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Abstract 

Pulsed eddy current (PEC) testing is still a relatively new technique used for the inspection of electrically 

conducting and ferrous materials with corrosion under insulation; it provides considerably more defect information 

when compared to conventional eddy current techniques, due to the use of an excitation pulse that contains 

broadband frequencies. This paper includes a transient eddy current analysis of a PEC system through finite element 

analysis using Quickfield. The software proved to be useful to simulate the capability of the system by performing a 

circuit analysis of a simple send-receive type probe over a carbon steel plate under insulation and cladding. Two sets 

of simulations were performed. The first set, in contact, showed how the decay rate was related to the wall thickness 

of the component. Several signals with different decay rates were observed; signals were from the nominal wall 

thickness (defect-free zone) and from defects with different length and depth. The thinner the wall of the component, 

the faster was the decay of the signal. The second and last set of simulations, through insulation and cladding, 

showed how the presence of lift-off affects the circuit analysis. 
 

Keywords: pulsed eddy current (PEC), electromagnetism, non-destructive testing, Quickfield, finite element 

analysis (FEA), finite element simulation, corrosion under insulation inspection. 

 

1. Introduction 

Carbon steel is one of the most widely used materials by many industries, despite its low 

corrosion resistance. Industries such as oil and gas, mining, construction, transportation, nuclear 

power and offshore plants take advantage of the low costs of this material and use it in different 

equipment, pipelines, columns, tanks and vessels, which often work at extreme temperatures (-

4°C to 175 °C); therefore, an insulation needs to be installed to avoid heat loss, to protect 

workers and to maintain an efficient process. By insulating those components, corrosion can 

appear if there is moisture and oxygen between the component surface and the insulating 

material. Insulated components are covered with an insulating material and a non-ferrous 

cladding; the latter is installed to avoid contact between water and the pipe surface. The optimum 

conditions for Corrosion Under Insulation (CUI) to appear are temperatures between 24°C to 

120°C, presence of water, oxygen, chlorides and moisture from the insulating material.  

 

If corrosion under insulation is not detected in time, it can cause catastrophic effects, costly plant 

shutdowns, and, in some rare cases, safety incidents. Maintenance, monitoring and inspections 

every now and then are key to avoid those undesirable effects. There are several non-destructive 

techniques available nowadays, such as visual and ultrasound inspection, radiographic 

examinations, ultrasonic guided wave, which have their advantages and disadvantages. In recent 

years, Pulsed Eddy Current (PEC) systems were developed to inspect CUI. In contrast with 

standard eddy current techniques, PEC has more penetration, providing easier to understand and 

more accurate results. 

In order to understand and analyse the behaviour of a Pulsed Eddy Current system, a parametric 

transient electromagnetic simulation study needs to be performed. In this paper, the finite 
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element software package Quickfield is used to undertake the respective analysis to a transient 

magnetic module. 

 

2. Pulsed eddy current 

2.1 Basic principle 

Eddy current testing (ECT) is based on the principle of electromagnetic induction, discovered by 

Michael Faraday in 1831. Electromagnetic induction is the current developed in a conducting 

surface when the magnetic field of an eddy current instrument’s coil is in contact with that 

conducting object [1]. 

 

The conventional eddy current technique utilises a probe with a single frequency excitation that 

allows inspection of surface and subsurface defects. To inspect deeper sub-surface defects, one 

option is to increase the excitation current; but this could lead to heating of the probe. Another 

option is to lower the frequency; however, this leads to the decreasing of the sensitivity because 

of the limiting factor of the skin effect, where the eddy currents decrease exponentially with 

depth. Pulsed eddy current (PEC) testing was developed to analyse more parameters, such as 

defect location, defect size, probe lift-off and to allow deeper penetration into the test piece. The 

latter is achieved because PEC technique has a probe that utilises short pulses with a high current 

that contains a wideband frequency spectrum [2]. In other words, the coil inside the probe is 

driven by a square wave. According to the Fourier transform, any function can be expressed as 

the summation of an infinite number of sine and cosine terms with different frequencies [3]. 

