the WCL, signal losses 
due to scatter and attenuation can be estimated by reducing the echo response by about 
−6 dB. Echo responses for other flaw positions should be accounted for as appropriate; refer 
to (Jacob et al. 2022). 

• It may be useful to account for noise in coarse-grained materials so that an appropriate SNR 
can be estimated, which can help determine flaw detectability. Although noise was not 
considered in this portion of the work, methods of simulating noise and measuring SNR were 
presented in Jacob et al. (2022) and will also be covered in part 2 of this report. 

• Do not rely solely on specified flaw designs and fabrication reports for laboratory specimens. 
Flaw depths, tilts, profiles, and ligaments can vary significantly from the specifications. 
Whenever possible, DT should be included as part of a laboratory study so that erroneous 
conclusions about flaw detectability can be avoided.
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Part 2.0: Review of OnScale 
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2.1 Introduction 

Part 2 of this report provides the results of an evaluation of the capabilities of OnScale1 for UT 
modeling. OnScale is a cloud-based finite-element modeling (FEM) package. Models can be 
developed on a local computer, submitted to the cloud to be solved, and then the results 
downloaded and processed on the local computer. Many models and procedures that PNNL 
previously developed for CIVA were adapted for use in OnScale. Results from OnScale were 
compared to those from CIVA and to experimental results. Similarities and differences between 
the two modeling platforms were highlighted as well as any potential limitations of UT modeling 
in OnScale. 

Section 2.2 introduces some of the basic functionality of OnScale. Additionally, an overview of 
how models were developed is given as background for following sections. Since FEM can be 
used for a plethora of mechanical and dynamic simulations, the UT models were developed 
from the ground up and were not based on preconfigured scenarios. Implementing UT models 
in this manner requires an advanced knowledge of SYMB (the OnScale programming language) 
and OnScale functions, thus increasing the complexity of model development compared to 
CIVA. Section 2.3 discusses the development of a transmit-receive longitudinal (TRL) probe 
model. An OnScale beam map through an isotropic specimen is presented and compared to 
one generated by CIVA. Empirical beam maps previously measured in Jacob et al. (2020) are 
compared to the simulated results. 

Section 2.4 shows the results of using the TRL probe with a material containing an austenitic 
weld model. The results are compared to CIVA and empirically acquired beam maps. Section 
2.5 discusses the development of a model for flaw-response simulations on a stainless-steel 
plate with a simple notch. Simulations in CIVA and empirical scans from Dib et al. (2017) are 
used to compare to the OnScale results. Section 2.6 discusses simulating noise and attenuation 
in OnScale. The effect of the size and number of noise reflectors on the signal-to-noise ratio 
(SNR) is explored. A side-by-side comparison of some OnScale and CIVA functions used for 
setting up models is shown in section 2.7. Since OnScale is an FEM package, there are 
fundamental differences between it and the semi-analytical approach that CIVA employs, and 
some of these differences are discussed. Finally, Appendix A includes a list of insights compiled 
by PNNL staff while they were learning to use OnScale. 

2.2 Setting up Models in OnScale 

2.2.1 Introduction 

There are several approaches for designing and running simulations in OnScale.  

1. OnScale Solve is an online designer and analysis tool that supports mechanical, 
thermal, fluid, and modal analyses. As of the time of writing, OnScale Solve does not 
support dynamic wave propagation simulations, making it unsuitable for UT simulations.  

 
1 Note that there are multiple OnScale products. OnScale Solve is the online Web interface FEM product. OnScale 
Lab is the desktop client product with three interfaces: Designer for GUI model creation, Analyst for scripted interface, 
and PostProcess for visualizing data generated from simulations. In this report, the OnScale products will be referred 
to collectively as OnScale. OnScale was acquired by ANSYS, Inc. during the preparation of this report. 
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2. OnScale Designer uses a local graphical user interface (GUI) to create a model, add 
constraints, define materials, select data outputs, and submit the simulation to the cloud 
solver.  

3. OnScale Analyst can submit models to the cloud solver by directly programming the 
model using SYMB, a FORTRAN-based programming language.  

4. A MATLAB toolbox is available to generate and submit models to the solver as well as 
download and post-process simulation results after they are completed; note that a 
separate MATLAB license (The MathWorks, Inc.) is required to access the toolbox. 
Simulation results can also be analyzed within the OnScale PostProcess module. 

2.2.2 OnScale Workflow 

Figure 2.1 shows an example screen capture of OnScale Designer, the OnScale GUI. The left 
part of the screen shows the various components of the simulation, such as material properties, 
forcing functions (i.e., pulse shapes and durations), and data outputs. The basic components 
needed for a UT simulation are explained in further detail below. On the right side of the screen, 
the modeled geometry is displayed along with the material applied to the various components, 
depicted by the different colors. Designer is easy to use and understand for the average user 
because the GUI is intuitive; everything can be configured graphically without programming 
knowledge.  Some advanced features cannot be accessed in Designer or the MATLAB Toolbox 
and can only be implemented in OnScale Analyst. 
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Figure 2.1 Screen Capture from OnScale Designer 

The advanced features of Analyst require the user to program models from the ground up 
instead of using the Designer GUI. Designer will limit the selection of simulation components 
based on compatibility; however, Analyst allows all components to be used, even if they aren’t 
compatible or will cause the simulation to fail. Because of this and the advanced knowledge 
needed to use the SYMB language, Analyst is more difficult to learn than Designer but provides 
flexibility for creating complex models. A good compromise for ease of use and designing 
complex simulations is to generate much of the model using Designer or the MATLAB Toolbox 
and then add more advanced functionality in Analyst. 

Figure 2.2 shows a screen capture of the Analyst module. The left panel shows a list of the 
variables declared in the model and their respective values. The middle panel shows the text 
editor with syntax highlighting (i.e., different colors are used for different syntax, such as green 
for comments, blue for numeric values, and magenta for variable names). To the right, a 
zoomed-out view of the code is provided so the user can quickly scroll to specific sections. 
Using the Run on Cloud tool in the toolbar, the simulation can be run locally or submitted to the 
cloud. The user must allocate memory and determine the number of computer cores that the 
solver can access. If the user is unsure of the amount of resources to allocate, an estimate can 
be calculated, although this does not ensure that a simulation will not need more resources. 
Some trial-and-error may be necessary when allocating resources.  



PNNL-33625 

 

Review of OnScale  57 
 

 
Figure 2.2 Example of OnScale Analyst  

Any SYMB command can be explored by right-clicking the command in the Analyst and 
selecting Show Help, as illustrated in figure 2.3. The user must already know a command exists 
in order to find help, and PNNL found that many commands are not explicitly described in the 
tutorials. OnScale technical support was indispensable in helping PNNL staff learn how to use 
Analyst and in describing what commands existed and how they were used. 
 

 
Figure 2.3 Example of Linking to OnScale Analyst’s Command Documentation 

The following sections describe the various components comprising an OnScale simulation. An 
overview of each part of the simulation is described with a specific focus on UT simulation 
functionality. PNNL conducted their work using the Analyst tool, so all further discussion of 
OnScale in this report refers to Analyst. 
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2.2.3 Geometry 

For a UT simulation, a model typically includes a probe, wedge, and specimen. For 2D 
simulations, it can be useful to design the geometry programmatically with the SYMB language 
using basic shapes such as circles or polygons. For example, a specimen, probe, and angled 
wedge could be generated using a square for the element, a triangle for the wedge, and another 
square for the specimen. Alternatively, a model can be designed in computer-aided design 
(CAD) software such as SOLIDWORKS (Dassault Systèmes SolidWorks Corporation, Waltham, 
MA) and then imported as an assembly. This is often most effective when designing complex 
3D geometries. Each part of the assembly can be individually selected and specific material 
properties assigned to each. The former approach was taken and is discussed in section 2.5, 
where the wedge dimensions used in CIVA were directly input into OnScale to generate an 
equivalent wedge geometry. 

2.2.4 Materials 

For the simulations in this section, all materials were assumed to have a linear relationship 
between stress and strain, known as being linear-elastic. Since ultrasonic waves create such 
small perturbations within a material, this is a reasonable assumption. Two material types were 
used for the simulations in this report. For the base mechanical properties of a modeled 
specimen, the elastic properties were assumed to have the same stiffness regardless of 
orientation, known as being isotropic. OnScale allows linear-elastic, isotropic material properties 
to be defined using the density, longitudinal wave velocity, and shear wave velocity. For the 
weld model in section 2.4, the elastic properties were assumed to depend on the material 
orientation, known as being anisotropic. In OnScale, linear-elastic, anisotropic materials can be 
defined by using the 21 components of the symmetric elastic tensor, sometimes called the 
stiffness matrix. For anisotropic materials, the crystalline orientations can be defined using Euler 
angles.  

2.2.5 Mesh 

FEM solves a mechanical problem by dividing the geometry into discrete sections or elements 
known collectively as a mesh. The minimum size of an element can be specified in order to 
generate a mesh with a specific resolution (smaller elements give a finer mesh, or higher 
resolution). For UT simulations, the element size is usually specified relative to the wavelength 
(e.g., elements per wavelength). The mesh resolution is similar to the resolution of a digital 
camera. As the sensor resolution increases, or as the size of each element decreases, the 
recorded image becomes finer in detail and is a better representation of the object. However, 
high-resolution images require more processing time, memory, and storage space. Similarly, 
finer meshes can represent model geometries with greater fidelity at the expense of greater 
computational time and resources. OnScale uses a “grid” mesh made up of rectangular 
elements for 2D simulations and rectangular prisms for 3D simulations. Grid meshes are simple 
to generate and allow model data to be easily stored and indexed in a matrix. One shortcoming 
of a grid mesh is that angled geometries, such as a wedge, are represented by stair-stepping. 
Finer meshes represent angled lines more faithfully at the expense of having many more mesh 
elements. For example, figure 2.4 shows a simple probe (green) and wedge (dark blue) with 10, 
20, and 30 elements per wavelength. The stair-stepping is prominent in the low-resolution mesh 
(10 elements per wavelength) and will likely impact the quality of the simulation. Some stair-
stepping is visible in the high-resolution mesh (30 elements per wavelength), but the impact on 
the simulation will be much less. The simulation time increases as the number of mesh 
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elements increases, so a balance must be found between an acceptable simulation resolution 
and simulation time. 

 
Figure 2.4 An Illustration of How the Mesh Density Affects How an Object is Represented 

Shown is an example 10, 20, and 30 elements per wavelength (from left to right, 
respectively) based on the wavelength of a 1 MHz probe in steel. 

For wave propagation simulations, OnScale tech support suggested that there should be 16 to 
24 mesh elements per wavelength. For example, in a 2D model with a 1 MHz probe and a wave 
velocity of 5,743 m/s (0.2261 in./µs), the wavelength would be 5.74 mm (0.22 in.). If the mesh 
size used is 20 elements per wavelength, then each element would be 287 µm × 287 µm 
(0.0113 in. × 0.0113 in.). The element size can be considered the characteristic length of the 
simulation (i.e., the minimum size of any feature) with any features smaller than an element 
unresolved. It is important to remember that modeling in three dimensions dramatically 
increases the number of mesh elements and commensurately increases the computational 
demands of the model. For example, a 2D mesh at 20 elements per wavelength will result in 
400 mesh elements in a one-wavelength-wide square. A comparable 3D mesh will have 8,000 
mesh elements in a one-wavelength-wide cube. In testing, 3D simulations with more than 24 
elements per wavelength failed to complete due to memory limitations. However, 2D simulations 
with up to 64 elements per wavelength completed without issue. 

2.2.6 Pulse Waveform 

There are different methods to model an ultrasonic probe using FEM. A probe can be modeled 
by considering the individual piezoelectric transducer, backing, and housing  as described in 
Mostafa and Honarvar (2021). While this method can closely model the physical piezoelectric 
behavior of specific transducers, it represents added complexity for more general UT 
simulations. A simpler method to model a probe is to apply a transient pressure to the surface of 
the transducer element to imitate the response from a piezoelectric element, similar to the 
approach in CIVA. The pulse waveform, or “forcing function” in OnScale, can be defined in 
OnScale or generated in another program and imported as a text file. The default waveform is a 
Ricker wavelet generated using OnScale’s built-in function generator (Wang 2015). In OnScale, 
the function is generated by defining a center frequency, maximum amplitude, subwavelet 
number, phase shift, and time delay. Even after some testing, it was unclear what the 
subwavelet parameter controls so the default OnScale value of 4 was used. A 1 MHz Ricker 
wavelet in the time and frequency domains is shown in figure 2.5. Using the default subwavelet 
number, the pulse has a half-power (-6 db) bandwidth of 80% about the center frequency. 
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Figure 2.5 1 MHz Ricker Wavelet Pulse Waveform with a Default of Four Sub-Wavelets 

The top panel is the time domain, and the bottom is the frequency domain. In this 
example, the pulse has a 1 MHz center frequency and an 80% bandwidth at the 
half-power (−6 dB) level (indicated by the vertical dashed lines). 

