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Abstract 

 

The growing importance of reliable, rapid, and non-contact non-destructive evaluation (NDE) of 

parts/structures either during manufacturing or maintenance operations has promoted the development 

of real-time, automated, and in-situ methods. The major driving factors for automation of traditional 

NDE techniques, such as thermographic imaging methods, are savings in cost and time. In this work a 

novel real-time low-cost automated heating and cooling thermographic system is developed. The 

system implements a novel cooling mechanism along with heating elements to provide precise control 

of heating and cooling of inspected structures and was built using low-cost components. A carbon fibre 

reinforced plastic (CFRP) composite sample with flat bottom holes (FBH) was used to evaluate the 

effectiveness of the system. This system is coupled with a model to provide insights into system 

optimisation and show the potential that highly flexible inspection systems can be tailored for specific 

industrial requirements. The modelled heating and cooling process was important in determining which 

parts of the thermal profile would provide the best results. The system was assessed using three 

heating/cooling profiles: heating only (HO), cooling only (CO) and heating and cooling (HC). The 

results show that each method was equally as good as determining defects in the tested structure, with 

HC having the potential to outperform the others if optimised. 

 

Keywords: Thermal Imaging, Forced Cooling, Thermography, Infrared Thermography, Composites, 

Modelling, Defects, Damage 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 
 

Infrared thermography (IRT), is a non-destructive evaluation (NDE) technique, which has been 

extensively studied over the years due to its ability to detect damage. Thermographic techniques rely 

on the reflections of thermal energy from boundaries and interfaces, which can be directly related to 

changes in the subsurface material structure. These changes can be efficiently processed and provide 

indications of the size, depth, and location of damage. IRT is currently used in many industries as a fast 

and accurate NDE tool, including the aerospace, automotive and oil and gas sectors. There has been 

considerable interest within the aerospace sector due to the increased use of composite materials within 

aircraft structures. Composite materials, while providing strength to weight benefits, are susceptible to 

various damage formations such as barely visible impact damage (BVID) from low velocity impacts 

[1], debonding [2], fatigue cracks [3] and others [4]. These types of damage are difficult and time 

consuming to inspect, as they generally lie under the surface of the structure.  

When compared to other mainstream NDE techniques, such as ultrasonic inspection, IRT has the main 

advantage of being a rapid non-contact technique. There are many different IRT techniques split into 

two broad fields; passive and active thermography [5, 6]. Active thermography can be broken down 

into a few broad groups: optically stimulated thermography [7-9], ultrasonic stimulated thermography 

[10, 11], eddy current stimulated thermography [12], microwave thermography [13] and a few others 

[14]. Active IRT generally focuses on heating up materials using heat lamps, ultrasound, or lasers, 

where damage is identified during the heating or cooling of the material. Recently, there has been a 

small number of works focused on active or forced cooling combined with a heating process [15, 16]. 

Imaging of damage relies on identifying differences in temperature intensities, this occurs during either 

heating or cooling. Forced cooling, provides an alternative evaluation method for materials that are 

sensitive to increases in temperature. Furthermore, when combined with heating can result in steeper 

temperature gradients and thus have great potential to improve the detection capabilities of IRT 

techniques, this has been shown experimentally for thin samples [16]. Szymanik, Chady and Gorący 

2020 [16], proposed a static active heating and cooling IRT technique that relied on halogen lamps for 

heating and a purpose build water-cooled Peltier module with a fan for cooling. The results showed that 

heating followed by cooling was more effective that heating or cooling alone.  

Automation is a key factor driving many industries and thus any IRT method needs to be readily 

deployed within this framework. This has seen development of IRT techniques focus on automated (in-

service/maintenance) techniques such as laser scanning [17], high resolution laser scanning [18], novel 

line-scanning reconstruction algorithms [19] and electromagnetic thermography [20].Another area of 

interest has been real-time (during manufacturing) inspection systems, which include during automated 

fibre placement where composite structures are built layer by layer using raw a thermal data [21] and 

advanced processing techniques [22, 23] and during composite welding processes [24, 25]. Automation 

and real-time damage inspection are of critical importance for NDE techniques moving into the future. 

