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Abstract:



This work represents an overview of some of the applications of infrared thermography that have been carried out at the University of Naples Federico II over the years. The focus is on four topics: thermo-fluid-dynamics, materials inspection, cultural heritage and preventative maintenance. For each topic, some results are presented as thermal, and/or phase, images with the attention being essentially devoted to the capacity of these images to communicate information. For more details on test apparatuses, procedures and data analyses, the reader is referred to the previous published work, available in the literature.
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1. Introduction


Researchers at the University of Naples Federico II have been actively involved in the use of infrared thermography (IRT) since the early 1970s. Considering that the first commercial infrared system, named AGA Thermovision, was released to the market around 1965 [1], speaking about the experience of this group would also mean retracing some of the key stages of the development of infrared thermography.



Indeed, the first infrared system used at the University of Naples was the AGA Thermovision 680, followed by AGA Thermovision 782, Agema 880 LW, Agema 900 LW, SC3000 LW, Cedip Jade MW, SC6000 LW, X6540sc MW, SC6800 MW, as well many handheld models like the B4, B50, B360, P640, T440, and T650sc by Flir systems. These infrared systems were used in many different applications, from thermo-fluid-dynamics to materials inspection, cultural heritage and preventative maintenance. Through the description of some of the obtained results, the steps taken by the research group into the infrared thermography world are examined; at the same time, the capability of infrared thermography to deal with different types of problems, as well as gather information for problem solving, are also shown.



The described applications are too numerous to be completely illustrated. Then, we prefer to provide the imaging community with some of the images collected during the years working with infrared thermography. Our desire is to avoid burdening readers with technical details and, on the contrary, spark their interest to go beyond the colors to understand the hidden messages. Of course, readers interested in a specific application will find the description lacking in details about test setup, testing procedure and testing parameters as well, but they can find all the necessary details in the several related references.




2. Thermo-Fluid-Dynamics Applications


The value of IR thermography to measure convective heat transfer coefficients involved with a broad variety of thermo-fluid-dynamics configurations, which may be also complex, is well established. Indeed, since the early introduction of a commercial infrared device in the mid sixties, infrared thermography soon became especially attractive to engineers struggling with boundary layer flows. The historical steps in the introduction of IRT in thermo-fluid-dynamics were traced by Meola and Carlomagno [2], while a comprehensive list of applications—including both natural and forced convection, turbine cooling (including film cooling), transition to turbulence and flow separation, micro systems, rotating bodies, impinging jets, flow instability, and two-phase and hypersonic flows—performed within the last two decades may be found in Carlomagno and Cardone [3]. In this work, some leading applications are presented and reviewed with the main aim of showing how the acquired thermographic images are able to rapidly communicate relevant aspects. A much wider essay can be found in the book of Astarita and Carlomagno [4].



2.1. Impinging Jets


Going back to 1986, we find the thermal image obtained at Federico II and reported in Figure 1 which represents the temperature distribution entailed by a jet impinging on a flat plate. This seems to be the first thermal image of an impinging jet.


Figure 1. Thermal image of a jet, of Reynolds number Re = 28,000, impinging at a distance z = 6 times the nozzle diameter d.
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The investigation with impinging jets went on for many years and is still active [5]. In fact, the subject is of great interest to both academic and industrial communities as impinging jets are widely used in industrial applications for cooling, heating, and drying purposes. In particular, they are used to dissipate heat generated by microelectronic circuits, to achieve high heat transfer coefficients over the leading edge of turbine blades, to heat zones critical for the formation of ice over aircraft, to dry textiles, to temper glass, etc. Indeed, the subject presents critical aspects which are difficult to completely understand, since every application involves a different flow configuration. Amongst others are the flow pattern after impingement [6,7], the crossflow of spent air [8,9,10,11], entrainment effects [12], unsteady effects [13,14,15], influence of nozzle geometry [15], influence of shear layer dynamics [16], and behavior of a jet when working alone or within an array [17]. Most applications generally require the geometry of nozzles, as well as their number and spacing to be optimized in order to maximize the cooling/heating efficiency for a given power required to drive fans or blowers. All these aspects can be advantageously investigated with infrared thermography; this is possible by exploiting the most suitable heat flux sensor methodology amongst those described by Carlomagno and de Luca [18] and Carlomagno et al. [19]. Specifically, the heat flux sensors mainly used with IR thermography are heated thin foil, thin film and wall calorimeter (also called thin skin) [3,4,18].