The bandwidth determines the frequency range over which the probe is effective at transmitting 
and receiving. The bandwidth is measured by dividing the frequency range where the probe’s 
frequency spectrum is above 50% (−6 dB) of the by the center frequency. In the example in 
figure 2.5, the peak output is at 1 MHz and the 50% levels occur at 0.6 MHz and 1.4 MHz 
(indicated by the dashed lines), giving a range of 0.8 MHz. Then, 0.8/1.0 = 0.8, so the 
bandwidth is 80%. In general, high bandwidths provide better resolution but poorer penetration 
than narrow bandwidths. 

To simulate a UT probe, a pressure load driven by the pulse waveform is defined between the 
interface of the probe element and the contact material. For this study, the element material was 
defined as a void material, simply meaning that the density and wave velocity were set to zero. 
By exciting the element-material interface, an ultrasonic wave can be generated into the 
material. Figure 2.6 shows four timepoints of a velocity field generated by the pulse waveform in 
figure 2.5. Note that the corners of the probe element generated a surface wave propagating in 
the positive and negative x-directions for each corner (horizontal white arrows in figure 2.6). 
When a contact probe in pulse-echo configuration is simulated with no wedge delay, surface 
waves can appear as artifacts at a constant depth. 
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Figure 2.6. The Velocity Field at Four Timepoints from a 1 MHz Wave Generated Using the 

Forcing Function in Figure 2.5 across a 12.7 mm (0.5 in.) Element 
The wave front is indicated by a vertical white arrow and the surface waves 
generated by the edge of the probe element are indicated by horizontal white arrows 

 

2.2.7 Boundary Conditions 

Boundary condition (BC) definitions are critical for FEM, since they define the behavior of the 
simulation at the boundaries of the model. BCs must be explicitly defined in OnScale. The two 
BCs most important for UT simulations are free and absorbing. Free boundaries are free to 
vibrate and reflect the incident waves. Absorbing boundaries behave as an open boundary, 
meaning the wave propagates out of the model, which is equivalent to the wave being 
completely absorbed by the boundary. A propagating wave at an absorbing boundary has no 
reflections and no longer interacts with the model. Free and absorbing BCs can only be applied 
to the outer boundaries of a material and not at material interfaces. Note that in CIVA, the user 
can specify the number of skips or times the beam will reflect from a surface; that is, a surface 
can sometimes be reflecting and sometimes absorbing, depending on the number of skips the 
beam has made. The CIVA user can also determine whether or not interface reflections should 
be included. In OnScale, the reflecting properties of the beam cannot be directly controlled, only 
the surface that it interacts with. 

In FEM simulations, an absorbing BC does not always perfectly absorb a propagating wave. As 
the angle of incidence increases, or as the wave becomes closer to being parallel to the 
absorbing surface, not all the energy is absorbed. To illustrate this behavior, three beam 
simulations were performed with the probe defined in figure 2.4. First, a beam was placed at an 
oblique angle toward an absorbing BC. Second, an “absorbing” boundary was imitated by 
extending the model by one wavelength. By extending the model, it effectively created an open 
boundary and allowed the beam to leave the region of interest. Third, a reflecting BC was used 
for comparison. The velocity field from each simulation is shown in figure 2.7 from left to right, 
respectively. For the free boundary, the beam was reflected from the surface and propagated 
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back into the specimen, as expected. The absorbing boundary (left) should have given the 
same result as the imitated absorbing boundary (middle), since the absorbing boundary should 
simply truncate the beam. However, the simulation results appear different, with a portion of the 
beam propagating parallel to the surface. The behavior of the absorbing boundary is important 
to keep in mind when simulation results are being compared to an empirical beam map. For 
absorbing BCs, it is recommended that at least one wavelength of material be placed between 
the region of interest and the boundary to maintain accurate results. 

 
Figure 2.7 Velocity Field for a Probe on a 15° Wedge Using an Absorbing Boundary at Position 

0 (Left), an Imitated Infinite Boundary with an Absorbing Boundary at +λ (Middle), 
and a Free Boundary at 0 (Right) 
The faded region in the middle plot shows the actual extents of the model in 
comparison with the original model geometry. 

2.2.8 Data Outputs 

OnScale can save two types of simulation results: field data and history data. Field data is 
calculated by finding maximum or minimum properties of a mesh element through the entire 
duration of a simulation, such as the maximum pressure or velocity of the element. History data 
records the transient data at each timestep of the simulation, such as the acoustic pressure on 
the probe element. For the specific case of UT simulations, field data can record the beam 
profile while the history data can measure the time-amplitude response of a probe. Both types of 
data are used in this report. 

2.2.9 Beam Maps 

The acoustic pressure is a typical data output for UT simulations and can be used to visualize 
the sound field, referred to as a beam map. Longitudinal and shear waves can be defined. For 
longitudinal waves, the pressure load is defined normal to the probe element surface. For shear 
waves, the pressure load is defined parallel to the probe element surface to generate either a 
shear-vertical or shear-horizontal wave, depending on the orientation. For the following 
simulations, only longitudinal waves were modeled. 



PNNL-33625 

 

Review of OnScale  63 
 

The output data was explored in OnScale by comparing the sum of the longitudinal mode 
(OnScale’s evol field data) and the shear mode (OnScale’s ycrl field data) to the displacement 
field on the beam map of a 2.25 MHz probe with a 45° longitudinal wave. The model of this 
probe is discussed in section 2.5. Figure 2.8 shows the longitudinal mode, the shear mode, the 
superposition of the longitudinal and shear, and the magnitude of the displacement field. Burel 
et al. (2012) indicate that the sum of longitudinal and shear components should be equivalent to 
the displacement field. However, in figure 2.8 the combination gave a different result than the 
displacement field. For this work, the displacement field was used to evaluate beam maps and 
not the individual longitudinal or shear components. However, both metrics can be useful in 
classifying regions in the beam map as either longitudinal or shear modes. 

 
Figure 2.8 Comparison of the Longitudinal and Shear Modes of a Simulated Sound Field 

The combined image is the superposition of the longitudinal and shear modes. 
Results show that the combined longitudinal and shear modes are not equivalent to 
the displacement field.  

It is important that the data outputs are consistent when comparing results between different 
modeling platforms and empirical results. According to EXTENDE support, CIVA does not 
currently have the option to output pressure or stress variables for a beam simulation. 
Therefore, while a pressure load was used to generate the beam in OnScale, the velocity field 
was used to calculate the beam map. These results can also be directly compared to simulation 
results from CIVA and empirical measurements are shown in section 2.3.4 and 2.4.4. 
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2.2.10 A-Scan Data 

OnScale can also be configured to export history data, where simulation data are saved for 
each mesh element and for each timestep. Sampling rates on the order of 180 MHz occur 
during UT simulations, which can quickly consume large amounts of computational time and 
storage space. To minimize computational demands, only history data for mesh elements in the 
region of interest should be stored. For 2D simulations, this is less of a concern. However, for 
3D simulations, such as those discussed in sections 2.3 and 2.4, only the history data for the 
probe element should be saved when considering the beam profile. 

It is important to clarify that a probe modeled in OnScale will consist of many mesh elements. In 
order to accurately simulate the response across the entire face of the probe, the history data of 
all the mesh elements in that region must be averaged together. OnScale has a built-in function 
to calculate the average history data across a range of mesh elements. By taking this average, 
an A-scan can be recorded by measuring the average pressure across the probe for the 
duration of a simulation. For example, figure 2.9 shows an A-scan from a simple contact probe 
and the reflections from the back wall of a 25 mm (1.0 in.) specimen. The average pressure 
across the probe element was recorded for the 1 MHz 12.7 mm (0.5 in.) probe with the driving 
function shown in figure 2.5. The actual backwall reflections for a 25 mm (1.0 in.) depth and a 
wave velocity of 5,743 m/s (0.2261 in./µs) agree with the expected first and second backwall 
locations (solid vertical lines). The surface waves observed in figure 2.6 can also be seen in the 
A-scan and are highlighted by dashed boxes. 

 

 
Figure 2.9 Average Pressure on a 1 MHz 12.7 mm (0.5 in.) Contact Probe 

The expected backwall reflections for the given wave velocity of 5,743 m/s (0.2261 
in./µs) are shown with a vertical line. 

For simple simulations such as this, the surface waves could be background subtracted by 
performing a second simulation with an absorbing backwall rather than a free BC. Without the 
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backwall reflections, only the surface wave response would be measured. Unfortunately, 
background subtraction is not feasible for more complex simulations, such as a noisy material 
discussed in section 2.6. As of writing this report, no robust method for mitigating these surface 
waves has been developed by PNNL or offered by OnScale support. Two potential approaches 
to remedy this behavior could be: 

• Add a layer of damping material to the surface of the specimen to affect waves traveling 
parallel to the surface  

• Create a varying pressure field that decreases in amplitude at the edges of the probe to 
mitigate concentrated loads. 

Note that the surface waves are only problematic on contact probe simulations. For a probe with 
a wedge, such as in sections 2.3 and 2.4, the surface wave travels across the probe during the 
wedge delay and does not affect the final A-scan. 

2.2.11 Simulation and Computation Time 

For dynamic models, the length of time of the simulation, such as the time a wave is allowed to 
propagate, is the “simulation time.” Each simulation is computed as a series of discrete 
timesteps, or increments, so the simulation time is the timestep interval multiplied by the number 
of timesteps computed. The simulation is solved by incrementing through each time step and 
using the results from the first time step as the initial conditions for the next time step, and so 
forth until the entire solution is obtained. An appropriate simulation time is important to ensure 
that the wave propagates through a material for beam simulations and returns to the probe for 
flaw-response simulations. Too long of a simulation time, however, can result in spurious 
signals from slower mode conversions, such as shear responses or surface waves. Simulation 
time is not to be confused with the “computation time,” which is the time it takes for the 
simulation to be solved. If history data is being stored, then the simulation time can have a large 
impact on the computation time because more data must be stored. However, if only field data 
is needed, then the amount of data being stored remains constant and has a small effect on the 
computation time. Care should be taken to only store the necessary outputs for the region of 
interest. As the quantity of simulation data that is requested to be calculated and stored 
increases, the computational time also increases dramatically. Since OnScale is a cloud-
computing service, all data results must be downloaded from the remote high-performance 
computer. As the data output size increases, the time it takes to download and analyze results 
also increases. Note that if only field data are stored but later it is determined that history data 
are needed, the simulation will need to be rerun. Data cannot be retrieved retroactively. 

2.2.12 Summary 

OnScale UT simulations are fundamentally different than those using CIVA. OnScale has much 
more flexibility than CIVA, but this can be a double-edged sword. With added flexibility comes 
added complexity. OnScale defaults to always computing every interaction—all modes, mode 
conversions, and interface reflections. While CIVA has options to omit specific wave modes, 
neglect internal reflections, or ignore reflections from specific surfaces, all interfaces must be 
taken into account in OnScale. Factors such as the type of piezoelectric signal source, beam 
path, wedge damping, and mode-converted signals must always be considered in OnScale. 
Model development in OnScale Analysis also requires knowledge of SYMB, as the GUI offers 
limited flexibility. 
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2.3 Beam Model in an Isotropic Material 

The first model PNNL developed was of a TRL probe. The probe is based on a Sensor 
Networks, Inc. (SNI) 2 MHz TRL probe described in Harrison et al. (2020). As a preliminary 
simulation, an isotropic stainless-steel material was chosen with no defect or weld. The beam 
map was simulated in OnScale and compared to both CIVA and experimental results. 

