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Abstract 

Manufacturing processes such as hot bending can lead to micro-cracks and other surface defects in 

pipe structures and detecting them early is crucial for deployment of such structures as components 

in the power plant industry. Current Nondestructive Evaluation methods such as conventional bulk 

Ultrasonic Testing (UT), although effective, require that the pipes are cooled before inspection is 

carried out, leading to operation shut-down and thus online inspection tools are desirable. 

Ultrasonic guided waves can provide an attractive and cost-effective alternative in this context, as 

against custom-built specialized high-temperature UT probes. Guided waves can travel long 

distances in uncoated structures and thus regular probes can be deployed away from, and carry out 

rapid remote inspection of, the heated region. In the work reported here, experimental and 

numerical studies were conducted to evaluate the potential of Rayleigh waves (non-dispersive high-

frequency guided surface waves) for the remote inspection of U-bent steel pipes with shallow 

surface defects. The bend region in the pipes, containing a rectangular notch-like defect is heated 

using a flash lamp. Experiments using a typical angle beam wedge transducer coupled to the pipe 

away from the heated zone show that the notch can be reliably detected for bend-region 

temperatures up to 1800 C. The curvature at the bend region does not seem to affect the results. 

Finite Element simulations are used to gain insight into the physics of the problem. Currently this 

method is being investigated for the inspection of bent pipes where the bend region may be heated 

to higher temperatures in the range of 5000 C.  
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1. Introduction 

Power plant industries typically utilize large number of tubular components that are often 

bent, as for example in boiler pipe networks. Manufacturing processes such as hot bending required 
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to produce such components can cause micro-cracks and other surface defects in the highly stressed 

bend region. Current Nondestructive Evaluation methods such as conventional bulk Ultrasonic 

Testing (UT), although effective, require that the pipes are cooled before inspection is carried out, 

leading to operation shut-down and thus online inspection tools are desirable. Ultrasonic guided 

waves can provide an attractive and cost-effective alternative in this context, as against custom-

built specialized high-temperature UT probes. Guided waves can travel long distances in uncoated 

structures and thus regular probes can be deployed away from, and carry out rapid remote 

inspection of, the heated region.  

Non-dispersive surface-guided ultrasonic waves or Rayleigh waves are particularly 

attractive for inspection of shallow near-surface defects. Recent research at the Centre for 

Nondestructive Evaluation, IIT Madras [1] showed that Rayleigh waves have the potential to 

remotely detect small defects in steel plates at elevated temperatures. In the work reported here, we 

examine the feasibility of using Rayleigh waves for in-situ remote detection of small defects in the 

heated bend region of U-bent steel pipes.  In what follows, firstly a description of the specimen and 

the probe used for experiments is given. Finite Element (FE) simulations for understanding the 

physics of the problem, performed using the commercial package ABAQUS [2] are then described. 

The results are discussed in the context of practical inspection of hot bending processes after which 

we concluded with directions for further work.  

2. Methods 

Φ 60 mm (OD), 6 mm thick mild steel U-bent pipes with a notch machined at the central 

region of the bend were utilized for the experiments. The notch was about 10 mm in length, 1mm 

wide and 0.5 mm deep, and created using a saw cut. Figure 1(a) shows a photograph of the overall 

experimental set-up, while Figure 1(b) presents a more detailed view of the notch at the bend. The 

bend region with the notch is heated to elevated temperatures up to 1800 C using a flash lamp. 

Actuation of Rayleigh waves was accomplished with a custom-built 67.22° angle beam transducer 

consisting of a Plexiglas wedge and a PZT crystal with a 2MHz resonant frequency [1]. The 

transducer was coupled to one end of the pipe, away from the heated zone (where the temperature 

had fallen to about 500 C), using a regular ultrasonic gel (manufactured by SRV Polimer Ltd.), and 

held in place using a G-clamp. A RITEC RPR-4000 Pulser Receiver was used to pulse the PZT 

element with a 5-cycle Hanning windowed toneburst centered at 2 MHz. An Agilent Technologies 

DSX 2012-A digital oscilloscope was used to acquire voltage data from the wedge transducer.  

 



 

Figure 1.Photographs of the experimental set-up for Rayleigh wave inspection of heated U-bent 

pipes showing: (a) The overall configuration including the transducer and the heating mechanism; 

(b) Inset: a blow-up of the 0.5 mm deep notch at the bend region.   

Temperatures at the bend region and along the pipe were measured using a Medium Wave 

IR camera (FLIR SC 5000 make, with an Indium Antimony detector). The thickness of the pipe 

was first measured around the pipe circumference using ultrasound and it was found to be fairly 

uniform. Then, the flat-bottomed wedge transducer usage was validated by producing edge and 

defect reflection wave packets on the oscilloscope and the average Rayleigh wave velocity was 

measured. Finally, the thermally dependent defective U-bend pipe (TDDUP) experiment was 

conducted in which the wedge transducer was fixed to the pipe and the defect was heated from 

room temperature to 180°C.  

The oscilloscope data containing pipe edge reflection signals and signals obtained during 

the TDDUP experiment were subjected to a frequency analysis. A MATLAB [4] function was 

developed which took the signals (in .csv format) as input, normalized them, multiplied them by a 

Gaussian windowing function, and lastly applied MATLAB’s FFT algorithm to them. The eleven 

signals obtained during the TDDUP experiment were a function of temperature. The temperature-

dependent reflection coefficient was calculated as follows: 

 



 

 

 

Figure 2. Snapshots of FE models created to gain insight into the problem: (a) 3-D model of pipe 

and angle beam transducer; (b) 3D model of the U-pipe 

   岫 岻               岫 岻                                                                                  岫 岻 
The reflection coefficient is a ratio of the amplitudes of the incident wave and the reflected 

wave from a boundary. It was hypothesized in this work that the reflection coefficient for reliable 

detection of the notch, the reflection coefficient should remain fairly constant throughout the 

experimentation period. The goal of the FE simulations was to develop a valid model of the 

TDDUP experiment that can be used to predict the effectiveness of defect detection via Rayleigh 

waves at temperatures above 180°C.  Initial validation of the FE models was performed by 

comparing the results of wave propagation in straight hollow pipes as reported by Rose [3]. 