Meola et al. [15], through measurements of adiabatic wall temperature Taw taken with the Agema 880 system, succeeded in visualizing the instability phenomena which develop for high Mach number values and are driven by the impingement distance. In particular, for z/d < 6, as M increases, the vortex ring, which is located in the shear layer at ≈1.2 d in the radial direction, strengthens up to its highest magnitude (M ≈ 0.7) and breaks up (Widnall instability); this entails entrainment of warmer ambient air and gives rise to the formation of structures so that the jet completely loses its axisymmetric nature. Snapshots of the Taw map for a single impinging jet of d = 5 mm, z/d = 4 and increasing Mach number are shown in Figure 2. For M = 0.3 (Figure 2a), the minimum Taw at 1.2 d has the shape of a completely developed and stable annulus. This annulus, which is the location of the vortex ring, for M = 0.4 is transformed into an unstable semicircle. In reality, the entire region outside the potential core is affected by unstable mixing phenomena. As the Mach number increases, the vortex ring reinforces and, for M = 0.67 (Figure 2b), breaks up in the impact with the plate, entraining warmer ambient air and giving rise to secondary minima at about 0.9 d and 2.2 d, with a maximum between them at about 1.6 d. As M further increases, such structures strengthen up and reach their highest magnitude for M = 0.85 (Figure 2c). To a further increase of M, these structures break up into numerous smaller ones, which tend to coalesce giving rise to a transient alternate circumferential movement (Figure 2d).


Figure 2. Taw maps for d = 5 mm, z/d = 4 and for increasing Mach number. (a) M = 0.3; (b) M = 0.67; (c) M = 0.85; (d) M = 0.91.
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A typical Tw map for an array of 5 × 5 round nozzles of d = 7.5 mm, taken with the Agema Thermovision 900, for z/d = 4 and flow rate [image: there is no content] = 9 kg/s m2 [20] is shown in Figure 3, together with a relief map of the heat transfer coefficient h. The h coefficient was evaluated with the heated thin foil technique [3] and by accounting for losses due to radiation and to lateral conduction.


Figure 3. Array of jets; d = 7.5 mm, z/d = 4, [image: there is no content]: (a) wall temperature; (b) heat transfer coefficient.
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2.2. Hot Water Release


The discharge of hot water rejected by plant cooling systems into coastal areas represents an environmental problem because of the induced temperature changes with relevant modifications in the receiver waterbody. Besides, it represents a problem of thermal diffusion at the interface of two or more fluids, air–liquid or liquid–liquid, which is of academic and practical interest. Results herein presented refer to tests, which were carried out in an experimental laboratory facility (basin) [21] by considering jet discharge into either a stagnant or wavy environment. The surface water temperature was monitored by the Agema Thermovision 880 LW by acquiring sequences of images in steady-state or transient conditions; each image was averaged over 64 frames to reduce the instrument noise. The camera was positioned over a mobile platform and inclined of an angle of 20° to view a trapezoidal area; the distortion introduced by the camera setting was eliminated during image post-processing.



Some thermal images, taken at different time instants, for a flow rate Q = 10 ℓ/s jet discharging inside a stagnant environment are shown in Figure 4, so it is possible to follow the evolution of the hot jet diffusion in the basin up to its steady state.