In this work, a low-cost automated heating and cooling IRT technique is proposed based on devices 

which provide high levels of temperature control, visioned to provide increased testing flexibility. The 

novelty of the proposed methodology lies on the integration of various components within an automated 

gantry system. Heating is controlled via heating pads (HP), while a vortex tube (VT) is used to control 

cooling, both provide high levels of control while being common inexpensive equipment. In addition, 

low-cost IR cameras are used to complete the system.  

Surface temperature sensors and a feedback loop are used to control the HP. While, perhaps the more 

interesting part of the system, the VT is used to control cooling by regulating the compressed air inlet 

pressure and outlet valve. VTs provide a unique solution for forced cooling, as they are devices that 

have no moving parts, require no refrigerant or direct electricity, and relying solely on an input of 

compressed air and the resulting thermodynamics of the angular velocity of fluids [26].VTs can be used 

for atmospheric separation [27] or more predominately, they are used for spot cooling of machine tools 

during lathing and milling. For this work, a simple nozzle was designed using computation fluid 

dynamics (CFD) [28] to ensure even cooling across a narrow window matched to the size of the HP and 



field of view (FOV) of the IR cameras. A transient thermal model was built in Ansys Workbench 2020 

R2 [29] to investigate and provide insights into the behaviour of heating and cooling on a composite 

panel. The model identified which parts of the temperature profiles would provide the most information 

about the presence of a defect/damage. 

The premise of this work is to provide initial evaluation and proof of concept of a moving heat and 

cooling source, with further optimisation and quantification of the methodology considered the next 

step. The system consists of four layers, Heat Pad→IR Camera 1→Vortex Tube→IR Camera 2, with 

the focus of capturing the cooling phase during an IR inspection. The gantry system provides 

automation of the inspection process, while it is foreseen that the cooling element of the developed 

system can be added within a manufacturing process to aid real-time inspections. The novelty, 

flexibility and inspection results of the developed system are promising.  

The following sections comprise of: the Experimental Setup outlining the developed system, test 

samples and equipment requirements, the Post Processing of Thermal Data which explains how the raw 

thermal images were processed, along with the Transient Thermal Model section which explains the 

model developed in the ANSYS software and the results of these models, finally followed by the 

experimental Results and Discussion section and Conclusion. 

 

2. Experimental Setup  
 

Fig. 1 shows the schematic for the low-cost automatic inspection system, comprising of a Heat Pad (HP 

– Aluminium PTC Heating Element ,80W, 150 oC) followed by the first IR camera (C1 – FLIR Lepton 

3.5, resolution 160x120 pixels), then the Vortex Tube (VT – 130mm Aluminium Alloy Mini Vortex 

Tube), which is finally followed by the last IR camera (C2– FLIR Lepton 3.5, resolution 160x120 

pixels). C1 and C2 were positioned to capture the temperature immediately after the heating and cooling 

cycles, respectively. A CFRP sample with flat bottom holes (FBH) was used to evaluate the 

effectiveness of the system. Fig. 1 (a) shows the side view of the system and relative distances between 

each component, with Fig. 1 (b) showing the top view and maximum width of the inspected region (65 

mm). All components were attached to a gantry system allowing for a line scan of the sample. Initially, 

the HP was heated up to the required temperature, set at 105 oC, with the velocity of the gantry set at 

3mm/s to ensure smooth travel and enough heating/cooling of the samples. Three setups were evaluated: 

heating only (HO), cooling only (CO) and heating and cooling (HC). It is expected that during HO, C1 

would provide superior results due to its vicinity to the heat source. During CO, C2 is expected to 

provide superior results relative to C1, and for HC both C1 and C2 can be used for evaluation.  

 



 
Fig. 1. Schematic of experimental setup showing the side view (a) and top view (b) 

 

Fig. 2 highlights the basic internal workings of a vortex tube. Interestingly, there has been a large 

volume of work conducted since the discovery of the cooling effect in 1933 [30], focused on the 

explanation of the separation of temperature, with this debate still ongoing. Reviewing the illustration, 

air propagates down the length of the tube, with parcels of air travelling to a specific distance from the 

axis dependent on their internal energy (thermal energy) to maintain the enthalpic gradient [27]. With 

heat transfer occurring between forward warm flow and returning cold flow for the length of the tube 

[31]. In this work the VT is used to provide cooling to the surface of the inspected samples, which can 

be controlled directly by adjusting the input air pressure and control valve. For the experiments carried 

out an air pressure of 3 bar was used, with the control valve remaining in a fixed position.  

