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Abstract 
Probability of detection (POD), a measure of the reliability of non-destructive testing (NDT) techniques, occupies a 
prominent role in the damage tolerance lifingmethodology for aero-engines. POD is usually dependent on material 
and geometry of the component, crack characteristics, environment, etc. Typically, POD curves are plotted for both 
quantitative as well as qualitative NDT techniques using procedures mentioned in MIL-HDBK- 1823A (2009). 
Moreover, POD curves have to be generated for a specific combination, i.e., type of crack, location, material and 
NDT technique and cannot be generalized. This complexity has led to development of model assisted POD 
(MAPOD). The current study, discusses the MAPOD procedure adopted for detection of embedded elliptical cracks 
using ultrasonic testing in a 2-d symmetric plane strain FEM model in frequency domain using COMSOL 
Multiphysics software. As fatigue cracks are expected to follow lognormal distribution, model assisted ultrasonic 
response has been obtained on 50 lognormally distributed cracks sizes.  In order to understand the effect of aspect 
ratio on POD, aspect ratio of elliptical cracks is varied as 0.2 and 0.4. It was observed that, the detectability of 
ultrasonic testing decreased with an increase in aspect ratio from 0.2 to 0.4.  
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1. Introduction 

Reliability of non-destructive testing (NDT) techniques is extremely essential for the successful 
implementation of damage tolerance methodology to aero-engines[1]. Reliability of NDT 
techniques is usually measured in terms of probability of detection (POD) curves. POD is 
dependent on many parameters such as material, geometry, size of the crack, shape of the crack, 
location of the crack, human and environment factors etc.,. POD is specific to the type of the 
NDT technique used either qualitative (Hit (defect detected)/Miss (defect undetected)) or 
quantitative (â (Signal response) vs. flaw size (a)). In general, POD is usually measured in terms 
of the experimental and modelling (model assisted probability of detection (MAPOD)) methods 
as mentioned in MIL-HDBK 1823A[2]. As per MIL-HDBK 1823A, POD estimation requires 
huge number of service degraded disks or similar number of laboratory specimens with lot of 
fatigue cracks containing at various locations. In general the number of defected samples 
required for the POD studies also various for the type of the NDT outcome i.e.  40 for â vs. a 
type and 60 for hit/miss type NDT data[2]. Moreover, experimental estimation of POD is 
laborious, time consuming and cost intensive. These kind of requirements put enormous 
limitations on the feasibility for performing POD. In order to reduce the complexity in 
experimental generation of POD, alternative source of POD generation using numerical models 
also called as model assisted POD (MAPOD) are also in vogue today[3-7].  
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Modelling and simulation of ultrasonic wave 
propagation[8]is an important aspect for better 
understanding of interaction of wave with flaws 
in material. In MAPOD approach of ultrasonic 
testing, primary requirement lies in developing 
physics based model for simulation studies on 
wave propagation through the domain 
containing defects. These physics based models 
or mathematical models can be created either in 
3-dimensional (more realistic case) or 2-
dimensional geometries. In addition, these 
models can be solved in two domains (time 
domain and frequency domain). Time domain 
analysis is the most widely used for this 
purpose[9]. However modelling of wave 
propagation using time domain analysis is 
comparatively tricky and needs careful choice of 
modelling parameters. Simulation in time 
domain analysis takes considerable time and 
computational resource. In contrast to the time 
domain analysis, modelling of wave 
propagation in frequency response analysis 
offers many advantages like requirement of less 
computational resource, less time of 
computation, capability of modelling any 
domain, utilization of perfectly matched layers 
(PMLs) etc.  

2. MATHEMATICAL MODEL 
In the ultrasonic inspection of samples, ultrasonic waves which propagate into the material are 
originated from a cylindrical transducer. Due to the cylindrical shape of the transducer, spherical 
waves travel through the medium. In order to replicate this condition numerically, computational 
cost would be extremely higher. 2-D models simulating the actual wave propagation have been 
attempted by several researchers. In the case of geometrical domain symmetry (ex: cylindrical, 
square, rectangle) or in the case of defect symmetry (ex: flat bottom hole, spherical hole) 2-d 
models solved in plane strain condition can predict the amplitude from defect and reduce the 
computation cost. As the current study involves anembedded elliptical defect present in a 
cylindrical block, a 2-D model of wave propagation was developed for simulations. Transducer 
is assumed to be a line source in the 2-D model representing the cylindrical shape as in the case 
of 3-d. Fundamental details about the basis of selecting analytical model of signal, its frequency 
content, selection of time step, selection of mesh size and the study selected for performing 
simulation was discussed by Phani et al[10]. 
2.1 Development of Model in frequency domain 