Figure 4. Thermal images for discharge inside a stagnant environment. (a) t = 0 s; (b) t = 20 s; (c) t = 40 s; (d) t = 60 s; (e) t = 80 s; (f) t = 100 s.
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Data can be reduced in dimensionless form in terms of [image: there is no content] with [image: there is no content] and [image: there is no content], being Ts the generic surface temperature, Tm its maximum value (on the jet axis) and Ta the ambient temperature of water. Three [image: there is no content]maps, for flow rate Q = 10 ℓ/s at steady state, for wavy environment with height H = 4, 6 and 11 cm are shown in Figure 5b,c, respectively. As can be seen, the wave motion contrasts with the jet flow and flattens it towards the shoreline.


Figure 5. [image: there is no content] for discharge inside a wavy environment with varying the wave height H. (a) H = 4 cm; (b) H = 6 cm; (c) H = 11 cm.
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In this type of application, the use of infrared thermography is particularly advantageous because overcomes the problem of ambient water temperature rising in the basin encountered by previous researchers who used conventional (thermocouple or RTD) probes. Another important feature lies in the possibility of also performing quantitative measurements in the presence of opposing waves, which are troublesome to carry out with intrusive contact probes.




2.3. Flow Instability on a Rotating Disk


The line scan facility of the Agema 900 thermographic system is exploited by Astarita et al. [22] to detect the spiral vortices, attached to the disk surface, which occur in the transitional regime of a simply rotating disk and cause small azimuthal variations of the convective heat transfer coefficient In this case, the thermographic system scans a horizontal line that is fixed in space along one disk radius. Because of the disk rotation, each acquired line is displaced, relative to the disk surface, by an angle that is a function of the rotational speed and of the line acquisition frequency. With the aim of reducing noise, a large number of radial profiles (about 15,000) is acquired during each test by precisely monitoring the acquisition time, so that every point of the reconstructed image is, in reality, an average in time of the measured temperature values over the disk surface.



The reconstructed thermogram of Figure 6 shows a temperature map of the disk rotating with its periphery in the transitional regime, i.e., for a Reynolds number based on disk radius equal to ≅300,000, and the footprint of the vortices is clearly visible, there. The disk is rotating in the clockwise direction and its diameter coincides with the side of the surrounding black square. Temperature differences are very small so as not to influence the fluid dynamic instability phenomenon with a high heat transfer rate. The obtained temperature maps are used by the authors to quantitatively measure the number of vortices and the angle of the spirals, which both substantially agree with literature data acquired with other techniques.


Figure 6. Reconstructed thermogram of spiral vortices on a rotating disk for Re = 300,000.
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3. Materials Inspection


3.1. Non-Destructive Testing


“The present research was focused on the study of unsteady surface temperature fields to obtain information about the internal physical structure of a thermally loaded system, by discriminating among surface temperature differences and their time evolution; in other words, the idea was to adopt the time variable in the place of the depth variable (i.e., the coordinate normal to the observed surface) to recover knowledge about the ‘inside’ of the system.”



This sentence is an excerpt from a work [23] by two researchers of the University of Naples and represents a milestone in the development of lock-in thermography. Indeed, the concept of lock-in thermography (LT) was first introduced by Carlomagno and Berardi [23] and later further investigated by other researchers throughout the world [24,25,26,27,28,29,30,31] and transformed into a practical technique.



Lock-in thermography has been widely used at Federico II to assess its capabilities and/or limitations [32,33,34,35,36,37,38,39,40,41]; some phase images are reported in the following. On the whole, it has been found that LT is capable of detecting many of the manufacturing defects in composite materials, like fiber misalignment (Figure 7) [42], slag inclusions (dark zones in Figure 8), non-uniform distribution of matrix and fibers (slight variations of color in Figure 8) [32], and distribution of carbon nanotubes in an epoxy resin matrix (Figure 9) [41]. LT can also be used to control if drilling has caused delamination around holes (Figure 10) [32] and to discover buried impact damage in composites [43], as well to gain more information on the damage caused by an impact on a Glare panel (Figure 11). In particular, the amusing phase image (Figure 11b), obtained with a close-up view lens, supplies information on delamination at the interface aluminum-glass/epoxy layers and on the deformation of the aluminum layers.