2.3.1 OnScale Model 

2.3.1.1 Geometry 

The first model had dual 15 mm x 25 mm (0.6 in. x 1.0 in.) elements with a specified crossover 
depth in steel of 35 mm (1.4 in.) at a 45° refraction angle. The exact wedge parameters were 
proprietary and not specified in the probe documentation; however, SNI provided PNNL a CIVA 
xml file with the probe and wedge dimensions. Using the geometry in the xml file, an equivalent 
wedge model was designed in SOLIDWORKS and exported as a STEP file containing the probe 
element, wedge, and specimen geometry. Since only the beam profile was considered in this 
section and not a flaw response, only the transmitting half of the probe was modeled. Figure 
2.10 shows the transmitting element, wedge, and specimen geometry. The specimen size was 
125 mm x 20 mm x 60 mm (4.9 in. x 0.8 in. x 2.4 in.). 

 
Figure 2.10 3D Model of the Transmit Element of the 2 MHz TRL Probe with the Element 

(Yellow), Wedge (Aqua), and Specimen (Gray) 
Note that only a portion of the specimen is shown. 

There are a couple useful things to keep in mind when loading in CAD models into OnScale. 
First, it is possible to select a portion of the model. Practically, this means that a larger 
specimen geometry can be modeled and then a subset of it can be selected for creating 
different shaped geometries. For example, if one is starting with a specimen model with a 
thickness of 100 mm (3.9 in.) but then a specimen that is only 25 mm (1 in.) is needed, the 
simulation boundaries can be limited to the appropriate depth instead of creating an entirely new 
specimen. This can save time by not needing to redesign a model. 

Second, the same coordinate system used in SOLIDWORKS is used in OnScale, including the 
x, y, and z orientations and coordinate system origin. To simplify setting the boundaries and 
requesting data outputs, the origin can be set at the wedge exit point such that the desired 
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sound field occurs at y = 0 and the point of incidence of the beam entering the material occurs 
at x = z = 0.  

2.3.1.2 Material 

Once the geometry was loaded into OnScale, specific material properties were assigned to 
each part in the assembly. An isotropic material is typically defined by the density and the shear 
and longitudinal modulus. However, since the relationship between wave velocity and elastic 
stiffness is well known, OnScale (like CIVA) allows the user to define the density and wave 
velocity. The material properties used for the simulation are shown in table 2.1. The probe 
element was defined as having no density or wave velocity in order to create a simple material 
interface between the probe element and specimen where the pulse originates. The wedge 
material was defined using CIVA’s default properties for plexiglass, and the specimen’s 
properties were taken from CIVA’s default values for 1020 carbon steel. 

Table 2.1 Material Properties Used for 2 MHz TRL Beam Simulation 

Material 
Density 
(g/ml3) 
[lb/in.3] 

Long. Wave 
Velocity (m/s) 

[in./µs] 

Shear Wave 
Velocity 

(m/s) [in./µs] 
Element 0 [0] 0 [0] 0 [0] 

Wedge 1.180 
[0.0426] 2,736 [0.108] 1,320 [0.052] 

Specimen 7.800 
[0.2818] 5,900 [0.232] 3,230 [0.127] 

2.3.1.3 Boundary Conditions 

The model was designed to imitate the empirical setup for acquisition of a sound field on the 
side of a specimen. Figure 2.11, duplicated from Jacob et al. (2020), shows the experimental 
setup using a laser vibrometer to acquire a side view (B-scan) sound field map. The same 
geometry was chosen for the model, where the probe midplane was placed on the edge of the 
specimen model. 

 
Figure 2.11 Experimental Setup to Measure the 2 MHz TRL Probe Beam Map on Specimen 

19C-358-1 with a Laser Vibrometer 
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The model and BCs are shown in figure 2.12. The BCs were set to be absorbing for all surfaces 
except for the specimen face, which was set to be free (reflective). The inner surface with a free 
BC was equivalent to the surface where the empirical laser vibrometer measurements were 
made. Absorbing BCs terminate the sound field upon impact with the boundary, which reduces 
computation time since reflected waves are not calculated. Absorbing BCs can also reduce 
artifacts. For example, such boundaries were placed on the front and inner surfaces of the 
wedge to mitigate internal reflections that can enter the specimen material and create spurious 
signals. This can be avoided with absorbing boundaries in the wedge. 

 
Figure 2.12 Element, Wedge, and Specimen Configuration Used in OnScale (Specimen Not to 

Scale) 
The specimen face had a free (reflective) BC and the other boundaries were 
absorbing. 

2.3.1.4 Mesh Size and Data Outputs 

A mesh density of 20 elements per wavelength was used resulting in a mesh element size of 
147.5 µm x 147.5 µm x 147.5 µm (0.0058 in. x 0.0058 in. x 0.0058 in.). The velocity field data at 
the specimen face was selected as the output. The data were stored to a MATLAB file 
containing Cartesian coordinates for each data value and the maximum y-velocity components 
for each node. For the given mesh size and part size, the data file size was 10 MB. For 
comparison, the file size for the full 3D data output would be approximately 1–2 GB. 

2.3.1.5 Simulation Time and Computation Time 

The simulation time needed for the full beam can be calculated by considering the wave velocity 
and beam path. The beam travels through the 14 mm (0.6 in.) wedge geometry in 5.1 µs and 
propagates at a 45° angle through the 50 mm (2.0 in.) thick specimen in approximately 14.7 µs 
for the refracted longitudinal wave. Since only the longitudinal wave was of interest for the 
current TRL probe, a total simulation time of 20 µs was chosen to ensure that the longitudinal 
mode can fully propagate through the medium. Note that the refracted shear wave velocity is 
about half that of the longitudinal wave and therefore will not fully propagate through the region 
of interest before the simulation completes. 

For dynamic problems, the time increment between each step is related to the size of the mesh 
elements and the wavelength of the highest frequency present in the simulation. While the time 
increment can be manually set, the default value was used, which was observed to be 25 times 
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the frequency of the probe. For a 2 MHz center frequency, the time increment was observed to 
be 0.02 µs/step or 50 MHz. A total of 1019 steps were needed to simulate a 20 µs elapsed time. 

The simulation consumed 536 CPU minutes across 32 cores (16.75 minutes per core) and a 
total of 14 GB of RAM. The total computation time, including saving the data outputs, was 24.3 
minutes. By comparison, an equivalent simulation in CIVA took approximately 1 minute. Note 
that CIVA allows 2D simulations with a beam propagating from outside the computational 
region. OnScale’s 2D simulations cannot consider forcing functions outside the 2D 
computational region, and a more computationally intensive 3D simulation must be performed 
even though just the data from a 2D plane are saved. There are significant computational 
differences between OnScale’s FEM approach and the ray-tracing approach used by CIVA. 
Whether one approach is more time efficient than the other depends strongly on the specimen 
and model parameters. For example, CIVA takes longer to compute solutions in complicated 
geometries, such as those with detailed microstructure, while OnScale computation time is 
affected by parameters such as the mesh element size and the number of time steps. 

2.3.2 OnScale Results 

Beam maps were constructed from the simulation output using MATLAB. Figure 2.13 shows the 
velocity magnitude (left) and the y-component of the velocity (right); the y-component is in and 
out of the page. The y-component of velocity is shown so that the simulation results can be 
directly compared to the empirical measurements. It is important to note that the crossover 
depth is functionally identical for both beam maps. The expected 45° path of the beam center is 
shown by the dashed line, and the position of peak intensity is indicated by solid horizontal and 
vertical lines. The refracted shear wave is indicated by a white arrow. Since shear waves travel 
slower than the longitudinal component the wave is truncated due to the simulation time 
selected. 

 
Figure 2.13 OnScale Beam Map for 2 MHz TRL with Velocity Magnitude (Left) and Y-

Component of Velocity (Right) 
The y-component is in and out of the page and the refracted shear wave is indicated 
by a white arrow. 

The beam’s far-field shown in the velocity magnitude image is essentially identical to that in the 
y-component image. This suggests that measuring a single velocity component, such as 
experimentally with the laser vibrometer, is a good representation of the velocity field. The near-
field responses differ, but near-field differences should be inconsequential, because only the far 
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field of this conventional TRL probe should be used for inspections. Note that the mode-
converted shear wave is indicated by a white arrow and can be observed to the left of the main 
longitudinal beam. Since the simulation time was calculated based on the longitudinal wave 
velocity, the slower shear wave did not fully propagate through the entire region of interest. 

The simulated beam appeared to have a slightly steeper refraction angle than the expected 45° 
(shown by the dashed line). This angle is affected by the wedge and specimen properties. 
OnScale does not provide predictions of the expected ray path outside of executing the 
simulation. By comparison, CIVA provides an on-the-fly prediction of the refracted angle and 
beam path. CIVA calculated that the beam angle for this scenario was 47.5° rather than 45°, 
and it appears the OnScale’s calculation was comparable to CIVA’s. 

2.3.3 CIVA Results 

An equivalent simulation was also performed in CIVA with the same material, probe, and wedge 
parameters. While CIVA is a semi-analytical solver and doesn’t use a mesh like OnScale, it 
does include an “accuracy factor” that is analogous to the mesh resolution. CIVA defaults to an 
accuracy factor of 1, but a factor of 4 was used. CIVA allows the user to turn on or off wave 
modes or mode conversions, so only the longitudinal wave was calculated. For beam 
simulations, CIVA defaults to calculating the beam with the Transmit/Receive (T/R) option,1 
which includes contributions from both transmit (T) and receive (R) probes to determine the 
expected sensitivity of the probe. CIVA also allows either T or R probes to be modeled 
individually. Since only the half of the probe was modeled in OnScale and used in the 
experimental beam mapping, the T-only option represents the most comparable setup.  

By default, the displacement field is calculated in CIVA for a beam simulation. However, CIVA 
also allows for post-processing calculation of the velocity, scalar potential, and vector potential. 
By inspection, the displacement and velocity fields in CIVA are nearly identical to each other. To 
compare to OnScale and experimental results, only the velocity field was considered. Figure 
2.14 shows the y-component from CIVA calculated with T-only (left), and the result from 
OnScale (right). The CIVA T-only and OnScale results had qualitatively similar beam profiles, 
particularly in the far field.  

 
1 The following was received from EXTENDE support regarding the T/R option: “The beam at Transmission 
corresponds to the ultrasonic beam which is directly radiated by the probe. The beam at Reception corresponds to 
the ‘sensitivity field’ of the probe, meaning the area where the probe is most sensitive in terms of detection/reception 
mechanisms. Such a beam fits with the transmitted beam according to Auld reciprocity theorem under some satisfied 
assumptions. The beam at Transmission/Reception results then from the combination (convolution) of both 
phenomena, which explains its narrower shape.” 
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Figure 2.14   Simulated Beam Maps for the 2 MHz TRL Probe 
Left: CIVA velocity y-component with T-only option. Right: OnScale velocity y-
component with only the transmit probe. 

2.3.4 Experimental Results 

As a final comparison, experimental beam maps from Jacob et al. (2020) were revisited. A laser 
vibrometer was used to empirically measure the beam map of the 2 MHz TRL probe that both 
CIVA and OnScale models were based on earlier; the experimental setup is shown in figure 
2.11. Specimen 19C-358-1, a 76 mm (3.0 in.) thick stainless-steel plate, was used. The transmit 
element of the probe was placed on the material with the midpoint of the probe centered on the 
edge of the plate. The vibrometer was set to measure the out-of-plane velocity (y-component). 
The beam map was measured by scanning across the specimen face using a 128-sample 
average. The time-domain data were volumetrically merged to display the maximum velocity 
field. Figure 2.15 shows the beam map with a 2D Gaussian filter applied to reduce noise. 

Figure 2.15 Out-of-Plane Velocity (B-Scan Side View) of the 2 MHz TRL Probe on 19C-358-1 
Using the Laser Vibrometer 
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To facilitate comparison, contour maps were constructed using the OnScale, CIVA, and 
empirical measurements (see figure 2.16). All three measurements show qualitative agreement 
with each other. OnScale showed similar behavior for the far-field response to that of CIVA. 
However, the empirical measurements showed that the −6db region (yellow) extends further into 
the material than in either simulation. Overall, the three beam maps show agreement on the 
near-field/far-field transition depth (horizontal lines in the figures). This depth is centered at an 
approximate depth of 22–24 mm (0.87–0.94 in.) in all three cases. However, the near-field 
behavior exhibited in the empirical results was not fully captured in either simulation. 

 
Figure 2.16 B-Scan Beam Maps Showing Contour Lines for OnScale (Left), CIVA (Middle), 

and Empirical Measurements (Right) 
Amplitudes above −3 dB are orange, −3 to −6 dB are yellow, −6 to −9 dB are 
green, and −9 to −12 dB are blue. Amplitudes below −12 dB are not shown. 