Preliminary analysis were performed using two-dimensional (2D) models followed by realistic 

three-dimensional models (3-D) of the steel U-bend pipe were constructed. Waves were actuated 

from a collinear node set on the leading edge of the pipe, and from a quasi-circular node set located 

on the front face of the wedge transducer model seen in Figure 2. 5-cycle toneburst actuation 

signals were actuated at 2 MHz. The dimensions of the pipe modeled are provided in Table 1 and 

the material properties used in simulations are provided in Table 2. 

 (a)                                                        (b) 



Table 1. Properties of steel used in FE Modeling 

Density 8000 kg/m3 

Young’s Modulus 200 x 109 N/mm2 

Poisson’s Ratio 0.3 

 

Table 2. Dimensions of the U-bent pipe modeled 

Outer Diameter 0.061 m 

Thickness 0.004 m 

Straight member length 0.800 m 

Radius of Circular Bend 0.170 m 

 

Throughout the FE modeling, the global element size (e) was chosen such that    ⁄      ⁄                                                                          岫 岻 
where   is the frequency-dependent wavelength within the medium. Since it was ultimately desired 

to simulate Rayleigh waves actuated at 2 MHz, two-dimensional (2-D) plane strain models were 

created to reduce the number of elements in the model and thus, increase computation speed. 

Pipe heating was modelled using a novel layered mesh concept: the whole model was 

partitioned into five regions, and each region was assumed to have a uniform temperature. The 

central bend region has the highest temperature, which gradually falls as we approach the pipe 

ends. Temperatures in the central part of each physical partition in the model were measured during 

experiments using an IR camera. Each partition was then assigned the material properties of steel at 

this measured temperature, obtained from values tabulated in charts and standards. 

3. Results and Conclusions 

Signals were recorded every two minutes during the 20-minute long TDDUP experiment. A 

MATLAB [4 ] function was developed that would efficiently calculate the temperature-dependent 

reflection coefficient from the experimental data representing incident excitation and pipe edge 

reflection, as given by Equation 1. Figure 3 shows the results as a function of the temperature 

measured at the heated bend region. 



 

Figure 3. Plot showing Reflection coefficient vs. measured temperatures at the bend region 

containing the notch in the U-bent pipes 

We observe from Figure 3, that the reflection coefficient remains fairly stable over a range 

of temperatures, with an average value of 0.3 with a maximum variation of 16%, thus 

demonstrating the suitability of the method for the inspection of surface defects at hotspots in pipes. 

Further statistically significant experiments need to be performed to fully validate the defect 

detection using guided waves. The temperature-controlled experiments should be carried out on 

different bent pipes with various size defects. During future higher temperature experiments, the 

ultrasound gel’s effectiveness must also be monitored. Also, the clamping force between the wedge 

transducer and the pipe (initiated by the G-clamp in Figure 1(b)) must be kept constant. 

Wave propagation was observed within all 2-D and 3-D pipe models created with 

ABAQUS [2]. An example snapshot of the contour of total displacement magnitude as obtained 

from 2D FE simulations is shown in Figure 4. The strategy of tie constraining a model of the wedge 

transducer to the pipe was effective: waves propagated similarly in the models actuated by a 

collinear node set as in models actuated by a model wedge transducer. 
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Figure 4. Snapshot of contour of total displacement magnitude as obtained from 2D FE simulations, 
showing wave propagation in the U-bend pipe model with angle-beam transducer actuation. 

FE modeling has the potential to serve as a valuable tool for designing and developing NDE 

systems able to detect microcracks on a hot bent pipe. Different dimensioned cracks can be 

modeled by setting the displacement of a specifically sized node set equal to zero, and with Python 

utilization, the ability to model Rayleigh wave propagation at various pipe temperatures can be 

efficiently achieved. To strengthen the current FE model, Python should be utilized to divide the 

pipe into a high number of partitions and apply the logarithmic measured temperature distribution 

of Figure 4 to the partitions. The temperature-dependent material property equations of steel can 

then be input via Python’s interface with ABAQUS [2]. The validation of experimental results with 

FE modeling is in process and will be reported in forthcoming communications. Meanwhile 

preliminary results indicate good agreements between experimental signals and those received from 

FE models. Overall, experimentally validated models can be used as valuable tools to assist 

understanding of bent/curved pipes with multiple defects and other complex conditions.  

4. Summary and Future work 

Non-dispersive surface-guided ultrasonic waves or Rayleigh waves are attractive for 

inspection of shallow near-surface defects. The work reported here examined the feasibility of 

using Rayleigh waves for in-situ remote detection of small defects in the heated bend region of U-

bent steel pipes. The results show that Rayleigh waves can detect defects on the surface of a bent 

pipe at elevated temperatures. Preliminary validation of finite element models with experimental 

data shows good agreement with possibility to increase the efficiency of simulations using python 

programming. Nevertheless, further experiments should be carried out on bent pipes with different 

defect types, multiple defects in a single pipe, and varying temperatures for further validation. 

Experimentally validated models can be used as valuable tools to assist understanding of 



bent/curved pipes with multiple defects and other complex conditions. The approach used in this 

work is not limited to bent pipes, but can easily be extended to NDE/SHM of curved joints, 

dissimilar material joints, composites and other automotive applications.  
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