VTs usually are deployed with spot focusing nozzles, for there applications in machine cooling, which 

is not appropriate for IRT line scanning. A simplified ANSYS FLUENT model was used to design a 

70mm wide nozzle, ensuring adequate distribution of pressure and cooling across the outlet.   

 

 
Fig. 2. Illustration of basic principles of a vortex tube 

 

A thermocouple (TC) attached to the surface of the sample was used to measure the temperature as the 

gantry system moved over the test sample for the three heating/cooling setups. Fig. 3 shows that from 

an initial surface temperature of ~26.8 oC the maximum surface temperatures of 48 oC and 44 oC were 

achieved for HO and HC, respectively. While cooling reached a minimum surface temperature of 13 oC 

and 12 oC for HC and CO, respectively. Due to the fluid flow from the nozzle, the HC profile results in 

heating prior to the HP reaching the surface, this effect is due to warm air being blown over the inspected 

sample. Mixing of hot and cold air due to the VT flow results in a reduction in the maximum 



temperature. The C1 capture window is highlighted in red and coincides with a cooling phase, while 

the capture window of C2 coincides with a heating phase.   

 
Fig. 3. Temperature profiles of investigated heating and cooling regimes  

 

The figure below shows the schematic of the CFRP plate ([0/90/45/-45]s layup) inspected (Fig. 4 (a)), 

the inspected region using the gantry and camera 1 (Fig. 4 (b)), and the inspected region using the gantry 

and camera 2 (Fig. 4 (c)). The composite plate has multiple flat bottom holes (FBH) with depths (in 

mm) from the top surface indicated. The gantry system available had a maximum travel distance of 200 

mm, and thus C1 was able to capture a full length of the panel within a window of 65mm. While, C2 

was only able to capture 120 mm due to its position (refer to Fig. 1). Due to the limitations of the gantry 

system, scanning of the sample was separated into scans of 4 quadrants (Q1-Q4), separate scans were 

conducted by rotating the plate 900 each time to capture all the regions of the plate. 

 



 
Fig. 4. Schematic of sample showing positions and depths of flat bottom holes (a), scanned area 

using camera 1 and the scanned area using camera 2  

 

The thermophysical properties of the test sample are highlighted in Table 1. Table 2 describes the 

diameters (Ф) and depths (d) of each FBH inspected by camera 1 (9 FBH inspected) and 2 (5 FBH 

inspected). 

 

Table 1: Thermophysical properties of test sample 

 

Table 2: Summary of FBH inspected in each quadrant by camera 1 and 2 

 Thermal 

Conductivity 

k Wm-1K-1 

Specific heat 

c Jkg-1K-1 

Density ρ Kgm-3 Thermal diffusivity 

α 10-6ms-2 

CFRP 1 1200 1700 0.5 

Quadrant Q1 Q2 Q3 Q4 



 

3. Post-processing of thermal data 
 

Evaluation of the thermal data was conducted using two commonly used methods: Fourier Analysis 

(FA) and Principle component analysis (PCA). The focus of this work is to evaluate the effectiveness 

of heating and cooling on damage detection rather than developing a new thermal image processing 

technique, FA and PCA are commonly used processing techniques which provide good results [32].  

Fig. 5 below shows a summary of the data alignment process. As thermal images were captured during 

the movement of the gantry system, each frame needs to be shifted prior to processing to ensure each 

pixel is aligned correctly. To conduct FA and PCA on the raw data, zeros were filled in to ensure that 

pixels were aligned in time (generating the final M x N matrix). The aligned data could then be 

processed, providing a single image output.  

 

 
Fig. 5. Data alignment for FA and PCA processing 

 

3.1. Fourier Analysis 
 

Fourier transform converts from time domain signals to the frequency domain, this is done using the 

discrete Fourier transform (DFT) [33]: 

 

𝐹𝑛 = ∆𝑡 ∑ 𝑇(𝑘∆𝑡) exp − 
−𝑗2𝜋𝑘

𝑁
𝑁−1
𝑘=0 = 𝑅𝑒𝑛 + 𝐼𝑚𝑛 lim

𝑥⟶∞
                               (1) 

 

where: 𝑗 = √−1 is the imaginary number, n is the frequency increment, ∆𝑡 is the sampling time interval 

and Re and Im are the real and imaginary part of the Fourier Transform.  