Figure 7. Fibers misalignment in a carbon/epoxy laminate; phase image taken with SC6000 camera.
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Figure 8. Slag inclusions and non-uniform distribution of resin in a glass/epoxy laminate; phase image taken with SC3000 camera.



[image: Jimaging 02 00036 g008]





Figure 9. Distribution of carbon nanotubes in epoxy resin; phase image taken with SC3000 camera.
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Figure 10. Delamination around holes in a drilled carbon epoxy part; phase image taken with Agema 900 camera.
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Figure 11. Impact damage of a Glare panel; phase images taken with SC3000 camera. (a) phase image of a large panel (500 × 500 mm2); (b) close-up view.
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Lock-in thermography can also be exploited to ascertain if the cooling passages of gas turbine blades are free of ceramic core fragments [40]; this is a difficult task especially in the presence of small blades like the one shown in Figure 12a. The dark zone, which is enclosed in the white rectangle on the right side of Figure 12b, clearly indicates the presence of residual ceramic core inside the cooling passage. It is worth noting that the ceramic core is normally removed through chemical etching and it is likely that, due to the complex geometry of the cooling passages, some fragments may remain attached to the walls and may either complicate successive manufacturing or compromise the in-service performance.


Figure 12. Phase image taken with SC3000 camera showing obstruction of a cooling passage in a turbine blade. (a) visible image; (b) phase image.
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3.2. Monitoring of Impact Tests


The research group at the University of Naples was among the first to use infrared thermography for monitoring impact tests. They began with feasibility trials on glass/epoxy specimens [44] and continued by considering both other types of composite materials and different impact energies [45,46,47,48,49,50]. Impact tests are performed with a modified Charpy pendulum, which allows the positioning of the infrared camera to view the surface opposite to the impact, with the camera acquiring sequences of thermal images during each impact event.



Some thermal images taken during impact at 12 J of a CFRP and of a GFRP laminate are reported in Figure 13 and Figure 14, respectively, while a video S1 (CFRP.wmv) is also supplied for the CFRP specimen. Both specimens include unidirectional fibers, which are oriented at [0°, 90°]s for the GFRP to attain a thickness of 2.9 mm and at [0°, ±45°, 90°]s for the CFRP one to attain a thickness of 2.4 mm. Sequences of images are acquired with the SC6800 MW camera at a frame rate of 960 Hz. From the thermal images, it is possible to follow the initiation of the impact damage and its progression with time. Specifically, the first images show the surface cooling down due to the thermoelastic effect because the material is initially in tension. Afterwards, the visible damage initiation starts with a hot tract (Figure 13d) in the CFRP and two hot spots (Figure 14f) in the GFRP. The video shows spectacular breakage of the CFRP laminate. In particular, a hot tract suddenly appears which stretches out to the right and to the left by tracing a furrow. In the meantime, lighter furrows are traced above and below it. At the end, the lighter area accounts for the overall extension of delamination.


Figure 13. Some thermal images taken with SC6800 camera at different time instants during impact of a CFRP specimen. (a) t = 0 s; (b) t = 0.001 s; (c) t = 0.002 s; (d) t = 0.003 s; (e) t = 0.004 s; (f) t = 0.005 s; (g) t = 0.007 s; (h) t = 0.015 s; (i) t = 0.016 s; (j) t = 0.032 s; (k) t = 0.189 s; (l) t = 0.605 s.
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Figure 14. Some thermal images taken with SC6800 camera at different time instants during impact of a GFRP specimen. (a) t = 0 s; (b) t = 0.001 s; (c) t = 0.002 s; (d) t = 0.003 s; (e) t = 0.004 s; (f) t = 0.005 s; (g) t = 0.006 s; (h) t = 0.007 s; (i) t = 0.008 s; (j) t = 0.009 s; (k) t = 0.010 s; (l) t = 0.011 s; (m) t = 0.012 s; (n) t = 0.026 s; (o) t = 0.60 s.
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From the obtained results and considering the testing scope of assessing the performance under impact of composite materials for design purposes, it is evident that monitoring the impact event with an infrared imaging device represents the fast and best solution. In fact, it is common practice to search for the energy that causes damage of a given size. This is achieved through many impacts at increasing energy. The procedure includes several steps: put the panel in the impact machine, perform an impact of a given energy, remove the panel, perform non-destructive testing (generally, lock-in or ultrasonics) and put it again in the impact machine for another impact of different energy in another zone and so on. This procedure is time consuming and sometimes not very accurate since the commonly used NDT techniques fail to detect the actual extension of delamination; this is mainly because of the tendency of two delaminated surfaces to tightly adhere once the impactor moves away.