Figure 15: (a) Input signal (b) Frequency 
content of the input signal 
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A 2Dfinite element method (FEM) frequency 
domain model of Ti-6Al-4V cylindrical block 
with an flat bottom hole (FBH) was created in 
COMSOL [11]. Detailed description about the 
input parameters created in the model such as 
line source, mesh element etc. were given by 
the current authors[10]. In the frequency 
domain model, the input frequencies were 
selected from the FFT of the input signal. 
Figure 1(a) & 1(b) shows the input signal and 
its corresponding frequency signal. From the 
frequency signal, only the frequencies above 
the cutoff frequency were selected. For only 
those frequencies, the model is simulated and 
the corresponding signal response in 
frequency domain model was obtained. By 
performing IFFT of the frequency domain 
signals using MATLAB software, the 
corresponding time domain signals were obtained. Moreover, as mentioned earlier, PML plays a 
very important role in solving a model in frequency domain[12]. Initially, the frequency domain 
model is solved without using a PML and compared the signal with respect to the time domain 
model. Figure 2 shows the signal obtained from the frequency domain model without using a 
PML in comparison with a time domain model. From Figure 2, it can be observed that the signal 
is continuously ringing as there are no PMLs used in the frequency domain solving. Hence, in 
the current study, the PMLs were used after optimizing the right conditions for various scale and 
curvature parameters. 
 
2.2 Validation of model 
In order to validate the developed 2D- 
frequency domain model, the results of 
the model were compared with that of the 
results obtained from the 2D- time domain 
model for the same type and location of 
the defect (0.5 mm FBH). As the 2D- time 
domain is validated with the experimental 
ultrasonic testing by the current authors in 
their previous report on MAPOD of 
ultrasonic testing, the same model is used 
for further validation of frequency domain 
models. Figure 3 shows the matching 
signals of both the models from frequency 
domain and time domain. From Figure 3, 
it can be observed that the 2D- frequency 
domain model has been validated. 
 

 

Figure 16: Comparison between time domain 
signal and frequency domain signal without 
using PML. 

Figure 17: Validation of 2D- model frequency 
domain signal 
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3. Results and discussion 
The validated frequency domain model was 
used for simulating lognormally distributed 
defect sizes, as the distribution of fatigue 
cracks was always lognormal. The FBH in the 
model was incorporated with 50 lognormal 
defect sizes randomly generated with a 
location of -0.3, scale of 0.3 and a threshold of 
0. Figure 4 shows the histogram with 
lognormal fit of all these 50 defect sizes. 
 
3.1 POD of Elliptical defects 
The signal response of the lognormally 
distributed defects in the frequency domain 
model was collected. After performing the 
inverse fast Fourier transforms of these 128 
responses in frequency domain, the 
corresponding time domain of the signal was 
obtained. For, all the 50 lognormally 
distributed defects, the corresponding time 
domain signals were obtained. From the â vs. 
a data of these defects, the data censoring was 
performed for those defects sizes which are 
below 0.5 mm FBH. In addition, the censored 
data regression was performed using 
maximum likelihood estimators method 
(MLE) using the įRegression with life data‖ 
option in Minitab statistical software. From 
the regression table, the corresponding mean 
and standard deviation and their 95% lower 
confidence limit of the data was calculated. 
Further, the cumulative distribution function 
(CDF) of the 50 lognormally distributed 
defects was plotted and hence, the POD vs. a 
curve was obtained. Detailed description 
about the statistical procedures such as 
censoring, censored data regression, 
maximum likelihood estimator method, 
calculating mean and standard deviation and 
their 95 % confidence limits, etc., were 
mentioned by the current authors 
[13].However, as the ellipse contains  a major axis (2c) and a minor axis (2a), the size of the 
major axis was incorporated with the 50 lognormally distributed defects and the aspect ratio of 
0.2 and 0.4 (a/c = 0.2 & 0.4) give the size of the minor axis. Figures 5(a) and 5(b) shows the 
POD curve of the embedded elliptical defects for both the aspect ratios of 0.2 and 0.4. From the 

Figure 18: Histogram with lognormal fit of 50 
defect sizes. 

Figure 19: POD vs. a for aspect ratio of (a) 0.2 & 
(b) 0.4 indicating a90/95 values 
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Figures 5(a) and 5(b), it can be observed that the a50 (0.4 mm) of the POD curves was not equal 
to the assumed decision threshold of 0.5 mm FBH and this is attributed to the difference in the 
signal response between the elliptical and FBH defects. Moreover, it can also be observed that 
the a90/95 values of the embedded elliptical defects were 1.2 mm and 1.44 mm for the aspect 
ratios of 0.2 and 0.4 respectively. Even though, the same 50 lognormally distributed defects were 
used, the difference in the a90/95 values was observed when compared to the POD of FBH 
geometry and this is attributed to the scattering of the signal response due to the minor axis 
curvature of the ellipse. For higher aspect ratio, the curvature of the elliptical defect increases 
and hence the scattering, which results in lower POD for the same 1.2 mm elliptical defect in the 
model made using aspect ratio of 0.4. 
 
