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ABSTRACT 

Modelling and simulation have now become a standard method that serves to cut the economic costs of R&D of 

novel advanced systems. This paper introduces the study on modelling and simulation of infrared thermography process 

to detect the defects in the hydroelectric penstock. A 3-D penstock model was built in ANSYS version 19.2.0. Flat bottom 

holes of different sizes and depths were created on the inner surface of the model as an optimal scenario to represent the 

subsurface defect in the penstock. The FEM was applied to mimic the heat transfer in the proposed model. The model 

outer surface was excited at multiple excitation frequencies by a sinusoidal heat flux and the thermal response of the 

model was presented in the form of thermal images to show the temperature contrast due to the presence of defects. 

Harmonic approximation method was applied to calculate the phase angle and its relationship with respect to defect depth 

and defect size was also studied. The results confirmed that the FEM model has led to a better understanding of lock-in 

infrared thermography and can be used to detect the subsurface defects in the hydroelectric penstock. 

Keywords: penstock; subsurface defects; non-destructive testing and evaluation; infrared thermography; lock-in 

thermography; thermal image; phase angle 

1. Introduction 

Hydroelectricity is one of the oldest sources of renewable energy 

with low operation and maintenance. The components of hydropower 

plant are basically classified as civil engineering structures, hydro-

mechanical components, and electro-mechanical equipment. Penstock 

is a mechanical component which is a conduit or tunnel connecting a 

reservoir or forebay to the hydroelectric turbine. Penstock has to 

withstand the hydraulic pressure under static as well as dynamic 

conditions[1–3]. The operating conditions and maintenance of the 

penstock are critical factors for efficient power generation and the 

safety of plant workers. Penstock is vulnerable to both external and 

internal damages due to factors such as construction flaws, pressure 

differences, temperature differences, design, and service loads. The 

flow intensity within the penstock can vary, whether due to routine 

activities like valve adjustments or unexpected issues like hydraulic 

component failures. These fluctuations in flow velocity lead to abrupt 

pressure changes. Cavitation, a concerning effect, can occur when the 
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pressure reaches vapor-equivalent levels. This phenomenon has adverse consequences for hydraulic systems, 

including reduced flow capacity, disturbances in the flow, decreased efficiency of pumps and turbines, and the 

potential for damage to pipe materials. It’s crucial to closely monitor these effects in their early stages to 

safeguard the structural integrity of the hydropower system[4–6]. Inspection of the inner surface of penstock 

becomes a major challenge as physical examinations could cause damage to the original condition. Non-

destructive testing (NDT) techniques like: X-ray, Ultrasound, Eddy Current and Magnetic Resistance 

Inspection have been used to conduct inspections where physical examination is not possible. However, these 

techniques are slow and lengthy that require halting the energy production and dewatering of penstock, which 

can be factors to economical loss[7–9]. 

Infrared thermography (IRT) has been gaining vast attention in the diagnosis and monitoring of structural 

components in the last few decades. IRT is a non-destructive, non-intrusive and non-contact technique that 

allows the mapping of thermal patterns and provides real-time and reliable data with increased sensitivity and 

spatial resolution. Hence, it is believed that IRT would be able to surpass the aforementioned inspection 

techniques as it can conduct inspection during the working of the penstock and a large surface area can be 

inspected over a short time[10]. The detailed theory of IRT can be reviewed in the literature[11–14]. 

In this work, modelling and simulation of lock-in infrared thermography inspection process for detecting 

artificial subsurface defects in scale model penstock is presented. At first, the finite element model of a test 

sample with flat-bottomed holes of varying size and depth was modelled in ‘ANSYS 19.0’ as a best-case 

scenario to represent real sub-surface defects as the difference between real subsurface defects and flat-

bottomed holes are relatively small. Then, the developed model was stimulated by a sinusoidal heat flux to 

simulate lock-in infrared thermography which makes it possible to optimize the experimental parameters 

without the need for extensive, time consuming and potentially expensive preliminary experiments. Finally, a 

transient thermal and phase contrast analysis was performed to investigate the effects of defect size and depth 

as well as modulation frequency on defect detectability. 