 

Camera 1 Ф 20, d=1 

Ф 20, d=2.5 

Ф 20, d=3.5 

Ф 14, d=2 

Ф 14, d=2 

Ф 10, d=1 

Ф 10, d=2 

Ф 10, d=3 

Ф 10, d=4 

Ф 20, d=1 

Ф 20, d=1.5 

Ф 20, d=2 

Ф 14, d=1 

Ф 14, d=1.5 

Ф 10, d=1 

Ф 10, d=1.5 

Ф 10, d=2 

Ф 10, d=2.5 

Ф 20, d=2 

Ф 20, d=3 

Ф 20, d=5 

Ф 14, d=2.5 

Ф 14, d=3.5 

Ф 10, d=1.5 

Ф 10, d=2.5 

Ф 10, d=3.5 

Ф 10, d=4.5 

Ф 20, d=3.5 

Ф 20, d=4 

Ф 20, d=5 

Ф 14, d=4 

Ф 14, d=4.5 

Ф 10, d=3 

Ф 10, d=3.5 

Ф 10, d=4 

Ф 10, d=4.5 

Camera 2  Ф 20, d=1 

Ф 20, d=2.5 

Ф 14, d=2 

Ф 10, d=1 

Ф 20, d=1.5 

Ф 20, d=2 

Ф 14, d=1.5 

Ф 10, d=1.5 

Ф 20, d=3 

Ф 20, d=5 

Ф 14, d=3.5 

Ф 10, d=3.5 

Ф 20, d=3.5 

Ф 20, d=4 

Ф 14, d=4 

Ф 10, d=3 

 Ф 10, d=2 Ф 10, d=2.5 Ф 10, d=4.5 Ф 10, d=4 



3.2. Principle component analysis (PCA) 
 

Principle component analysis is a multivariate signal processing tool, and is a useful tool to extract 

signal features while filtering out noise effects by projecting the captured data onto a system of 

orthogonal components [34, 35]. Thermal images are captured as a three-dimensional (3D) data matrix, 

(A) consisting of P image frames with M x N pixels per frame (refer to Fig. 5), defined as follows: 

 

𝐴𝑝 = [

𝑎11 ⋯ 𝑎1𝑁

⋮ ⋱ ⋮
𝑎𝑀1 ⋯ 𝑎𝑀𝑁

] , 𝑝 = 1,2, … , 𝑃                                                  (2) 

 

Vectorisation of the 3D matrix (𝐴𝑝) into a 2D vector X is done by stacking each frame as a column (P) 

and by combining all the vectors into a matrix X of dimension (MN x P, eq. 3): 

 

𝑥𝑝 = (𝑎11 … 𝑎𝑀1 … 𝑎1𝑁 … 𝑎𝑀𝑁)𝑇                                                  (3) 

 

𝑋 = (𝑥1, 𝑥2, … , 𝑥𝑃)                                                                          (4) 

 

Normalisation is commonly used to improve image results and reduce noise: 

 

�̂� =
1

𝑃−1
∑ (x𝑝 − x̅)𝑃

𝑝=1 (x𝑝 − x̅)
𝑇

                                                   (5) 

 

where: x̅ = 1/𝑃 ∑ 𝑥𝑝
𝑃
𝑝=1  

 

Finally, the singular value decomposition (SVD) is performed (eq. 6), providing the empirical 

orthogonal functions (EOF) which consist of the columns of matrix U (eq. 7). Only the first component 

was evaluated for this work as it contained most of the variation in the thermal data.  

 

�̂� = USV𝑇                                                                                           (6) 

 

𝑈𝑖 = (𝑢1,𝑖, 𝑢2,𝑖, … , 𝑢𝑀𝑁,𝑖, )
𝑇

, 𝑖 = 1, 2                                                  (7) 

 

4. Transient Thermal Model 
 

A transient thermal model was built in Ansys Workbench 2020 R2 to investigate the behaviour of the 

heating and cooling scenario (HC). The model was initially built to provide a qualitative understanding 

of the problem, with a quantitative model left for future work. The model was built using a transient 

thermal model combined with the Moving Heat Source Ansys Add-on, where the governing equation 

for heat conduction through a solid is described as: 

 