2.3.5 Summary 

Simple beam maps (B-scan side views) through isotropic material computed in OnScale were 
compared to similar simulations in CIVA and to empirical beam maps acquired with a laser 
vibrometer. The following observations were made: 

• Beam maps calculated in OnScale and CIVA were qualitatively similar, with the largest 
differences seen in the near field. This difference should be inconsequential since inspections 
should be done in the far field of this probe. The overall shape and extent of the sound fields 
were similar. 

• The empirical beam map showed scatter and noise, but the general shape of the sound field 
was comparable to both simulations. 

• OnScale simulations of the sound field through isotropic material required significantly more 
time and computing power than comparable CIVA simulations. OnScale computing time is 
strongly affected by the mesh density, particularly for 3D simulations. 

• The BCs play an important role in accurately simulating a beam map in OnScale. 
Appropriately placed absorbing BCs can help properly form a beam and mitigate artifacts 
from undesired secondary internal reflections, such as in the wedge. 

• When comparing beam maps from various sources, such as different simulation software and 
empirical measurements, it is important to use the same metrics. For example, CIVA defaults 
to showing the magnitude of the displacement field while the laser vibrometer measures the 
out-of-plane component (y-component) of the velocity. While these are functionally similar in 
the far field, they do result in differences in the near field and with beam spread. For the most 
accurate comparisons, the same data type must be used—in this case the out-of-plane 
velocity. 
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2.4 Beam Model in an Austenitic Weld 

Ultrasonic inspections, especially those through austenitic welds, often deal with complex 
microstructures that can affect a propagating beam and the resulting inspection. Accurately 
modeling beam behavior through welds is difficult. Previously, PNNL conducted various 
simulations with CIVA in austenitic welds. Dib et al. (2018) performed beam simulations using 
the Ogilvy weld model in CIVA. It was demonstrated that the Ogilvy model did not produce 
beam scatter or attenuation. Jacob et al. (2020) and Jacob et al. (2022) described the 
development and implementation of a weld model based on empirical EBSD data. Various 
beam simulations were performed using the EBSD data, and the results were compared to 
empirical beam maps measured through the actual weld. In this section, PNNL applied the 
same weld model in OnScale. The results of the OnScale model were compared to those of the 
CIVA model and the empirical scans. 

2.4.1 OnScale Model 

2.4.1.1 EBSD Data and Material Properties 

In Jacob et al. (2020), EBSD data were collected on the austenitic weld in specimen 3C-022. 
Figure 2.17 shows a cross-section view of the specimen (left) and the magnitude of the EBSD 
data. The specimen consisted of Schedule 80, ASTM A358 Grade 304 WSS, while the weld 
was 308/308L stainless steel. The exposed-side surface of the specimen was polished and 
chemically etched to reveal the microstructure, and the outer curvature of the pipe was 
machined flat to ensure a probe could sit perpendicular to the cut edge of the pipe for beam 
mapping with the laser vibrometer. The EBSD data were collected on the side of the specimen 
with 4 µm (1.6 × 10-4 in.) resolution. This resolution was too fine to be practically used in CIVA 
or OnScale. Thus, the data were downsampled into three models of different grain sizes: 
256 µm x 256 µm (0.010 in. × 0.010 in.), 512 µm × 512 µm (0.020 in. × 0.020 in.), and 1,024 µm 
× 1,024 µm (0.040 in. × 0.040 in.). The coarsest downsampled model was used for the CIVA 
simulations and the OnScale simulations. 

 
Figure 2.17 Cross-Sectional Weld View for Mockup 3C-022 Containing an Austenitic Weld 

(Left) and the Corresponding EBSD Data Collected (Right) 
These figures were taken from Jacob et al. (2020). 

The Euler angles collected from the EBSD data were in the Bunge reference frame. 
Unfortunately, OnScale and CIVA both use different reference frames to define material 
orientations. Therefore, the EBSD data were transformed into the appropriate reference frame 



PNNL-33625 

 

Review of OnScale  74 
 

for OnScale so that the same grain orientations could be used in OnScale and CIVA. The 
method for doing the transformation is described in appendix B of Jacob et al. (2022). In short, 
for a given set of Euler angles α, β, and γ, the Bunge convention rotates the reference frame of 
the grain around the z-axis by α, then the new x-axis (labeled x′) by β, and finally around the 
new z-axis (z′) by γ. Since the rotation occurs in the order of z-x′-z′, the final y-axis is rotated 
three times (indicated by y′′′). On the other hand, the OnScale convention rotates the reference 
frame around the x-axis, then the new y-axis (y′), then the new z-axis (z′′). Since each axis is 
rotated once, the final reference frame is indicated by x′′, y′′, and z′′. Figure 2.18 shows an 
example of the reference frame (black) undergoing different Euler rotations in the Bunge and 
OnScale conventions. Different Euler angles must be used in each convention to achieve the 
same final orientation (yellow). Therefore, it is critical to be able to convert the Euler angles from 
one convention to another if one wants to use the same model in different modeling software 
packages. 

 

 
Figure 2.18 Bunge and OnScale Coordinate Transformations to Achieve the Same Final 

Orientation (Yellow) 

Models in section 2.3 were of isotropic materials, which exhibit the same elastic stiffness 
regardless of crystalline orientations. Anisotropic materials, however, exhibit different elastic 
stiffness depending on the grain orientations. Practically, this means an elastic wave will 
propagate differently depending on the direction it is traveling through the material. The parent 
material was defined as being the same isotropic material as in section 2.3. The weld material 
was defined as an anisotropic material. The anisotropic elastic constants C (in gigapascals, or 
GPa) that were assigned to each region of the weld material are shown below; the material had 
an orthotropic symmetry. These were the values that were used in the original CIVA models. 
The Euler angles were then added to define the orientation of each region. 

 

C=

⎣
⎢
⎢
⎢
⎢
⎡
c11 c12 c13 c14 c15 c16
c21 c22 c23 c24 c25 c26
c31 c32 c33 c34 c35 c36
c41 c42 c43 c44 c45 c45
c51 c52 c53 c54 c55 c56
c61 c62 c63 c64 c65 c66⎦

⎥
⎥
⎥
⎥
⎤

= 

⎣
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⎢
⎢
⎢
⎡
260 120 140 0 0 0
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⎥
⎥
⎥
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To import the transformed EBSD data into OnScale, the data were partitioned into two files. 
First, the Euler angles were stored as a csv file and loaded into a data array using the data 
intext command. Second, the location in the model that corresponds to each Euler angle was 
imported and defined in OnScale. This can be done using a material table and the site table 
command. The basic format of the table is specified in the OnScale documentation. It includes a 
list of the Cartesian coordinates and a number identifier for each material within the grid. A 
MATLAB script was written to create the necessary csv files. Because the weld model was 
inherently 2D, it was extruded into the third dimension, as was done in CIVA. Figure 2.19 shows 
the model geometry with the probe and each weld grain represented by a different color. The 
colors here are for convenience only—to distinguish the different parts of the model—and do not 
represent any particular Euler angle orientations or material properties. 

 
Figure 2.19 OnScale Model with EBSD Weld Data 

The transformed Euler angles and elastic constants for each region in the EBSD weld were then 
applied to the corresponding regions of the weld. After the OnScale weld model was completed, 
the Euler angles were compared with those of the original EBSD data and the CIVA model to 
ensure that the proper angles and regions were assigned. 

As an aside, the site table command includes the option for providing a global shift to the 
coordinates in the material table. If a shift is defined, the weld can be moved either closer or 
farther away from the probe. Therefore, a single material table can be used to generate multiple 
beam simulations with the probe at different locations with respect to the weld. OnScale allows 
a parameter sweep (parametric study) of specific variables by using the symbx variable 
declaration. By creating a scan variable, the range and resolution of the scan can be controlled. 

2.4.1.2 Mesh 

The size of the mesh elements, or mesh density, used in OnScale can be thought of as the 
resolution of an image. That is, nothing in the simulation that is smaller than a single element 
can be resolved. For UT simulations, the mesh size should be defined in terms of the 
wavelength. According to OnScale support, as a rule of thumb, there should be at least 15 mesh 
elements per wavelength. For the current simulation, a mesh resolution was selected as 20 
elements per wavelength. Using this method for defining the mesh resolution resulted in an 
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element size of 147.5 µm x 147.5 µm x 147.5 µm (0.00581 in. x 0.00581 in. x 0.00581 in.). This 
is seven elements per grain in the weld model, so each grain should be well resolved. 

2.4.1.3 Computation and Simulation Time 

The current simulation had a 37 mm (1.4 in.) depth instead of the 60 mm (2.4 in.) depth in the 
previous simulation, so the overall computational time was reduced. It was estimated that the 
beam travels through the 14 mm (0.6 in.) wedge geometry in 5.1 µs and to the 37 mm (1.46 in.) 
backwall in 8.9 µs. A simulation time of 17 µs was used to capture the entire longitudinal beam 
profile. 

The OnScale simulation required 203 CPU minutes and 5.7 GB of RAM to complete the beam 
simulation. The entire simulation was completed in 7.8 minutes using 32 cores. For comparison, 
CIVA completed an equivalent simulation with a 24-core computer in approximately 50 minutes. 
As mentioned in section 2.3.1.5, the efficiency of the different modeling platforms depends 
strongly on the complexity of the model and other parameters. 

2.4.2 OnScale Results 

Three simulations were run with the 45° beam path being focused at −10 mm (−0.4 in.), 0 mm 
(0 in.) and 10 mm (0.4 in.) from the WCL. To allow for direct comparison to the experimental 
results from the laser vibrometer, the out-of-plane velocity in OnScale was selected as the data 
output. Figure 2.20 shows the beam map for each scenario. For the −10 mm (−0.4 in.) 
simulation, the beam map is similar to that of the isotropic beam map modeled in figure 2.13. 
However, as more and more of the beam enters the weld for the 0 mm (0 in.) and 10 mm 
(0.4 in.) simulations, there is greater scattering from the weld. Each beam map is normalized to 
the highest intensity beam map. The mode-converted shear wave is indicated by the white 
arrow in each beam map. This is another example of how minimizing the simulation time can 
reduce unwanted signals. 

 

 
Figure 2.20 Out-of-Plane Velocity from OnScale Simulations with the Probe at Different 

Locations with Respect to the Weld 
Each panel is normalized to the maximum signal intensity (middle panel). The weld 
is outlined by the solid line and the intended beam path is shown by the dashed 
line. 
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2.4.3 CIVA Results 

Three simulations were performed in CIVA with the same parameters as the OnScale 
simulation. Figure 2.21 shows the three beam maps for each offset; only the longitudinal wave 
was calculated. While the −10 mm (−0.4 in.) CIVA and OnScale beam maps are similar, the 
other beam maps show significant differences in the scatter pattern from the weld. CIVA’s beam 
map has high-amplitude “streaks” that tend to diverge from the main beam, whereas the scatter 
in OnScale is not streaky and has a “globular” appearance. For the 10 mm (0.4 in.) image, the 
CIVA simulation shows that some of the sound energy does penetrate through to the far side of 
the weld, similar to what is observed in the respective OnScale simulation. 

 

 
Figure 2.21 Out-of-Plane Velocity from CIVA Simulations with the Probe at Different Locations 

with Respect to the Weld 
Each panel is normalized to the maximum signal intensity (right panel). 

2.4.4 Empirical Results 

Beam maps were collected from specimen 3C-022 using the laser vibrometer, as described in 
Jacob et al. (2022). The laser vibrometer was configured to measure the out-of-plane velocity 
(y-component) on the edge of the specimen. The data were gated to exclude backwall 
reflections. Beam maps were collected for the probe focused at −10 mm (−0.4 in.), 0 mm (0 in.), 
and 10 mm (0.4 in.) from the WCL. Figure 2.22 shows the empirical beam map for each wedge 
position. 

 

 
Figure 2.22 Out-of-Plane Velocity from Laser Vibrometer Measurements with the Probe at 

Different Locations with Respect to the Weld 
Each panel is normalized to the maximum signal intensity (right panel). 
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The beam map appeared largely unaffected at the −10 mm (−0.4 in.) position, as expected. As 
the beam penetrated deeper into the weld, it was distorted and scattered. The beam appeared 
to preferentially travel along the weld grains, which were largely oriented vertically, creating 
“spikes” in the upper region of the beam. It is important to note that the austenitic weld model 
derived from the EBSD data does not faithfully retain the grain shapes, so the observed 
phenomenon of the sound following the grains was not predicted by the simulations.  