2. Lock-in thermography 

Lock-in thermography (LIT) is a technique derived from photothermal radiometry. Figure 1 illustrates 

the principle of defect detection by LIT. During the process of LIT, a modulated heat source in the form of a 

periodic wave is injected into the sample surface under investigation. The injected heatwave causes the 

temperature at each pixel on the sample surface to vary over time. The presence of subsurface defects can lead 

to a difference in the raw thermal images at each pixel. The location, sizes and depth of the defects can be 

explored by computing phase angle and or amplitude data from the raw thermal images. Phase angle data can 

eliminate the influences of uneven heating and surrounding reflections[15–18]. Hence, phase angle data is of 

interest in this research. 

 
Figure 1. Principle of defect detection by LIT[13]. 
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For a planar semi-infinite sample heated by a modulated heat source in the form of periodic wave, the 

temperature T (°C) can be expressed as Equation (1)[15–17], 

Tz,t = T0e
− 

z
μ cos (ωt −

2πz

λ
) = A(z) cos[ωt − ∅(z)] (1) 

where, T0 is initial change in temperature [°C] caused by the heat source, z is the defect depth [m], 𝜇 = √
2𝛼

𝜔
=

√
𝛼

𝜋𝑓
 is the thermal diffusion length [m] where α =

k

ρ.Cp
 is the thermal diffusivity [m2/s] of the material being 

inspected, k is the thermal conductivity [W/mK], 𝜌 is the density [kg/m3], 𝑐𝑝 is the specific heat [J/kgK] at 

constant pressure, 𝜔 is the modulation frequency [rad/s], 𝜆 is thermal wavelength [m], A (z) is the thermal 

amplitude, ∅(𝑧) is the phase difference. Equation (1) tells that phase depends on defect depth and thermal 

diffusion length whereas thermal diffusion length is related to the properties such as thermal conductivity, 

density and specific heat capacity of the material being inspected as well as the modulation frequency. 

 
Figure 2. Principle of computation of phase angle by using Harmonic approximation[12]. 

If S1, S2, S3, and S4 are four equidistant thermal data in a complete period as shown in Figure 2, then phase 

can be expressed by Equation (2)[15–17], 

∅ = tan−1 (
𝑆1−𝑆3

𝑆2 − 𝑆4
) (2) 

The phase contrast i.e., the difference between the phase angle of the defective area and the sound area, 

provides the defect information in terms of location, depth and size. The phase contrast between the defective 

area and the sound area is expressed by Equation (3)[15,17], 

∆∅ = ∅d − ∅S (3) 

where, ∅𝑑 is the phase angle of the defective region and ∅𝑆 is phase angle of sound region. 

3. Model configuration 

The proposed 3-D penstock model is presented in Figure 3. The model geometry is defined by an outer 

diameter of 50 mm, a wall thickness of 12 mm and a length 100 mm. Flat bottom holes were created on the 

inner surface of the model as an optimal scenario to represent the subsurface defect in the real penstock. Two 

cases of defects, one with constant size and varying depth at the bottom part of the pipe as shown in Figure 3 

and the other with constant depth and varying size at the top part of the pipe which is not visible in Figure 3 
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were considered to study the effect of defect geometry on thermal response. Figure 4a shows the first case 

where defects A, B, C and D has a constant diameter of 12 mm and varying depth of 2, 3, 4 and 5 mm, 

respectively. Figure 4b shows the second case where defects E, F, G and H has a constant depth of 5 mm and 

varying diameter of 6, 8, 10 and 12 mm, respectively. Table 1 presents the geometrical parameters and the 

material properties of the model. A tetrahedral meshing was adapted considering physical preference as 

mechanical and element size 0.5 mm. The resultant mesh had 1,111,238 nodes and 656,176 elements. 