Thus, a pulse signal (odd function) could be expanded using an infinite sinusoidal function 

(harmonics) thanks to Fourier series: 𝑓(𝑡) = 𝐶 + ∑ 1𝑛 sin 𝑛𝑡∞𝑛=1      (1) 

Where 𝑛 = 1,3,5… (2𝑘 − 1) and C is the offset. 

 

2.2 Description 

Pulsed eddy current probes are usually formed of an exciting coil and a pick-up coil [4]. When 

the probe is placed on the surface of the material to inspect (including coating, insulation and 

cladding material), the current generates a pulsed magnetic field that penetrates different layers 

(including non-magnetic materials) until it reaches the wall thickness of the material of interest 

and eddy currents are generated in the component. When the magnetic field penetrates, the 

electrical current is turned off causing a sudden drop in the magnetic field. Eddy currents 

decrease in strength and the magnetic field corresponding to that decay is captured by the sensor 

of the probe, which can then be used to estimate the wall thickness [5–7]. See figure 1, an 

example of a PEC probe over an insulated pipe, which is the case of interest of this paper. 
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Figure 1 PEC probe over the insulated pipe.  Figure 2 A) Excitation pulse and B) Magnetic 

response. 

 

2.3 Typical signal response 

The square shape current excitation (figure 2) gives a broad band of frequency excitation that 

travels and attenuates through a component. The presence of discontinuities causes some 

electromagnetic radiation to be scattered back to the sensor, so the characteristics of those 

indications can be recorded to analyse the wall thickness of the test piece. 

 

To mathematically solve and understand how the current and voltage behave in the coil inside a 

PEC probe, an RL circuit (figure 3) needs to be explained. An RL circuit (electric circuit) is 

formed of an inductor and a resistor driven by a voltage or current source. If the voltage source is 

a pulsed wave, there will be two important phases in the circuit, a charging and a discharging 

phase (see figure 2.B). 

 

 
 

Figure 3 Series RL circuit. 

 

The current (i) in the charging phase (see figure 2.B) will start to build up and will take some 

time to reach its maximum value (Imax, equivalent to 5-time constants or 5τ, known as transient 
time). The current has a form of a growth graph and can be calculated using: 𝑖 = 𝐼𝑚𝑎𝑥(1 − 𝑒−𝑡𝜏)      (2) 

Where τ is the time constant τ = L/R and is the value when the Imax is at its 63% of the total.  
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The discharging phase (see figure 2.B) occurs because of a sudden cut-off of the excitation pulse, 

so the current saved in the circuit will start to decay until it reaches zero. The form of the current 

is a decay graph: 𝑖 = 𝐼𝑚𝑎𝑥𝑒−𝑡𝜏       (3) 

Where τ is the time constant τ = L/R and is the value when the Imax is at its 37% of the total. 

The second phase of discharging is the most important phase for PEC inspections, but instead of 

the current, the voltage in the resistor is measured, which has the same behaviour: 𝑉𝑅 = 𝑉𝑠 (𝑒−𝑡𝜏)      (4) 

Where VS is the voltage in the source. 

When using PEC technique, there are three important phases: 

1. The emission of the primary magnetic pulse, when the magnetic field generated by the 

probe penetrates all layers, including the non-magnetic materials (cladding sheet and 

insulation) until it reaches the component wall thickness and stabilises. 

2. The second phase occurs when the electrical current is turned off, and the eddy currents 

are generated in the wall thickness due to the change in the magnetic field. 

3. The reception of the secondary magnetic field through the probe, after the eddy currents 

decay in the wall thickness. The magnetic sensor measures the decay rate of the eddy 

currents. 

The region of interest for the measurements during PECT is phase 3, the decay of the eddy 

currents is related to the thickness of the test piece. 

 

3. Finite element model  

3.1 Parameters 

In order to evaluate the behaviour of a PEC system, two simple models were adopted and 

evaluated using finite element analysis (FEA) through Quickfield software. See in figure 4 the 

model for the simulation in contact and figure 5 the model for the simulation through insulation 

and cladding, both including dimensions. 
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Figure 4 Model for simulation in contact: A) Front view and B) 3D view. 

 

  
 

Figure 5 Model for simulation through insulation and cladding: A) Front view and B) 3D view. 