Of course, to get quantitative information on the impact damage, it is necessary to post-process the acquired sequences of thermal images. This is done by exploiting the software packages supplied with the instrumentation and by routines specifically developed in the Matlab environment [42,50]. Generally, a sequence of ∆T images is first created by subtracting temperature for unloaded conditions to every image of the sequence recorded during the impact event. From the ∆T images it is possible to get information useful for understanding of the impact damaging mechanisms. In particular, the following comments apply:

	➢

	
Negative ∆T values indicate thermoelastic effects and account for bending of the material under the impact force.




	➢

	
Depending on the type of material, small positive ∆T values indicate formation of micro-crack, delamination and/or light deformation.




	➢

	
High ∆T values indicate material breakage.









The obtained ∆T images can be further post-processed to learn more and get quantitative information. In fact, it is possible to extract:

	➢

	
Evolution in time of ∆T.




	➢

	
Minima and maxima ∆T values.




	➢

	
∆T profiles along specific directions.




	➢

	
Extension of delaminated zones.









Examples of evolution in time of ∆T of specimens CFRP (Figure 13) and GFRP (Figure 14) are reported in Figure 15 and Figure 16, respectively. These plots were extracted in a central point; ∆T displays an abrupt rise when the material breaks up.


Figure 15. ∆T plot in time in a central point of the CFRP specimen of Figure 13.
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Figure 16. ∆T plot in time in a central point of the GFRP specimen of Figure 14.
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As previously affirmed, from ∆T images it is also possible to evaluate the extension of the impact damage as well as of the impact-affected zone [42,50]. It is worth noting that, in presence of very small ∆T variations coupled with very light delamination (generally at the boundary with the sound material), the instrument noise [51] may be of concern. This problem can be advantageously solved with the use of a reference specimen [52].





4. Cultural Heritage


Infrared thermography, in particular lock-in thermography, has proven to be helpful to deal with many of the requirements of cultural heritage investigations [2]. As main outcomes, infrared thermography represents a valuable tool for non-destructive evaluation (NDE) of building structures of both historical interest and civil use, as well as artworks, because it can give indications about most sources of degradation. In particular, it is helpful to diagnose the state of the monument before restoration and during the verification of the quality of the actual restoration efforts. For example: analysis of the state of preservation of the architectonic elements; analysis of the characteristics of the applied stuccos; verification of effectiveness of biocide treatment applied to the stone after any cleaning process. Indeed, by choosing the most suitable thermographic technique, it is possible to monitor the conservation state of artworks over time and detect the presence of many types of defects (e.g., voids, cracks, disbondings) in different types of materials (e.g., concrete, masonry structures, bronze) [53,54]. When dealing with precious artworks, the main advantages of infrared thermography may be summarized with three words: non-contact, non-intrusive, and two-dimensional. It is possible to inspect either a large surface such as the facade of a palace, or a very small one of only few square millimeters. Conversely, the inspection depth is quite small, generally, in the order of centimeters. However, as demonstrated by Carlomagno et al. [55], IRT matches well with electric-type geophysical methods to characterize the overlapping zone from low-to-high depth in masonry structures.