4.Conclusions 
Due to the importance of knowledge of smallest crack size detected using NDT techniques in 
damage tolerant methodology of aero-engines, POD has gained significant importance. 
Challenges in experimental determination of POD have led several researchers to explore the 
possibility of MAPOD. In this study, a MAPOD approach has been developed to estimate the 
POD curves of volumetric defects with reflecting characteristics similar to that of flat bottom 
holes (calibration reflector) using ultrasonic testing. Even though elliptical cracks are more 
possible type of volumetric defects, modelling approach would be the same irrespective of 
whether it is a flat bottom hole or an elliptical crack. Hence, the methodology to carry out 
MAPOD of ultrasonic testing for volumetric defects has been demonstrated. The following are 
some of the noteworthy conclusions from the work.  
1. PMLs has to be used for solving a model in frequency domain model and in the current study, 
PMLs optimization has been successfully performed. 

2. 2d-frequency domain model has been successfully validated with the 2d-time domain model 
as both the signals were matched exactly. 

3. a50 value is exactly equal to the assumed decision threshold adecvalue in the case of regression 
between natural logarithms of â vs. a. for FBH defects. Moreover, the a50 is not equal to adecas in 
the case of FBH, and this is attributed to difference in geometric similarity between FBH and 
elliptical defects.a90/95 of POD curves obtained by lognormally distributed elliptical defects for 
both 0.2 and 0.4 aspect ratios are 1.2 mm and 1.4 mm, respectively. This difference is attributed 
to the scattering of the signal response due to the minor axis curvature of the ellipse.  

5.Acknowledgements 
The authors express their gratitude to Dr. S. V. Kamat, Director, DMRL for the encouragement 
provided to publish this work. The funding provided by Defence Research and Development 
Organization (DRDO) to carry out the work is acknowledged. Special thanks are due to 
Prof.V.V.Haragopal, Osmania University and Dr.HinaGokhale, Director-DHRD for their 
stimulating comments during statistical analysis. 
 
6.References 
[1]PhaniMylavarapu, Vamsi Krishna Rentala, M.Sundararaman, Vikas Kumar and HinaGokhale, 
įSensitivity evaluation of NDT techniques on naturally initiating fatigue cracks-An experimental 
approach for a POD framework‖, DMRL Technical Report, DRDO-DMRL-NDTG-083, March 
(2015). 



432 Non-Destructive Evaluation 2016 

 

[2]U.S Department of Defense handbook, įNon-destructive evaluation system reliability 
assessment‖, MIL-HDBK-1823A (USA), April (2009). 

[3] T. A. Gray, F. Amin, and R. ψ. Thompson, įApplication of Ultrasonic Pod Models‖, 
Technical Paper, Iowa State University, pp: 1737-1744. 

[4]R. ψruce Thompson, įEarly work on the use of models in the determination of pod/inspection 
reliability in theU.Sand U.K‖, AIP ωonf. Proc. 1γγη, 1η81 (β011). 

[5]S. N. Rajesh, L. Udpa, and S. S. Udpa, įEstimation of Eddy ωurrent Probability of Detection 
(POD) using Finite Element Method‖, Review of Progress in Quantitative Non-destructive 
Evaluation, Vol. 12, 1993. 

[6]Pradipta Sarkar, William Q. Meeker, R. ψruce Thompson, Timothy A. Gray, įProbability Of 
Detection Modelling For Ultrasonic Testing‖, Review of Progress in Quantitative Non-
destructive Evaluation, Vol. 17, 1998. 

[7] F. Amin, T. A. Gray and F. J. Margetan, įUltrasonic Pod Model Validation and Development 
for Focused Probes‖, Review of Progress in Quantitative Non-destructive Evaluation, Vol. 9, 
1990. 

[8]Kautkramer J, Krautkramer H,‖ Ultrasonic Testing of Materials‖, 4th Ed, Springer 

[9]BikashGhose et al, įTwo Dimensional FEM Simulation of Ultrasonic Wave Propagation in 
Isotropic Solid Media using ωOMSOL‖, ωOMSOL ωonference β010, ψangalore, India 

[10]Phani Surya Kiran Mylavarapu and Srivathsaψoddapati, įA Numerical study on particle 
scattering of ultrasonic waves in syntactic foams-I‖, DMRL Technical Report, DRDO-DMRL-
NDTG-043-2013, February (2013). 

[11]ωOMSOL User‘s Guide, Version γ.ηa, ωOMSOL Aψ, β008 

[12]ψikashGhose, Krishnan ψalasubramaniam, įFinite Element Modelling and Simulation of 
Ultrasonic Guided Wave Propagation using Frequency Response Analysis‖, APωNDT 
conference, 2013 

[13]PhaniMylavarapu, Vamsi Krishna Rentala,K.Gopinath, J.P.Gautam, įωhallenges in MAPOD 
of ultrasonic testing‖, DMRL Technical Report, DRDO-DMRL-NDTG, 2016. 

 

 

 

 

 