 

In order to reduce the simulation time, a fine mesh was selected in the main regions of interest 

(coil, plate, insulator and cladding) and a coarser mesh in the surroundings. Quickfield created a 

smooth transition from fine to coarse mesh. The model in contact consisted of three parts, the 

send-receive type coil, the plate and the air for the surroundings, whereas the second model 

consisted of five parts, the same type coil, the plate, the cladding, the insulator (air) and the 

surroundings. All the parameters of both models are shown in table 1. 

 
Table 1 Parameters for both models. 

 

Model 

Parameters 

Inside 

radius 

(mm) 

Outside 

radius 

(mm) 

Thickness 

(mm) 
Turns Material 

Conductivity 

(S/m)  

Relative 

permeability 

(µr) 

Coil 30 50 20 400 Copper 5.6x107 1 

Pipe - 250 6.4 - 
Low-carbon 

steel 
5.9x106 2,000 

Air 1,000 3,000 - - - - 1 

Insulation - - 0-80 - Air -  

Cladding - - 1 - 
Stainless 

steel 
1.4 x106 1 

 

A B 

A B 
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Table 1 also shows the relative permeability of the materials in both models; for non-ferrous 

materials it is assumed as 1, and for low-carbon steel the relative permeability should change 

with its B-H curve. Quickfield allows the use of B-H curve data for the material under study; 

however, an effective µr value of 2,000 was used for the pipe to reduce the solution time. 

 

3.2  PEC circuit 

As previously explained, a typical PEC probe consists of an LR circuit, including the voltage 

source, an inductor and resistor. An impulse function was used to simulate the square pulse, 

multiplied by a voltage of 10 Volts as most of the PEC probes work in this range. The resistance 

of the coil was assumed to be 10 Ohms. 

The final step of the setup of the Quickfield model was to calculate the timing to start the 

simulation. The total time of the integration is the transient time (5τ) of the circuit times two 

(5τx2) to allow the charge and discharge of the current. To calculate the transient time, 

Kirchhoff’s law can be used, τ =L/R. As resistance and voltage were assumed and taken from 

other examples and the inductance of the coil was unknown, a couple of simulations were carried 

out to find the most suitable integration timing. The integration was calculated up to 0.018s with 

steps of 0.001s, and the results were stored every 0.001s, starting at 0s. 

 

3.3 Simulation in contact 

The purpose of this part was to evaluate the PEC probe signals when inspecting a carbon-steel 

pipe with and without defects. Simulation time took approximately between 330s and 450s. 

Quickfield results showed the measurements of the current (Amps) and voltage (Volts) for the 

source, resistor and coil. Six defects were introduced, with two depths and three lengths. See 

dimensions figure 6. 

 

 
Figure 6 Defects 1, 2, 3, 4, 5 and 6 from left to right. 

 

The three first defects had the same depth of 1.6mm, 25% of the plate thickness and three 

different lengths, 15mm, 40mm and 65mm, named as defect 1, 2 and 3 respectively. The next 

three defects had a depth of 3.2mm, 50% of the plate thickness and the same three lengths as the 

first three defects, 15mm, 40mm and 65mm, named as defect 4, 5 and 6 respectively. The 
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different defect lengths are shown as half of the real values because of the axis of symmetry in 

the model. 

 

Figure 7 shows the changes of the resistor voltage against time in a log-linear scale. All signals 

from each one of the defects are compared with the nominal wall thickness measurement. The 

latter presented the highest gradient value of -1265.65 (see table 2). When comparing it with the 

signals from the model with defects 1 and 4, where the gradients are -1265.62, -1266 

respectively, differences are negligible; defects are too short in length to be detected. When 

looking at the signals from defects 2 and 3, which have gradient values of -1269.07 and -1269.73 

respectively, significant differences are observed because the defects are long enough to be 

detected. Even more significant differences with respect to the nominal wall thickness are 

observed from the deepest defects, defects 5 and 6, where the signals have gradient values of -

1271.09 and -1273.43 respectively. 

 
Figure 7 A-scan: voltage vs. time – Log-Linear Scale for the model in contact with and without 

defects. 