The research group at the University of Naples has been involved in many applications [38,55,56,57,58,59]. As a typical example, here we only report on the evaluation of the funerary Dancers fresco, from Ruvo’s tomb in Apulia and now kept in the Archaeological Museum of Naples (Italy). This fresco, which includes six panels dating back to the 4th century BC, represents a very valuable artwork (unicum) and needs particular preservation treatments. Figure 17 shows a photo of one panel (Figure 17a) and two phase images (Figure 17b,c) which refer to the two encircled zones A and B. The painting border in the phase image of Figure 17b appears to be composed of three horizontal stripes instead of only one as visible to the naked eye (Figure 17a). Most probably, the painting was partially restored in the past by applying new paint over damaged zones and the three stripes were covered with only one large dark stripe [38]. Instead, the zone B gives indications about the presence of the original painting (yellow zones in the phase image of Figure 17b), which is also confirmed by the autoptic exam, or of cracks and/or deterioration in the fresco’s support (darker zones).


Figure 17. Photo (a) and phase images (b,c) taken with an Agema 900 camera.
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5. Predictive Maintenance (PM)


This is the field which allows for amply practical use of the vast variety of infrared imaging devices, from the simplest cheaper handheld cameras up to the more sophisticated ones, depending on the type of inspection and the analysis required (only qualitative, or also quantitative). In general, PM involves monitoring equipment over time, determining whether corrective action is required before equipment failure with corresponding financial savings. Building envelopes, roofs, HVC (heating, ventilation and air conditioning) systems, and electrical/mechanical equipment are only some of the test cases which may benefit from the use of an infrared imaging system. IRT also provides rapid and accurate diagnoses for furnace maintenance, refractory consumption management, etc. The use of a remote infrared imaging system allows for a completely safe inspection for both the component, whose integrity is guaranteed (i.e., no contact or alteration) and the personnel, who act in a protected environment (away from any harmful conditions). In most cases, with a handheld camera it is possible to get an overview of the entire installation involving complex set of electrical connections, valves, and pipes delivering hot or cold fluids, quickly and at a safe distance.



As an example, Figure 18 displays thermal images which were taken in an industrial context, with two handheld cameras, based on the micro-bolometric technology, the B4 (320 × 240 pixels) and the B50 (240 × 240 pixels) (Flir systems), respectively. As can be seen, it is possible to individuate, amongst a series, a motor that is not working (the second from right in Figure 18a) since it appears darker (i.e., colder) than the other ones. It is also possible to locate an electrical fault, as the high temperature on the right contactor phase (Figure 18b) indicates.


Figure 18. Thermal images from industrial application. (a) Fault in a motor; (b) fault in a contactor.



[image: Jimaging 02 00036 g018]






Within architecture and civil engineering, the infrared camera not only represents a unique device for rapid monitoring of the condition of the building envelope to comply with the technical requirements for energy efficiency, but it is also a useful mean to gain information about buried structures, placement of beams and reinforcement, etc., for restoration purposes. In addition, one must note the convenience of using an infrared camera to discover if there are buried elements such as feeding and sewage pipes or electric conduits in a wall before drilling a hole. Examples of thermal images taken with the B4 camera to the outside and the inside of a building are reported in Figure 19. In particular, it is possible to recognize the structural elements buried under plaster in the phase image of the building faҫade (Figure 19a), but it is also possible to individuate the cold feeding pipe under pavement (Figure 19b), or a hot electrical conduit (Figure 19c).


Figure 19. Infrared thermography at home: outside (a); inside (b,c).
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6. Conclusions


Herein, some of the images collected over more than 40 years while working with infrared thermography at the University of Naples Federico II have been described. Results are grouped into four main application topics. Of course, the topics which have been the focus of work with more outcomes are better-addressed than others. In any case, the discussion was limited to a minimum and no interpretative schemes were added, the intent being to depict the world by means of infrared colours. Indeed, most of the infrared images contain hidden information that might be fun to discover. However, a copious list of references is provided for the reader who wants to discover more.
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