𝑘 (
𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2 +
𝜕2𝑇

𝜕𝑧2) + 𝑞 = 𝜌𝑐
𝜕𝑇

𝜕𝑡
                                                      (8) 

And in matrix form: 

 

𝐶{�̇�} + 𝐾{𝑇} = 𝑄(𝑡)                                                                        (9) 

 

where: k is the thermal conductivity (W/K.m), t is time, T is temperature, q is the rate of heat flux (W), 

𝜌 density of material (kg/m3) and c is the specific heat of the material (J/kg.K). 𝐶{�̇�} is the thermal 

capacitance matrix, 𝐾{𝑇} is the thermal conductivity matrix and 𝑄(𝑡) Heat Rate Vector. 



 

Fig. 6 shows the meshed model which was designed as a coupon with dimensions 75mm (width) x 125 

(length) x 11mm (thickness). Three models were built to describe a 20mm diameter FBH at depths of 

1mm, 3mm and 5mm. The model was meshed using uniform meshing on the top surface with the 

meshing through the depth dictated by the FBH. In total the mesh included 47633 nodes and 28736 

elements. A triangular mesh was used for simplicity with element sizes set from 2.1e-3m, mesh density 

was determined by reducing element size until surface temperatures converged. The material properties 

highlighted in Table 1 were applied to the model, with convection boundaries set on all externally 

exposed sides. An ambient temperature of 26.8 oC was applied to match the experimental temperatures 

(refer to Fig. 3). A heat flux of 1.8 kW/m2 for the heating and -9 kW/m2 for the cooling was applied to 

the top surface nodes. The heating/cooling generated by the HP and VT was modelled over the same 

size area and matched the dimensions and speed of the experimental setup (refer to Fig. 1). 

 
Fig. 6. Meshed model of single FBH structure; isometric view (a), top (b), side (c) and back (d)  

 

Temperature profiles of the model top surface were evaluated across the centre of the defect along both 

the X- and Y-axis, refer to Fig. 7. The moving heat and cooling source follow along the Y-Axis. Five 

temperature profiles were plotted along each axis, two describe the undamaged behaviour, two describe 

the behaviour at the edge of the FBH, and one the profile through the centre of the FBH. Temperature 

profiles along the X-axis are described in Fig. 9(a, c)  - Fig. 11(a, c) while the Y-axis results are shown 

in Fig. 9(b, d) - Fig. 11(b, d). 

 

 
Fig. 7. Temperature profiles along X and Y Axis 

 



Fig. 8 shows the modelled case for an undamaged sample and exhibits uniform heating and cooling 

along both the X- and Y-axis. The experimental and modelled temperature profiles are compared in 

Fig. 8 (c), highlighting the lower temperatures achieved experimentally for HC and close match for HO 

before cooling starts (refer to Table 3). The cold airflow from the VT reduces the maximum achievable 

temperature after the HP by 4 oC and the minimum achievable temperature after the VT by 5 oC, when 

compared to the model. The VT starts to cool the sample earlier and longer than predicted by the model 

which results in lower temperature gradients before and after cooling is initiated (~67s). Thus, the effect 

of the airflow reduces the samples temperature considerably and is a factor that needs to be taken into 

consideration.  

 

 

 
Fig. 8. Summary of X (a, c) and Y Axis (b, d) Temperature Profiles for an undamaged sample 

 

Table 3: Summary of maximum and minimum temperature profiles 

 

 

 

 

 

 

As the depth of the FBH increases (from 1mm to 5mm, Fig. 9-Fig. 11), it can be seen that the 

temperature differential (max Temperature – min Temperature) between the centre of the FBH and the 

areas with no damage decreases. As the differential reduces, it becomes more difficult to evaluate 

damage and defects within a material. During the capture period C1 (42s to 70s, refer to Fig. 3) there is 

a widening between the temperature profile at the centre of the FBH and those with no damage. Once 

cooling has been performed (starting ~70s), the minimum temperature reached at the FBH is greater 

than that achieved elsewhere.  

 

Temperature Modelled Experimental 

- HC 

Experimental 

- HO 

Maximum 48 oC 44 oC 48 oC 

Minimum 18 oC 13 oC - 



 
Fig. 9. Summary of X (a, c) and Y Axis (b, d) Temperature Profiles for a FBH with a Ф=20mm 

and d=1mm 

 

As the depth of the FBH increases, the differences between the maximum temperature (after the heating 

phase) at the FBH centre and elsewhere converge, refer to Fig. 9(c) to Fig. 11(c). While the difference 

between the minimum temperatures after cooling remains relatively large. This suggests that the main 

benefit from the HC scenario is achieved directly after cooling. 