 
Table 2 Maximum voltage and gradient of decay curves from all signals. 

 

 No defect 1 2 3 4 5 6 

Peak 8.25253 8.25534 8.27795 8.2808 8.25699 8.2979 8.30321 

Gradient -1265.65 -1265.62 -1269.07 -1269.73 -1266 -1271.09 -1273.43 

 

One other key point to mention is that the maximum voltage reached by all signals was 

approximately 8.2V (see table 2); the presence of defects causes small changes in the coil 

inductance, therefore the different gradients on the signals. 

 

Along with calculating the voltage and current of the circuit components, it also possible to 

determine how the eddy current density changes at each time step of the simulation. See figure 8, 

where the maximum density is shown at 9ms (figure 8a), where the excitation pulse was turned 

off, then at 13ms (figure 8b), to end with almost no eddy current density at 17ms (figure 8c). 
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Figure 8 Eddy current density at A) 9ms, B) 13ms, C) 17ms. 

3.4 Simulation through insulation and cladding 

In order to fully evaluate the behaviour of a PEC system in the presence of insulation and 

cladding a lift-off had to be introduced. 

The first simulations were carried out with an insulation of 80mm and the same defects on the 

plate as in the previous section; the signals showed no significant differences from each other, 

probably because the coil used did not have enough power to penetrate the magnetic field and 

form the eddy currents in the plate. The next set of simulations were then carried out to observe 

the behaviour of the send-receive type probe over the plate without defects and at different lift-

offs. 

 

 
 

 

Figure 9 shows that the more significant the reduction of the lift-off is, the higher is the signal 

over the signal from 80 mm lift-off. Saturation could occur because of the significant reduction 

of lift-off. The signals of the lift-off reductions are almost parallel to each other, because 

different voltages were reached during the charging phase, see table 3.  

 

A B C 
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One final comparison was carried out to illustrate that PEC systems can inspect through the 

insulation. At a small lift-off of 10 mm and making the cladding as if it was air, one more 

simulation was performed, to compare it with the results at the same lift-off with the stainless-

steel cladding. Results were similar for both cases, where the peak voltage was the 

approximately 8.36V and the gradient of -1253.27 and -1273.18 for the simulation with and 

without cladding, respectively, confirming another advantage of the PEC systems. 

 

4. Conclusions  

This paper described the results from the finite element analysis (FEA) applied to a transient 

magnetic problem using Quickfield software, which proved to be a powerful tool that covers 

everything that is required for this application. The software not only showed the data for the 

circuit analysis; it also showed how the magnetic flux density and the eddy current density 

changed in the component at each of the recorded steps. 

One model included a send-receive type probe in contact with a carbon-steel pipe with the 

presence of defects; the other one included the same probe but in contact with a stainless-steel 

cladding and insulation to show the effects of lift-off. Both simulations were carried out using 

the same impulse length. An effective value of relative permeability for the carbon-steel plate 

was used to reduce the simulation timing. To simulate the signal responses of a typical PEC 

system, the resistor voltage (log-scale) was plotted against time (linear-scale). Results from the 

first set of simulations in contact showed that the presence of defects did not cause significant 

changes in the inductance of the coil, therefore, a similar value of the peak voltage was reached 

by all signals, thus the different decay rates with different time constants (τ). Defects that were 

30mm in length were too small to be detected by the probe, and the deeper the defect, the faster 

the decay rate, therefore presenting a smaller time constant (τ). The results from the simulation 

through insulation and cladding showed the effects of lift-off. Different peak voltages were 

reached by the signals at different lift-offs because changes in the inductance were significant in 

this case, therefore the presence of different peaks and similar gradients. Results also showed 

that the PEC probe is not significantly affected by the presence of the stainless-steel cladding. 

 

5. Recommendations 

Further work is recommended to optimise the mesh and the PEC probe. Results using a coarse 

and a fine mesh should be compared, to observe if there are any improvements. Furthermore, a 

receive coil could be included to improve the sensitivity of the probe using other configurations 

with ferrite cores and/or ferrite shielding. Additional work using non-linear permeability data for 

the carbon-steel plate could yield more accurate results. 
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