The weld model used squares to represent the grains because (1) square grains facilitate 
downsampling and scaling of the EBSD data to different grain sizes without affecting the 
integrity of the model, and (2) square grains simplify implementation of the model by making 
grain indexing and positioning straightforward. Furthermore, meshing square grains in OnScale 
is ideal because of the rectangular prism mesh type used—meshing irregularly-shaped grains in 
OnScale would result in distortion to the grain boundaries, as discussed in section 2.2.5, and 
require very high mesh densities. More realistic weld grains could be implemented in a model, 
but the question of whether or not it is worth the effort should be considered. In part 1.0 of this 
TLR, the effect of the same weld model on flaw-response simulations was explored in depth. It 
was concluded that implementing a “realistic” weld model may not be the best use of resources 
in flaw-response simulations because actual weld microstructures—grain sizes, shapes, and 
orientations—are random and unpredictable. Creating a new weld model to accurately capture 
the microstructure at every scan position is unfeasible. However, other parameters, such as flaw 
depth and tilt, play a critical role and are easily parameterized. 

2.4.5 Summary 

The EBSD-based weld model used previously in CIVA simulations was implemented in 
OnScale. The OnScale results were compared to results from CIVA and empirical beam scans. 
Overall, the empirical beam profile appears to agree better with the OnScale simulation than 
with the CIVA simulation. The results from OnScale show the beam propagating along the beam 
path somewhat uniformly as in the empirical case, whereas the results from CIVA do not appear 
as a coherent beam in the weld and show scattering streaks diverging from the beam path. The 
reasons for the differences are unclear, but it should be remembered that the two modeling 
platforms take significantly different approaches to simulating sound fields. Results of section 
2.3 suggest that simple models through isotropic materials may be best handled in CIVA (due to 
speed, ease of use, and accuracy), whereas complex models with intricate grain structures may 
be better handled by an FEM platform. OnScale simulations required less time to complete than 
a comparable CIVA simulation when using a complex geometry, such as an austenitic weld. 
While simple CIVA simulations can run rapidly, the computational cost increases dramatically 
when complex geometries are modeled. OnScale, on the other hand, has a relatively higher 
computational cost for simple simulations, but that cost does not increase as dramatically with 
increased model complexity, as long as the mesh density is essentially unchanged. 

2.5 Flaw-Response Model in an Isotropic Material 

In this section, a flaw-response model in OnScale was tested. For the models discussed in 
sections 2.3 and 2.4, only a single simulation was solved to generate a beam map. However, to 
simulate a B-scan flaw response, multiple A-scan simulations must be performed, one for each 
probe position. For example, a 50 mm (2.0 in.) scan with 0.5 mm (0.02 in.) resolution in the scan 
direction requires a total of 101 simulations to form the B-scan. With 3D simulations in OnScale, 
such models quickly become computationally expensive. To reduce the computation cost, 2D 
simulations were performed using single-element 2.25 MHz and 5.0 MHz probes previously 
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modeled in Dib et al. (2017). Simulation results were then compared to the empirical results 
shown in Dib et al. (2017). 

2.5.1 OnScale Model 

2.5.1.1 Probe and Wedge 

Two conventional probes with circular elements were modeled in OnScale. Each probe had a 
diameter of 12.7 mm (0.5 in.), a −6 dB bandwidth of 40%, and a center frequency of either 
2.25 MHz or 5.0 MHz. A wedge was also modeled with a 19.24° angle for 45° refracted 
longitudinal waves in steel. Table 2.2 shows the probe and wedge parameters used in the 
OnScale model. Because of the probe circular symmetry, the models were made in 2D. 

Table 2.2 Probe and Wedge Properties for the 2.25 MHz and 5.0 MHz Longitudinal Probes 

Probe 

L1  
(mm) 
[in.] 

L2 
(mm) 
[in.] 

L3 
(mm) 
[in.] 

L4 
(mm) 
[in.] 

Angle 
(deg) 

VL  
(m/s) 

[in./µs] 

VS  
(m/s) 

[in./µs] 

Density 
(g/ml3) 

[lb/ft3] 

Diameter 
(mm) 
[in.] 

Freq. 
(MHz) Mode 

1 26.6 
[1.05] 

18.4 
[0.72] 

28 
[1.10] 

26.6 
[1.05] 

19.24 2680 
[0.1055] 

1320 
[0.0520] 

1.180 
[0.0426] 

12.7 
[0.5] 

2.25 L 

2 26.6 
[1.05] 

18.4 
[0.72] 

28 
[1.10] 

26.6 
[1.05] 

19.24 2680 
[0.1055] 

1320 
[0.0520] 

1.180 
[0.0426] 

12.7 
[0.5] 

5.0 L 

L1, L2, L3, and L4 are CIVA wedge dimensions of the front length, back length, width, and height, 
respectively. L1, L2, and L4 are measured from the beam exit point. VL and VS are the 
longitudinal and shear sound speeds. For the 3D OnScale models, the wedge geometry used in 
CIVA was modeled in SOLIDWORKS and imported into OnScale. However, for 2D models, it is 
generally more efficient to model the wedge directly in OnScale using the cad poly command to 
make the element and wedge geometry and the cad blok command to generate the specimen 
and flaw. The cad poly command allows Cartesian coordinates to specify a 2D geometry. The 
cad blok command allows for two coordinates to define a rectangular region. Figure 2.23 shows 
the element (green), wedge (blue), and the specimen (aqua). Trigonometric functions built into 
OnScale were used to calculate the eight corners of the probe element and five corners of the 
wedge based on the CIVA parameters. 

 
Figure 2.23 2D Model of the 12.7 mm (0.5 in.) Diameter Element (Green), Wedge (Blue), and 

Specimen (Aqua) 
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The probe and flaw locations can be programmatically controlled using a parameter sweep. A 
parameter sweep allows the user to perform a parametric study, as OnScale allows specific 
parameters to be defined with, or to “sweep” through, multiple values. When the simulation is 
submitted to the cloud solver, a simulation is then performed for each value of the parameter. 
For the current model, a scan variable was defined that corresponded to the location of the 
wedge relative to the flaw. 

2.5.1.2 Specimen 

A 15.4 mm (0.61 in.) thick stainless-steel plate with a notch reflector was modeled. The model 
was based on Plate 1-E in Dib et al. (2017). Table 2.3 shows the plate and flaw properties used 
in the simulations. 

Table 2.3 Specimen and Flaw Properties 

Specimen 

Width 
(mm) 
[in.] 

Depth 
(mm) 
[in.] 

cL 
(m/s) 

[in./µs] 

cS 
(m/s) 

[in./µs] 

Density 
(g/ml3) 

[lb/in.3] Flaw 

Width 
(mm) 
[in.] 

Depth 
(mm) 
[in.] 

Plate 1 102 
[4.02] 

15.4  
[0.61] 

5743 
[0.226] 

3133 
[0.123] 

8.000 
[289] 

1-E 0.43 
[0.027] 

6.9 
[0.27] 

A simple beam simulation was executed using the probes defined in table 2.2 and material 
properties defined in table 2.3. The beam map for each probe is shown in figure 2.24. Here, the 
specimen thickness was extended to 60 mm (2.36 in.) to show the beam deep into the far field. 
The beam maps in sections 2.3 and 2.4 were calculated from the out-of-plane component of the 
velocity field. However, for 2D simulations, the out-of-plane component is not calculated. 
Instead, the pressure field was used to calculate the beam map. 

 
Figure 2.24 Pressure Beam Map for 12.7 mm (0.5 in.) 2.25 MHz (Left) and 5.0 MHz (Right) 

Probe 

2.5.1.3 Data Outputs 

Sections 2.3 and 2.4 discuss the beam maps constructed from field data, which calculates the 
maximum value at each node for all time steps. For flaw simulations, the history data, which 
stores the data information for each step, was saved. For example, the maximum value of the 
velocity field data is stored for the specified nodes across all time steps. The velocity history 
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data instead stores the velocity of the specified nodes for each time step. For recording the flaw 
response, the average pressure across the element-wedge boundary can be recorded for each 
time step, which effectively results in an A-scan being recorded. If multiple simulations are 
performed, the A-scans can be combined to form a B-scan. 

2.5.1.4 Mesh 

For 3D simulations, a mesh size of 20 elements per wavelength was used. 2D simulations are 
less computationally expensive, so a finer mesh can be used without greatly increasing the 
computational cost. Mesh sizes of 24 to 64 elements per wavelength were tested. Figure 2.25 
shows the average amplitude response (pressure in arbitrary units) for the 2.25 MHz probe for 
different mesh densities, where N is the number of elements per wavelength. Using fewer mesh 
elements resulted in noisier signals; the highest SNR was achieved with mesh sizes of N=64. 
Therefore, a mesh size of 64 elements per wavelength was used. 

 
Figure 2.25 Average Pressure Amplitude across the Element on the 2.25 MHz 12.7 mm 

(0.5 in.) Transducer 
The amplitude response for various mesh sizes is shown, where N is the number 
of elements per wavelength. Pressure is given in arbitrary units (a.u.). 

2.5.1.5 Inspection 

To perform an inspection, the wedge is typically moved over the specimen with A-scans 
recorded at regular increments. Originally, this same approach was used in OnScale. It was 
observed, however, that the flaw response in the simulation was highly sensitive to changes in 
the probe mesh, which changed with the probe position. When a new geometry is generated in 
OnScale (such as when the probe is moved from one position to the next), it is discretized into a 
new mesh, which results in small variations, even with a high mesh density. Such variations 
caused noticeable artifacts in the final B-scans, because the model used an average of 
elements on the element/wedge interface but the location or number of nodes should be 
constant. To remedy this, the probe was left stationary while the flaw location was shifted 
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relative to the probe. Since the flaw was vertical and planar, there were no meshing issues. In 
short, instead of moving the probe over a flaw, the flaw was shifted underneath the probe.  

To perform an inspection in OnScale, a parameter sweep was performed for different flaw 
locations. A parameter sweep in OnScale is similar to a variability study in CIVA and can be 
done by declaring a flaw location variable with multiple values using the symbx command. The 
range of the variable controls the length of the scan (what would be equivalent to the start and 
stop positions of the probe), while the increment controls the resolution of the scan. The range 
and increment of any symbx parameter sweep variable can be declared when the simulation is 
submitted to OnScale’s cloud computer. To match empirical scans, a scan resolution of 0.5 mm 
(0.02 in.) was selected with a range to cover a beam path of 25 mm (1 in.) on either side of the 
flaw. 

2.5.1.6 Computational Time 

With the specified resolution and scan length, a total of 101 A-scan simulations were performed. 
For a mesh size of 64 elements per wavelength, a single simulation consumed 22.5 CPU 
minutes and 300 MB of RAM. The entire 101-simulation inspection consumed 37.8 CPU hours 
and was completed in approximately 5 minutes using a 32-core allocation. This represents a 
computationally expensive simulation compared to that of CIVA, where the simulation was 
calculated in less than one minute. (Note: This simulation also represents an expensive 
simulation in an absolute sense. OnScale is not licensed; rather, the user purchases an annual 
core-hour allocation. This one simulation represented nearly 0.2% of PNNL’s annual OnScale 
core-hour subscription. The flaw-response simulation work described in part 1.0 of this TLR 
would not have been financially feasible in OnScale since over 600 B-scan simulations were 
performed, which would have exceeded the 20,000 annual core-hour allotment that PNNL 
purchased.) 

2.5.1.7 Post Processing 

Once the simulations were completed, the raw A-scan data had to be reconstructed to form a B-
scan. A MATLAB script was written to combine the 101 different A-scans into a single image. 
The wedge delay was calculated by finding the peak amplitude of the driving function and the 
maximum amplitude response at the incident location between the wedge and material. Next, 
the time-amplitude response was converted to a time-distance response by using the 
longitudinal wave velocity of the material. Finally, the B-scan was volumetrically corrected to 
account for the 45° angle of refraction. 