In the proposed model, the influence of radiative and convective heat transfer has been neglected. The 

boundary condition for the heat flux can be expressed as Equation (4)[15], 

−k. ∇𝑇 = 𝑄o (4) 

where, 𝑄𝑜 is the term which describes the heat flux on the irradiated surface. 

The sample was considered to be in equilibrium with the environment at room temperature before the 

experiment started and initial condition is expressed as Equation (5), 

T(x, y, z, t = 0) = Tamb = 22°C (5) 

It was assumed that the front surface of the sample was subjected to plane harmonic heat and Equation 

(6)[15,18] was used to simulate the nature of sinusoidal heat flux with film coefficient 5 W/m2°C and emissivity 

0.95. 

𝑄 =
𝑄o

2
(1 + cos (2π𝑓𝑡)) (6) 

where Q is incident heat flux power density, 𝑄0 is the intensity of heating resource, f is modulation frequency 

and t is the time. 

During simulation, two halogen lamps each of 1 kW intensity was considered. The time-step in this study 

are systematically configured as 
2

100xf
, where ‘f’ signifies the modulation frequency. This approach facilitates 

the accurate capture of temporal variations in signals across a wide range of modulation frequencies, ensuring 

that the analysis remains tailored to the unique characteristics of each signal. Research[19,20] showed that any 

frequency in the range of 0.1 to 0.9 Hz can be used for LIT. In this study, heat flux was applied to the outer 

surface of the pipe at three random modulation frequencies of 0.5 Hz, 0.2 Hz and 0.1 Hz considering the 

diffusion length of the thermal signal. 

 
Figure 3. Geometry of the proposed 3-D penstock model. 
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(a) (b) 

Figure 4. Schematic diagram of the proposed model. All dimensions are in mm. 

Table 1. Geometrical parameters and thermal properties of the model. 

Model Parameters Value Units 

Bounding box Length X 50 mm 

Length Y 50 mm 

Length Z 100 mm 

Properties Volume 79,845 mm³ 

Mass 0.6188 kg 

Material assigned: steel Density 7750 kgm−3 

Thermal conductivity 15.1 Wm−1C−1 

4. Results and discussion 

The previous research[21–24] confirmed that the depth of thermal waves is also dependent on the modulation 

frequency of the heat source, i.e., the lower the modulation frequency, the deeper the penetration of thermal 

wave. Hence, a transient thermal analysis was conducted at three different modulation frequencies 0.5 Hz, 0.2 

Hz and 0.1 Hz. The analysis was performed for two complete modulation cycles for each modulation frequency. 

Figure 5 depicts simulation view of 3-D penstock model and the resulting temperature distribution at 

modulation frequency of 0.1 Hz and time 15 s. Figure 6a–c depicts the raw thermal images at different time 

intervals for the modulation frequencies 0.5 Hz, 0.2 Hz and 0.1 Hz respectively where defects A, B, C & D are 

of constant diameter 12 mm and varying depths of 2, 3, 4 & 5 mm respectively. Similarly, Figure 7a–c depicts 

the raw thermal images at different time intervals for the modulation frequencies 0.5 Hz, 0.2 Hz and 0.1 Hz 

respectively where defects E, F, G & H are of varying diameter 6, 8,10 & 12 mm and constant depth of 5 mm. 

Figure 8 depicts the periodical surface temperature evolution as a function of time for defects A, B, C & D 

with respect to the sound area and Figure 9 depicts the periodical surface temperature evolution as a function 

of time for defects E, F, G & H with respect to the sound area subjected to the modulation frequency of 0.1 Hz. 

Figures 6–9 revealed that defective areas attained a high temperature value than sound areas and are favorable 

for detection and estimate their position. It is also observed that thermal contrast is dependent on defect size, 

defect depth and modulation frequency. As can be seen in Figure 6, defect D being the shallowest defect 

produced maximum thermal contrast at high modulation frequency whereas the other deeper defects C, B & A 

are progressively detected in lower modulation frequencies. Similarly, in Figure 7, defect H being the largest 

in size produced maximum thermal contrast compared to smaller defects in all ranges of modulation frequency. 
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(a) (b) 

Figure 5. Simulation view of 3-D penstock model and the resulting temperature distribution via. simulated lock-in thermography at 
modulation frequency of 0.1 Hz and time 15 sec in ‘ANSYS 19.0’, (a) Distribution of temperature for the defects with constant 
diameter and varying depths and (b) Distribution of temperature for the defects with constant depth and varying diameter. 