 

 
Fig. 10. Summary of X (a, c) and Y Axis (b, d) Temperature Profiles for a FBH with a Ф=20mm 

and d=3mm 

 



The model is simplified when compared to the experiment, it does not consider the fluid flow from the 

VT. The VT is at 3 bars of pressure at the inlet, and thus expels air at a rapid rate which pushes cold air 

in front of and behind the nozzle, this leads to slightly different cooling and heating conditions that are 

not considered in the model. From Fig. 3 the effect of the fluid flow can be seen at the beginning of the 

heating and it can also be seen that the sample remains below the ambient temperature for a much longer 

period than that described by the model. Although it is simplified, the model provides important 

information about which part/s of the temperature profile are likely to provide the largest differentials, 

thus the best results. From the figures, the key parts of the profile are areas just before cooling, during 

cooling and after cooling which all exhibit large differentials in temperatures. The experimental setup 

(Fig. 1) was based on the modelled results, and thus focused on capturing the temperature profile 

immediately after the heating and cooling phases. 

 

 
Fig. 11. Summary of X (a, c) and Y Axis (b, d) Temperature Profiles for a FBH with a Ф=20mm 

and d=5mm 

 

Fig. 12 shows the results of PCA and FA on the modelled results, highlighting the three temperature 

profiles that were used to evaluate the results. C1 and C2 refer to the temperature profile after heating 

and after cooling, respectively (refer to Fig. 3). While, C3 refers to evaluation of the whole temperature 

profile. From the results each temperature profile should be able to evaluate the FBH for depths of 1mm 

to 5mm (except for FA C2 with a FBH at 5mm depth). Results are calculated using the time domain 

temperature signals for each point on the surface of the sample and do not consider any noise in the 

capture signals.  

 



 
Fig. 12. Summary of PCA and FA results for various depth FBH and cooling phases C1, C2 and 

whole temperature profile C3 

 

5. Results and Discussion 
 

Raw thermal images were recorded along each quadrant (refer to Fig. 4) and then post-processed using 

PCA and FA to assess the performance of HO, CO and HC. Raw images were recorded for 28s after 

heating for camera 1 and 22s after cooling for camera 2 (as outlined in Fig. 3). The results for the 

different quadrants are summarised in Table 4. Fig. 13 to Fig. 16 show the PCA and FA images of the 

FBH. Q1 (Fig. 13) and Q2 (Fig. 14) have the most shallow FBH with depths ranging from 1mm to 

3.5mm. While Q3 (Fig. 15) and Q4 (Fig. 16) have the deepest FBH with depths ranging from 2mm to 

5mm. As expected, due to the FBH depths, the results for Q1 and Q2 are better than that of Q3 and Q4. 

 

Table 4: Summary of FBH inspected in each quadrant by camera 1 and 2 

 

 

 

 

 

 

 

 

 

 

 

 

Quadrant  Q1 Q2 Q3 Q4 

Camera 1 Method 

CO 

HO 

HC 

PCA   FA 

 3/9     2/9 

 8/9     8/9 

 7/9     7/9 

 

PCA   FA 

 6/9     7/9 

 9/9     8/9 

 8/9     9/9 

PCA   FA 

 2/9     0/9 

 8/9     5/9 

 7/9     7/9 

PCA   FA 

 0/9     0/9 

 7/9     5/9 

 6/9     5/9 

Camera 2  CO 

HO 

HC 

 5/5     5/5 

 4/5     3/5 

 5/5     5/5 

 5/5     4/5 

 4/5     3/5 

 5/5     5/5 

 3/5     2/5 

 3/5     1/5 

 3/5     2/5 

 4/5     4/5 

 4/5     3/5 

 5/5     4/5 

      



The location of camera 1 makes it difficult to assess the cooling effect as it lies in front of the VT, 

therefore the poor results for CO are expected. HO provided the best results for camera 1 identifying 7 

or more FBH for each quadrant, with PCA outperforming FA. The results of HC are primarily 

dominated by convection after heating and are therefore similar to the HO scenario. CO found 7 FBH 

in Q2, which related to holes with a depth of no more than 1.5mm. This was possible due to the 

shallowness of the FBH and the propagation of cooling in front of the nozzle (faster than the gantry 

speed). 