2.5.2 Results 

The OnScale volume-corrected B-scans are shown in the top row of figure 2.26. The vertical 
and horizontal lines cross at the expected location of the notch reflection. The tip reflection 
occurred as expected at approximately 7 mm (0.3 in.) above the notch reflection. Further out in 
time (i.e., to the right and at a greater apparent depth), a larger amplitude, mode-converted 
shear response was present along with another mode-converted echo. Interestingly, there were 
low-amplitude signals in the background, almost with the appearance of noise. A frequency 
analysis showed that they were at approximately half of the driving frequency. The source of 
these signals was not investigated. Overall, the response from the 5.0 MHz probe was more 
sharply defined than that of the 2.25 MHz probe. This was expected, since the 5.0 MHz probe 
has a smaller wavelength than the 2.25 MHz probe. 
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An equivalent simulation was performed in CIVA with the same probe, specimen, and flaw 
parameters. Half-skip mode was used, which allowed for one bounce on the specimen back 
surface. The volume-corrected B-scan is shown in the middle row of figure 2.26. The flaw 
response from the notch and tip were visible, as well as the mode-converted shear wave. The 
tip response was lower amplitude than the OnScale results with respect to the corner echo 
amplitude. Some background signals were also visible; again, the source of these was not 
investigated.  

Empirical data from Dib et al. (2017)) are shown in the bottom row of Figure 2.26. 
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Figure 2.26 Volume-Corrected B-Scans from OnScale (Top), CIVA (Middle), and Empirical 
Scans (Bottom) for 2.25 MHz (Left) and 5.0 MHz (Right) Probes 

The notch corner, tip, and mode-converted shear waves in figure 2.26 are all visible. However, 
the tip echo in the CIVA simulation appears to have a lower relative amplitude than either 
OnScale or the empirical results. To quantify this, the peak amplitudes of the corner and tip 
responses were measured and their ratio was calculated; see table 2.4. The ratio indicates how 
much weaker the tip response is in relation to the corner response. The empirical B-scan has a 
comparable ratio for the 2.25 MHz and 5.0 MHz probes. However, for both OnScale and CIVA, 
the 5.0 MHz probe has a corner-to-tip ratio approximately half of that of the 2.25 MHz probe. In 
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other words, the relative amplitude of the tip echo is reduced for the higher frequency probe in 
both simulations. CIVA has the smallest tip-to-corner ratios, while the OnScale ratios are closer 
to the empirical values. CIVA underestimates the relative strength of the tip signal (at least in 
the scenario tested) for both probe frequencies by a factor of 3−4, while OnScale slightly 
overestimates the tip signal for the lower frequency probe. Tip signals are critical for flaw depth 
sizing in field examinations, so it is important that the simulation software accurately predict the 
ability to detect a tip signal. For example, if a tip signal is simulated as being too weak, then the 
tip SNR would be low. One might then conclude that the tip signal would not be visible above 
the noise and that flaw depth sizing would not be possible. 

Table 2.4 The Ratio between Tip and Corner Peak Amplitudes for OnScale, CIVA, and 
Empirical B-Scans 

 
Tip-to-Corner Ratio 

OnScale CIVA Empirical 
2.25 MHz 0.57 0.15 0.42 
5.0 MHz 0.33 0.08 0.36 

2.5.3 Summary 

Overall, simulated echo responses from a planar flaw through an isotropic material in OnScale 
and CIVA were comparable to empirical results. Both OnScale and CIVA computed B-scans 
with accurate flaw responses, relative amplitudes, echo positions, and mode conversions. One 
key difference was the relative strength of the tip response, which was stronger and closer to 
empirical results in OnScale than in CIVA.  

Several key points can be drawn from these results: 

• OnScale and CIVA B-scans both show qualitative agreement to that of the empirical 
inspection. 

• The tip response in OnScale is relatively stronger than that of CIVA and more closely agrees 
with the empirical results. 

• OnScale flaw-response simulations are computationally expensive because A-scans at many 
probe positions must be computed. For the model scenario tested, CIVA was much faster. 

• Due to meshing requirements within OnScale, it was advantageous to move the flaw instead 
of the probe for the current model. For basic geometries, this is a simple procedure; however, 
for more complex models, this may prove problematic. 

• OnScale requires extensive post processing to view results. For example, data must be 
processed to correctly form volumetrically corrected B-scans. On the other hand, CIVA 
provides these functions natively and requires no additional processing to view results. 

2.6 Modeling Noise and Attenuation 

Two factors that can commonly affect the quality and outcome of a UT inspection are noise and 
attenuation. In coarse-grained materials, noise is generated by grain boundaries that can scatter 
the beam or cause reflections that are difficult to distinguish from a flaw response. Attenuation 
can be thought of as the resistance a material has to an ultrasonic wave traveling through it. 
The more attenuative a material is, the weaker the ultrasonic signal received from a flaw will be. 
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Both factors are important to consider when developing realistic UT models. This section will 
explore implementing noise and attenuation into OnScale models and compare the results to 
CIVA and empirical scans. 

2.6.1 Modeling Noise in OnScale 

2.6.1.1 Approach 

OnScale has no built-in feature to simulate noise, so small voids, or reflectors, were placed 
randomly throughout the specimen. The site circle2d function was used to create small circular 
voids in the base material. This function allows a radius and center coordinate to be specified to 
change the material properties for all mesh elements that fall within the circle. Using this 
function meant that three parameters could define the noise: the radius of the circular reflectors, 
the number of reflectors, and the impedance mismatch between the reflector and the base 
material. When an ultrasonic wave propagates between two materials with different ultrasonic 
impedance, a portion of the wave is reflected from the boundary and a portion refracted through 
the boundary. The higher the impedance mismatch, the more sound energy that will be reflected 
with stronger the noise echoes. The strongest reflection typically occurs when there is a void, or 
no material present. For simplicity, only void reflectors were considered, leaving the size and 
density of reflectors as the free parameters. 

A simple 2.25 MHz, 12.7 mm (0.5 in) contact transducer was modeled in 2D on top of a 70 mm 
x 50 mm (2.9 in. x 2.0 in.) stainless-steel material. The center coordinates for each point 
reflector were randomly generated using MATLAB to create a specified density of reflectors. 
The reflector coordinates were then imported into OnScale using the data intext command, 
similar to the method discussed in section 2.4 that was used to import the anisotropic weld 
properties. Figure 2.27 shows the probe and specimen with point reflectors with a point density 
of 0.1 reflector/mm2 (645 reflectors/in.2) and a diameter of 0.319 mm (0.0126 in.). A 1 mm (0.04 
in.) side-drilled hole (SDH) was placed at a depth of 25 mm (1.0 in.) to serve as a reference 
reflector to calculate SNR. 

 
Figure 2.27 OnScale Model with Noise Reflectors 

Small voids (black dots) were added to the specimen to act as noise reflectors. A 1 
mm (0.04 in.) SDH was placed as a reference reflector. 
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A parametric study was performed on the spatial density d (i.e., reflectors per unit of area) of the 
noise reflectors and the radius r of the reflector. Density values of 0.01, 0.1, 0.5, and 1.0 
reflectors/mm2 (6.5, 65, 320, 650 reflectors/in.2, respectively) were used, resulting in anywhere 
from 35 to 3,500 reflectors. Simulations would not complete with densities greater than the 
highest density value, likely due to insufficient memory being allocated when submitted. The 
radii of the reflectors were defined as a fraction of the wavelength (λ), and radii of λ/64, λ/48, 
and λ/32 were used. These fractions correspond to 0.40 µm (1.57×10-5 in.), 0.53 µm (2.09×10-5 
in.), and 0.80 µm (3.15×10-5 in.). A mesh size of 64 elements per wavelength was used, 
resulting in a minimum of two elements per void. Note that only two square mesh elements per 
void results in a rectangular representation of the void. Ideally, many elements per void would 
be used, but increasing the mesh density would increase the computation time substantially. A 
total of 12 models were developed, each consisting of a 25 mm (1 in.) line scan over the SDH 
with an increment resolution of 0.5 mm (0.02 in.). 51 A-scan simulations were required for each 
B-scan. In total, 612 A-scan simulations were performed for the entire parametric study. 

2.6.1.2 OnScale Results 

The B-scans from the parametric study are shown in figure 2.28. The columns correspond to 
different radii, while the rows correspond to different reflector densities. As expected, increasing 
the reflector radius or density resulted in higher scattering. For all but the highest reflector 
densities and flaw radii, the peak flaw amplitude from the SDH remained about constant. 
However, for the highest reflector density, the amplitude was almost entirely diminished. That is, 
so much of the sound energy was incident on the noise reflectors that very little reached the 
flaw. This is similar to the real-world case in a coarse-grained material like cast austenitic 
stainless steel (CASS). The material microstructure scatters and reflects so much of the sound 
energy that very little ultimately reaches the flaw in many cases, resulting in low SNR and signal 
dropout (Jacob et al. 2019). 
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Figure 2.28 B-Scans of a 1 mm (0.04 in.) SDH for Various Reflector Densities d and Radius r 

with Respect to Wavelength 

2.6.1.3 CIVA and Empirical Results 

CIVA’s approach to simulating noise is similar to the method used in OnScale. CIVA generates 
a random field of noise reflectors with a spatial density and reflectivity defined by the user. 
However, CIVA calculates the noise independently from the flaw response, so flaw-response 
signals are not affected by the noise, as they were in the OnScale simulation in figure 2.28. 
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Thus, in CIVA it is difficult to simulate how a flaw response will be affected by noise reflectors. 
Furthermore, CIVA randomly redistributes the noise reflectors at the beginning of each 
simulation, so a noise background that is consistent from simulation-to-simulation is not 
possible. 

Figure 2.29 (see Jacob et. al (2022) Fig 5.7) shows examples of CIVA noise simulations using 
different noise reflector densities ρ. In CIVA, ρ is analogous to the parameter d used above, 
except that ρ is the number of reflectors per volume while d is reflectors per area. The noise 
fields with ρ = 1, 0.1, and 0.01 reflectors/cm3 in figure 2.29 can be compared to the 
corresponding noise fields in figure 2.28. The results are similar, although OnScale tends to 
produce noise that appears sharper with finer detail. Also, the OnScale noise field directly 
affected the flaw echo response, whereas in CIVA the echo amplitude was identical for all 
scenarios. 

 
Figure 2.29 CIVA Simulations of an SDH Echo Response with Different Noise Parameters to 

Imitate Various Microstructures (See Jacob et al. (2022) Figure 5.7) 
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Figure 2.30 shows several empirical scans in different coarse-grained specimens from Jacob et 
al. (2022). The specimen cross-sections are shown in figure 2.29. By inspection, the noise 
generated in OnScale in figure 2.28 appears more similar to the empirical noise than the noise 
generated in CIVA does. Quantitative comparisons were not made. 

 
Figure 2.30 Empirical Scans through Various CASS Materials Illustrating Noise Patterns and 

Corner Echo Intensities (From Jacob et al. (2022) Figure 5.8) 

2.6.1.4 Signal-to-noise ratio 

The SNR for each OnScale flaw response in figure 2.28 can be calculated using the peak 
amplitude from the SDH and the mean amplitude of the noise. Figure 2.31 shows the simulated 
SNRs for the different scenarios. A power-law curve fit was added to each dataset to help guide 
the eye. Results showed that the largest reflector size (λ/32) has the strongest effect on the 
SNR. This is expected because larger reflectors should generate stronger echoes. As the noise 
reflector size becomes as large as the SDH, then the SDH signal will become indistinguishable 
from that of the noise, resulting in SNR = 1. Results also showed that the SNR decreased 
rapidly as the reflector density increases. This is also expected, since a greater reflector density 
will generate more noise signals. At 10-2 = 0.01 reflector/mm2, the SNR is highest, while at 100 = 
1 reflector/mm2, the SNR dropped dramatically for all scenarios. At even higher densities, the 
curves should converge at SNR = 0 as the reflector density becomes so high that no sound can 
reach the SDH. Note that increasing the reflector density had the biggest effect for the smallest 
reflectors. That is, SNR drops much more steeply as d increases for the λ/64 case than for the 
λ/32 case. 
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Figure 2.31 The SNR Ratio from the SDH for Different Reflector Density and Radii 

A power-law fit is shown for each radius group to help guide the eye. 