The temporal profile and time history as presented in Table 2 were accounted. The region of interest of 3 

× 3 nodes at the center of each defect and in the adjacent sound area for each defect was selected. The average 

temperature data of selected nodes was considered, and Equation (2) was used to calculate the phase angle 

data. 

Table 2. Details of simulated data considered during phase extraction. 

Modulation 
frequency (Hz) 

Period (s) Modulation cycle 

(no.) 

Image interval 
time (s) 

Image considered wrt time (s) 

1st 2nd 3rd 4th 

0.5 2 2 0.50 2.00 2.50 3.00 3.50 

0.2 5  1.25 5.00 6.25 7.50 8.75 

0.1 10  2.50 10.0 12.50 15.00 17.50 

To determine the optimum modulation frequency, an analysis was conducted on the phase contrast 

between the defects and the nearby sound regions. The phase contrast was acquired by subtracting the phase 

angle of the sound area from the defective area as explained in Equation (3). Figure 10 depicts the phase 

contrast for defects with constant size as a function of depths for different modulation frequencies. It is 

observed that the higher modulation frequency, 0.5 Hz is limited to detect only the shallowest defect with 

maximum phase contrast and found ineffective for other deeper defects; whereas medium and lower range of 

modulation frequencies i.e., 0.2 Hz and 0.1 Hz respectively was found more effective to detect deeper defects. 

Similarly, Figure 11 depicts the phase contrast of defects with constant depth as a function of size at different 

modulation frequencies. It is observed the higher modulation frequency is limited to detect the larger diameter 

only and found ineffective for smaller ones; whereas medium and lower modulation frequency was found more 

appropriate to detect smaller diameter. Also, in between the medium and lower modulation frequency, phase 

inversion occurred, and phase contrast may be positive and/or negative. Ultimately, a modulation frequency of 

0.1 Hz can be recommended for the detection of defects in the sample penstock pipe under consideration as it 

can provide reasonable thermal and phase contrast for the defects with respect to sizes and depths. 
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Figure 6. Raw thermal images obtained by simulated lock-in thermography as a function defect depth at different modulation 
frequencies; (a) 0.5 Hz, (b) 0.2 Hz and (c) 0.1 Hz. 
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Figure 7. Raw thermal images obtained by simulated lock-in thermography as a function defect size at different modulation 
frequencies; (a) 0.5 Hz, (b) 0.2 Hz and (c) 0.1 Hz. 
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Figure 8. Simulated periodical surface temperature evolution of sound and defective areas of uniform size and varying depth 
subjected to lock-in heating at modulation frequency of 0.1 Hz.  
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Figure 9. Simulated periodical surface temperature evolution of sound and defective areas of uniform depth and varying diameter 
subjected to lock-in heating at modulation frequency of 0.1 Hz.  
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Figure 10. Phase contrast processed with harmonic approximation from the simulated lock-in thermography as a function defect 
depth at different modulation frequencies. 
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Figure 11. Phase contrast processed with harmonic approximation from the simulated lock-in thermography as a function defect size 
at different modulation frequencies. 
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5. Conclusions 

This study investigated the use of lock-in infrared thermography to detect defects in the hydroelectric 

penstock. The presented results demonstrated that the modelling and simulation of the lock-in infrared 

thermography inspection process is possible and useful to understand and optimize the experimental results. 

The simulated thermal and phase data makes it possible to optimize the modulation frequency adapted to the 

test sample. In future work, more modelling and simulations are planned to detect irregularities of different 

shapes, sizes and depths in the penstock and the validation of the obtained results experimentally.  
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