Evaluating the results from camera 2, which provides insights into the effectiveness of CO and HC, 

with both outperforming HO in terms of number of FBH detected. CO found all FBH in Q1 & Q2, 3 in 

Q3 and 4 in Q4. While HC found all FBH holes in Q1, Q2 and Q4, and 3 in Q3. The poor performance 

of HO is expected as the HP is much further forward than camera 2, resulting in more cooling before 

the images are captured, and thus smaller thermal gradients. Again, PCA outperforms FA in terms of 

defect detection. The CO results show that the VT is an extremely capable tool in cooling surfaces for 

thermographic inspection while providing high levels of defect discovery. 

A qualitative approach was taken when evaluating the results between the different heating and cooling 

scenarios, with a quantitative assessment reserved for future work. Evaluation of whether HC is better 

than HO or CO requires precise measurement of the input energy required to either heat or cool test 

samples. The energy requirements for HC are equal to HO+CO, and thus a direct comparison between 

these different methods is not suitable, as larger energy inputs are expected to perform better.  

 

 
Fig. 13. Camera 1 and camera 2; PCA and FFT Amplitude results for Q1 for the different heating 

techniques (cold, hot, and hot and cold) 

 



 
Fig. 14. Camera 1 and camera 2; PCA and FFT Amplitude results for Q2 for the different heating 

techniques (cold, hot, and hot and cold) 

 
Fig. 15. Camera 1 and camera 2; PCA and FFT Amplitude results for Q3 for the different heating 

techniques (cold, hot, and hot and cold) 

 



 
Fig. 16. Camera 1 and camera 2; PCA and FFT Amplitude results for Q4 for the different heating 

techniques (cold, hot, and hot and cold) 

 

The ability of being able to control the temperature output of the system either in cooling or heating 

provides flexibility to assess a wide range of materials under different conditions. Coupling this to a 

transient thermal model permits the system to be tailored for specific damage/defect detection problems. 

One of the main findings suggest that CO and HC are at least as good as HO, and with optimisation HC 

should perform better. This work shows that a moving heat and cooling source can be used to provide 

assessment of defects in a low-cost system and can be a useful real-time inspection tool. Furthermore, 

the developed system can be optimised to maintain narrow temperatures windows aiding in the 

assessment of temperature sensitive materials. 

Forced cooling thermography alone can play an important role in defect/damage detection in structure-

change processes that use thermal treatments which include cooling under controlled conditions. One 

of the most common processes is the production of iron alloys which are manufactured using furnace-

cooled and rapid cooling methods. Additive manufacturing methods, such as wire arc additive 

manufacturing (WAAM), have seen the employment of forced cooling methods to improve hardness 

and material strengths [36] and is thus also a candidate for forced cooling thermography. Nuclear waste 

is stored in containers which maintain high temperatures due to the radioactive material, but require 

inspections to ensure corrosion levels are acceptable [37], forced cooling of these containers may be 

more appropriate than heating. Finally, forced cooling can be applied to most current active 

thermography structures/parts and provides an alternative solution. 

 

6. Conclusion 
 

A thermal wave imaging system combining both heating and cooling was used to evaluate FBH in a 

CFRP sample. The work developed a novel low-cost real-time heating and cooling thermographic 

system for the inspection of defects during manufacturing or automated maintenance operations. The 

system using a HP and VT provided precise temperature control of the inspected structure, and thus 

high levels of flexibility with regards to tailoring the system for specific inspection conditions. A 

qualitative approach was used to evaluate three different heating and cooling scenarios; CO, HO and 



HC, while a transient thermal model was used to identify the critical parts of surface temperature 

profiles. Both PCA and FA were used to evaluate the raw thermal images and compare the different 

scenarios. The outcome showed that CO and HC were at least as efficient at determining defects as HO, 

and thus provide a new avenue of interest for thermographic inspection. It is expected that through 

optimisation HC should perform better than HO, while CO using a VT provides a new effective 

thermographic technique. In addition, the precise control of the heating and cooling phases provide 

benefits for thermally sensitive materials by reducing thermal stresses by narrowing the temperature 

band.  
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