2.6.2 Modeling Attenuation in OnScale 

Attenuation can be described as a reduction of the amplitude of a wave as it propagates through 
a material. The reduction in amplitude is strongly affected by the frequency of the wave, with 
higher frequencies attenuated more than lower frequencies. Typically, attenuation is measured 
in decibels per meter (dB/m). Adding attenuation to an OnScale simulation is straightforward, 
although the term damping is used instead of attenuation. There are four damping models 
available in OnScale: viscous, mass-proportional, stiffness-proportional, and Rayleigh damping. 
In preliminary testing, no difference was observed between the four different models, and it was 
recommended by OnScale support that the Rayleigh damping should be used. All four models 
use a power law for defining the attenuation: 

𝛼𝛼 =  𝛼𝛼0 �
𝑓𝑓
𝑓𝑓0� �

𝑝𝑝
 

where α is the frequency-dependent attenuation, α0 is the attenuation at the specified frequency 
f0, and p is the power-law exponent. Rayleigh damping operates by adjusting the wave velocity 
and stiffness of a material to achieve a desired attenuation behavior defined by the power-law 
equation. OnScale provides some default Rayleigh damping parameters for some metallic 
materials. Ideally, these parameters should be experimentally measured to provide accurate 
model inputs. However, damping parameters for 304 stainless steel were used from empirically 
measured values from Ono (2020). The longitudinal damping coefficient α0 was measured as 
110.9 dB/m at 5 MHz for a stainless-steel material. The frequency at which the damping 
coefficient is measured is referred to as the damping frequency in OnScale. 

A power coefficient p of 0, 1, 2, and 3 were used for the Rayleigh damping. Only longitudinal 
damping was considered, although the option of shear damping also exists. Table 2.5 shows 
the calculated attenuation in dB/m for frequencies of 3, 5, and 7 MHz for f0 = 5 MHz. The –6 dB 
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bandwidth ranged from 3 to 7 MHz. For p = 0, the attenuation is independent of frequency. For 
higher values of p, the attenuation decreases for frequencies below f0 and increases for 
frequencies above it. At 5 MHz, the attenuation is the same for all cases since that frequency is 
equal to f0. The values in table 2.5 were equivalent for similar simulations performed in CIVA 
(see Jacob et al. (2022)). 

Table 2.5 Attenuation Values at Different Center Frequencies for Various Power Exponent p at 
a Damping Frequency of 5 MHz 

Attenuation 
Law 

α(3 MHz) 
(db/m) 

α(5 MHz) 
(db/m) 

α(7 MHz) 
(db/m) 

Constant 110.9 110.9 110.9 
Power, p=1 66.54 110.9 155.3 
Power, p=2 39.92 110.9 217.4 
Power, p=3 23.95 110.9 304.3 

2.6.2.1 OnScale Results 

Beam simulations were performed using 2.25 MHz and 5.0 MHz 12.7 mm (0.5 in.) contact 
transducers and a specimen with a density of 8.0 g/ml (0.29 lb/in.3) and material velocities of 
5,743 m/s (0.2261 in./µs) and 3,133 m/s (0.1233 in./µs) for longitudinal and shear velocities, 
respectively. Figure 2.32 shows the beam maps and figure 2.33 shows the center beam profiles 
for the 2.25 MHz probe for various attenuation powers. Without attenuation, the beam 
propagates through the full depth of the part. When attenuation is added, the far field is 
diminished, while the near field is largely unaffected. The transition point between near and far 
field (indicated by a horizontal line) was slightly shortened for constant attenuation. However, as 
the exponent p increased, the beam response approached that of the no attenuation case. Note 
that because the center frequency of the damping function was 5.0 MHz, frequencies lower than 
5.0 MHz will be damped less as the power law increases. That is, (f/f0)p gets smaller as p gets 
larger, if f<f0. 
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Figure 2.32 Beam Maps at 2.25 MHz for Different Attenuation Powers  

Solid lines indicate transition between near field and far field. 

 
Figure 2.33 Center Beam Profiles at 2.25 MHz for No Attenuation and Attenuation Models 
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Figures 2.34 and 2.35 show the 5.0 MHz beam maps and center beam profiles, respectively. 
The probe frequency was matched to the frequency at which the damping coefficient was 
measured in Ono (2020) (i.e., f = f0). Interestingly, the beam shapes were identical regardless of 
the attenuation power used, although some variation between beam maps was expected due to 
the 40% bandwidth of the excitation signal. Attenuation is a strong function of frequency, so 
attenuation applied to a probe should show differences in the sound field for increasing values 
of p due to the frequency bandwidth. However, no differences in the beam profile were 
observed for the attenuation cases, suggesting an anomalous result or an erroneous 
implementation. This anomaly was not investigated further, but care should be used when 
applying attenuation to a model to make sure that the expected results are produced. 

 
Figure 2.34 Beam Maps at 5.0 MHz for Different Attenuation Powers  

Solid lines indicate maximum value of field. 
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Figure 2.35 Center Beam Profiles at 5.0 MHz for No Attenuation and Attenuation Models 

2.6.3 Summary 

Models with the effects of noise and attenuation were developed in OnScale. While attenuation 
can be included in OnScale using built-in functions, noise must be implemented manually by 
adding discrete reflectors. 

Several takeaways can be summarized from this section: 

• Small point reflectors can be used to generate realistic noise in flaw-response simulations. 
The point reflectors must be smaller than the mesh size. 

• Noise generated in OnScale appeared qualitatively similar to noise in empirical scans for the 
range of parameters tested. 

• Attenuation can be simulated by using the Rayleigh damping option in OnScale. 

• The beam damping when the probe center frequency matched the damping frequency did not 
behave as expected for the case when f = f0. 

2.7 Comparison of OnScale and CIVA 

Table 2.6 shows a side-by-side comparisons of setting up models in OnScale Analyst and CIVA. 
The information in the table is not intended to be comprehensive; rather, it shows some 
examples of a few model development steps. While OnScale and CIVA are fundamentally 
different software, many of the steps share the same general form or require the user to enter 
the same type of information. The biggest difference between the two is that OnScale models 
are designed programmatically using the SYMB language while CIVA uses a GUI. This means 
that in some situations OnScale can be used to have a closer control over the model. The 
greater control can also come at the costs of taking longer to learn the needed commands and 
syntax in addition to having more opportunities to make syntax errors or typos. Additionally, 
CIVA’s functions are specifically designed for UT inspections while an OnScale model is built 
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from a generic platform that can be used for many applications. In PNNL’s experience, the 
process of programming an OnScale model is initially much more difficult than creating and 
executing a model in CIVA. PNNL staff required more one-on-one assistance from OnScale 
technical support than from CIVA. However, once OnScale models are developed it is usually 
easier to alter them simply by editing the code. For example, batch changes can be made 
rapidly to OnScale models using MATLAB then automatically submitted for calculation, whereas 
CIVA models must be edited individually in the GUI.1 

Table 2.6. OnScale and CIVA Comparison 
Materials 

OnScale CIVA 
matr 
  c Vacuum, also use Void  
  wvsp on                                                 
  type elas                                               
  prop $pElemMat 0 0 0  
 
  c Rexolite 
  wvsp on                                                 
  type elas                                               
  prop $wedgeMat 1180 2736 1320 
 
  c Stainless Steel, generic 
  wvsp on                                                 
  type elas                                               
  prop $plateMat 8000 5743 3133 
  end 

 

Material properties are defined using the prop 
command followed by the material name, density, 
longitudinal velocity, and shear velocity. If 
attenuation is desired, the rdmp command can be 
used. Material symmetry (e.g., isotropic, 
orthotropic, cubic, etc.) can be defined with the 
appropriate commands and elastic constants 
definitions. 

Material properties are entered into the GUI. CIVA 
has several predefined material types, or the user 
can enter values for density, longitudinal velocity, 
and shear velocity. Material symmetry can be 
selected from a drop-down menu, and elastic 
constants can be entered or default values used. 
Attenuation and structural noise can be added 
from the Attenuation/Structural Noise tab. 

 
1 A CIVA module called CIVA Script can be used to edit and execute models outside of the CIVA GUI. This module is 
available for an additional licensing fee. 
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Specimen Geometry 
OnScale CIVA 

cad  
  defn cadSTRUCT        
  file 'Block_SNI_2M-45L.STEP' 1 
  mesh struct *     
  scal 0.001    
  matr cad_all void  
  useonly 1 2 3  
  matr cad_part $plateMat 1  
  matr cad_part $wedgeMat 2  
  matr cad_part $pElemMat 3  
  dout * *  
  end 
 
c simulation boundaries 
symb x1 = -0.025 
symb x2 = 0.075 
symb y1 = -0.0154 
symb y2 = 0 
symb y3 = 0.02  
Models are typically imported from SOLIDWORKS 
and material properties assigned to each body 
within the imported assembly. Models can also be 
programmed directly, or definitions of primitive 
shapes can be imported from the Designer 
module. Wedges, probes, and any other 
components of the model are defined using the 
same functions. 

Models can be drawn in the built-in CAD editor or 
selected from a drop-down menu of several 
predefined specimens (pipes, welds, nozzles, 
elbows, partial penetration welds, etc.). 
Dimensions of standard specimens can be defined 
by the user. The easiest way to create a custom 
complex geometry is to import the model from 
SOLIDWORKS. CIVA has built-in wedge 
definitions that the user can customize. 

Mesh 
OnScale CIVA 

symb #get { idx } rootmax x 
symb #get { iedx } rootmax nex                      
if ( $iedx eq ( $idx-1 ) ) then                        
  symb i1 = 1                                      
  do loopI I 2 $idx                                
    symb Ifr = $I - 1                            
    symb Ito = $I                                
    if ( $nex$Ifr gt 0 ) then                    
      symb i$Ito = $i$Ifr + $nex$Ifr           
    else                                         
      symb #keyindx i $Ifr $Ito & 
        $i$Ifr $boxx   
    endif                                        
  end$ loopI                                       
else                                                
  symb #keyindx i 1 $idx 1 $boxx                   
endif   
c ... 
c excluding repeat code  
c for y dimension 
c ... 
symb indgrd = $i$idx                        
symb jndgrd = $j$jdx                        
grid $indgrd $jndgrd    

 

The entire model is discretized into mesh 
elements. The user defines the mesh density and 
locations of keypoints that define material 
boundaries or regions for data extraction. Regions 
defined by keypoints can be assigned different 
mesh densities. The user must be sure that the 
mesh density is appropriate for the probe 
frequency used and for the resolution desired. 

As an analytical solver, the CIVA model is not 
meshed directly. The user can control the quality 
of the solver by the accuracy factor. Higher 
accuracy factors are analogous to higher mesh 
densities. The user can use a parametric study to 
assure that the accuracy factor is high enough to 
produce acceptable results. 
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Boundary Conditions 
OnScale CIVA 

symb #get { ibeg1 jbeg1 kbeg1 } & 
  clsnode $wx5 $wy5 0 
symb #get { iend1 jend1 kend1 } & 
  clsnode $wx4 $wy4 0  
 
boun  
  side xmin absr 
  side xmax absr 
  side ymin free  
  side ymax absr 
 
  defn probe_absr absr 
  node $ibeg1 $iend1 $jbeg1 $jend1 
  end 

 

Boundary conditions can be defined on the 
bounding box of the entire model using the side 
command or on a particular face in the model 
using the node command. The latter is 
complicated with extra commands being needed 
to find a range of the proper nodes to apply the 
boundary condition. OnScale performs the 
simulation on the entire model with all wave 
modes. 

CIVA allows the user to select whether the 
interaction with each type of flaw, boundary, or 
interface is calculated or ignored. The user can 
limit the number of skips, or reflections, which 
reduces the simulation time but can affect 
simulation realism. A sensitivity zone can be 
specified to limit the computation volume and 
reduce simulation time. Specific wave modes can 
be selected for computation. 

Pulse Waveforms 
OnScale CIVA 

func    
  name func  
  wvlt 2250000 1 * * * 
 
plod  
  pdef pWave funcfunc 1 0  
  matr vctrload_1 $pElemMat out  
  sdf2 pWave vctrload_1 & 
    $pElemMat $wedgeMat 

 
The wvlt command creates a pulse at the specified 
frequency and the sdf2 command creates a 
pressure load from the pulse between the probe 
element and the wedge material. Arbitrary 
waveforms can be defined and imported. A wide 
range of pulse functions are available using 
different subcommands. 

The user selects the pulse shape, phase, center 
frequency, and bandwidth. The user can also 
define the number of points used to model the 
pulse waveform. Currently, only two choices of 
predefined waveforms are available, but arbitrary 
waveforms can be defined and imported. 
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Data Outputs 
OnScale CIVA 

calc    
  pres acoustic    
  max aprs * pmax    
  avrg avgpres aprs * nod2 & 
    $wedgeMat $pElemMat 
  end   
 
c history data outputs 
pout  
  form out matlab 
  rate 1 
  hist funcfunc 
  hist xyz aprs $sloc $sloc 1 0 0 1 
  histname avrg a avgpres 
  end  
 
c field data outputs  
symb #get { labl } jobname 
symb #get { ibeg1 iend1 jbeg1 jend1 } & 
  matbound ijk $plateMat 
symb #get { ii ij } clselem  0 0 
 
data                                
  form out matlab                   
  file out $labl.mat       
  out1 xcrd $ibeg1 $iend1-1 * * * *                      
  out1 ycrd $jbeg1 $jend1-1 * * * *                    
  out1 pmax $ibeg1 $iend1-1 & 
    $jbeg1 $jend1-1 * * 
  end  

 

The data output type must be specified prior to 
running the simulation. The user specifies what is 
to be calculated and what is to be saved to a file. If 
the user requires a different calculation after the 
fact, the simulation must be rerun. OnScale allows 
for a larger variety of data outputs. 

Data groups are calculated for every simulation, 
and each can be viewed after a simulation is 
performed without specifying a priori. CIVA is often 
more convenient when different data groups are 
needed. Image files or CSV text files of simulation 
images can be exported directly from the interface. 

Inspection Simulations 
OnScale CIVA 

  
To generate a B-scan, multiple separate 
simulations must be performed. PNNL found that it 
is best to increment the flaw across the specimen 
as opposed to moving the probe to avoid 
simulation-to-simulation variations caused by the 
mesh. 

CIVA was specifically designed to simulate UT 
scans in 2D and 3D, so the user has full control 
over scan directions, scan lengths, step sizes, etc. 
CIVA is inherently 3D, so a scan path can be 
defined to follow the surface of complex 
geometries. Moving the probe or flaw from one 
location to another can by done by drag-and-drop. 
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2.8 Summary of Part 2 

The first model developed in OnScale was for a TRL probe on an isotropic material. The 
simulated beam maps showed qualitative agreement to those of CIVA in isotropic materials, 
especially in the far field. The near-field response differed between the two methods, with CIVA 
having a smooth velocity field and OnScale having larger fluctuations. However, neither method 
accurately captured the near-field behavior observed in the empirical beam maps. Since UT 
inspections use the probe’s far field, accurate modeling of the near field is not important. The 
near-field/far-field transition occurred at similar depths for the simulated and empirical results. 
Additionally, the far-field beam is qualitatively similar in shape and relative intensity for all the 
results. The empirical beam map extended slightly farther into the specimen with more sound 
energy incident on the backwall than in either simulation. Both CIVA and OnScale had the same 
input parameters and similar far-field results, so it is possible that the specified probe and model 
parameters were slightly different from the actual parameters.  

The TRL model in OnScale was expanded to simulate the beam through an austenitic weld. 
EBSD data from empirical scans were imported into OnScale and applied to the weld geometry. 
While the method of importing the data into OnScale is fundamentally different than CIVA, the 
same weld geometry can be achieved in both. Care must be taken to assure that the crystalline 
orientations are the same, since different reference frames require different application of Euler 
angles. Results showed that the OnScale and CIVA beam simulations through the weld differed 
significantly. OnScale produced a more coherent beam than CIVA, while CIVA produced 
streaking effects from scatter. However, both methods did generate scatter, which is a key 
aspect of sound propagation through austenitic welds. The scattering in the empirical beam map 
appeared to follow the grain orientations and looked different than either of the simulated scatter 
patterns. Despite the differences, both OnScale and CIVA showed similar sound fields on the 
far side of the weld. 

A flaw-response model was also developed in OnScale. A plate with a notch from previous 
empirical work was modeled in 2D along with two conventional UT probes. The flaw responses 
from both probes were observed to agree closely with CIVA results and empirical results. In 
both simulations, the notch and tip signals appeared at the expected locations in the B-scan. 
Additionally, mode-converted echoes also appeared as expected. Because the simulated and 
empirical data were self-normalized and could not be directly compared to each other, the 
corner-to-tip signal ratio was measured to determine the relative intensity of the tip response. 
The OnScale tip-to-corner ratio agreed well with the empirical data, while CIVA’s ratio was 3-4 
times lower. 

Finally, OnScale models were designed to include noise and attenuation. To model noise in 
OnScale, small point reflectors were included by randomly placing them within the specimen 
using MATLAB. The reflector size and spatial density affected the resulting SNR. Compared to 
the noise generated in CIVA, the OnScale noise field was qualitatively more similar to the 
empirical noise measured in CASS materials.  

OnScale and CIVA simulate ultrasound in fundamentally different ways. CIVA uses a semi-
analytical approach, while OnScale numerically solves the model using FEM. These two 
approaches have an important impact on the time it takes simulations to complete. CIVA can 
solve basic UT models in a matter of seconds by relying on analytical methods. The same 
simple simulation could take minutes or hours to solve in OnScale. However, as models 
increase in complexity, the time it takes OnScale to solve a model does not increase as 
drastically as in CIVA. This means that simulations with complex geometries can often be 
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solved faster in OnScale, as was the case for the austenitic weld. However, the simple flaw-
response simulations were much faster in CIVA. Depending on the intended application, one 
simulation software could have advantages over the other. For demanding simulations that use 
many core hours, the cost of using OnScale can become prohibitive. 
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Overall Summary 
The goal of part 1 was to determine if flaw-response simulations are predictive of actual flaw 
responses in CASS and DMWs, and, ultimately, to determine if such simulations are reliable for 
predicting if an inspection will be able to detect flaws in the inspection volume. PNNL performed 
flaw-response simulations using an austenitic weld model and TFC morphologies obtained 
through destructive testing. Results were compared to empirical scans of the same specimens 
using the same probes as those modeled. PNNL found that using a realistic weld model did not 
improve simulation accuracy in a statistically meaningful way. Uncertainty was dominated by 
randomness in the microstructure of austenitic welds, making the model an inaccurate 
representation of the laboratory specimens. The flaw geometry also had a strong effect on the 
ultrasonic signal response. In the field, flaw geometries and weld microstructures are always 
unknown. Therefore, results suggested that modeling and simulation efforts would be better 
focused on using parametric studies or CIVA metamodels to explore how changing the flaw 
properties, such as through-wall depth, tilt, and ligament, affect flaw responses. 

In part 1, PNNL also showed that flaw-response amplitudes in CASS are strongly dependent on 
the microstructure. Randomly changing the microstructure from simulation-to-simulation caused 
echo response amplitudes to vary by a factor of five or more. Therefore, flaw-response 
simulations of the CASS models were avoided because it was impossible to correlate the 
simulated and empirical flaw responses when microstructural randomness was such a strong 
and unpredictable factor. 

Finally, part 1 used DT to obtain the actual flaw geometries for the flaw-response models. PNNL 
found that the flaw true-state parameters of the implanted TFCs, such as through-wall depth, tilt, 
and ligament, were often significantly different from those specified in the documentation 
associated with the flaw fabrication. When using mockups with flaws that have been laboratory 
grown or implanted to meet certain specifications, the flaw documentation should not be 
accepted as fact. When feasible, destructive testing should be included in flaw detectability 
studies. 

The goal of part 2 was to assess OnScale for performing modeling and simulation for nuclear 
ISI. OnScale simulation results were compared to those of similar simulations in CIVA and to 
empirical data. OnScale and CIVA work in fundamentally different ways. OnScale models were 
designed from the ground up for each simulation type while CIVA was able to use models 
specifically designed for UT simulations. Additionally, CIVA uses a semi-analytical approach, 
while OnScale numerically solves the model using FEM. The two approaches have significantly 
different impacts on the computation time. CIVA can complete some simulations in seconds, 
while the same simulation could take minutes or hours in OnScale. 3D FEM calculations are 
particularly computationally intensive. As models increase in geometric complexity, the time it 
takes OnScale does not increase as drastically as CIVA; indeed, geometrically complex models 
can take much longer in CIVA. Depending on the intended application, one simulation software 
could have advantages over the other. 

Overall, part 2 showed that OnScale and CIVA simulations were similar for isotropic material 
models. Beam simulations of conventional (dual-element) transmit-receive longitudinal probes 
showed a comparable near-field/far-field transition point and beam shape in the far field. Flaw-
response simulations showed similar echo locations and intensities, although the tip echoes in 
CIVA were weaker than those seen in OnScale and empirically. Simulations through an 
austenitic weld model showed the largest differences between the modeling platforms. CIVA 
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showed more scatter through the weld, but both platforms had similar beam characteristics on 
the far side of the weld. Finally, a qualitative assessment of noise simulations in OnScale and 
CIVA determined that noise generated in OnScale better agreed with empirical noise. 
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Appendix A – General Advice for OnScale Simulations 
1. Creating OnScale Models 

a. Utilize existing OnScale models that are available as examples on the OnScale website. 

b. Search the help and support pages on the OnScale website to see solutions to similar 
questions. 

c. Communicate with the OnScale technical support team. Some important definition and 
introduction, including scription convention, call of functions, and parameter definition 
are not included in the command references. 

d. Reference the command references by using the “Help” module in the OnScale Lab 
software. Review the syntax rules repeatedly to get familiar with the coding convention in 
OnScale. 

e. Use the OnScale Graphic while initially developing a model. Once the model framework 
has been developed, use OnScale Analyst to implement more advanced functionality. 

2. Submitting and Error Checking OnScale Models 

a. Preview a model before submitting to the cloud in order to minimize errors. The “Preview 
Model” button in OnScale Analyst runs an initial check on the model. It is important to 
check the model for errors in the structure or syntax of the simulation. 

i. Individual sections of the model can be checked by using the term command. 
The “Preview Model” will check the code up until a term command. If the 
“Preview Model” button is selected again, the model is checked until next term 
command. 

ii. Pay attention to the “Debug” dialogue box in the OnScale Analyst. This terminal 
shows warning and errors that are output during the model preview that can help 
resolve issues. 

b. Reference the simulation files after a simulation is complete. Several files are created by 
default when a model is previewed or submitted that can help problem solve simulations. 

i. The Flex Part (*.flxprt) file shows all commands executed by the solver and the 
output from the terminal. This includes allocated memory, declared or updated 
variable values, computed material properties, calculated material damping, and 
more. 

ii. The Flex Warning (*.flxwrn) file shows all warnings generated during the 
execution of the model. 

iii. The Statistics (stats.log) file lists the process and execution time of the 
simulation. 

iv. The Symbol (symbol.symb) file lists all variables declared during the simulation. 
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c. Allocate memory to the simulation using the mem command instead of relying on the 
memory estimator. By default, OnScale will allow an estimate to be calculated; however, 
this can take time to calculate each time a simulation is submitted. If the allocation size 
is already known, declaring the RAM allocation using the mem command can decrease 
the time it takes for simulations to be submitted. 

d. Use an appropriate number of CPU cores for a simulation. For more complex 
simulations, increasing the number of cores used can decrease the time it takes for a 
simulation to complete. However, this can come at the cost of consuming a higher 
number of CPU hours. The number of cores selected is a balance between the desired 
speed of the simulation and the size of the OnScale allocation being used. 

3. Post-Processing Simulation Data 
a. Limit the number of files downloaded for a simulation. This feature can be useful for 

parameter sweeps, which generate a large number of extraneous files. By selecting 
specific file types, such as the data output files, the number of files that must be 
downloaded and the consequent download time can be decreased. 

b. Specify the format of simulation results to be stored in the default Flex or MATLAB 
format. The Flex format can be read using the OnScale Post-Processor or the MATLAB 
Toolbox. Generally, more information about the model can be accessed in the MATLAB 
Toolbox as opposed to the MATLAB variable format. However, the toolbox can be more 
difficult to use. 

c. OnScale simulations typically use the pressure field to show the beam map of a probe. 
However, CIVA does not currently support this type of output. In order to directly 
compare OnScale results to CIVA, the velocity field was instead considered. Either of 
these measurements contain both the longitudinal and shear components of the beam. It 
was suggested by OnScale tech support that the volumetric strain rate, the OnScale evol 
data group, can be used to record the longitudinal mode of an elastic wave while the curl 
of the displacement field in the out-of-plane direction, the ycrl data group, can record the 
shear component. This behavior is explained in greater depth in Burel et al. (2012), 
where it is shown that the displacement field can be written as a decomposition of 
longitudinal and shear potentials using the Hodge-Helmholtz decomposition. 
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