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Digital Twin of a Laser Flash Experiment

Researchers and engineers across the globe use thermophysical instruments to extract the thermal properties of materials from measuring small-scale samples (typically a few millimetres in size) under temperature transients or an artificially maintained temperature gradient. Knowledge of these material properties is used in predicting the viability of spacecraft design [START_REF] Vandevelde | Evaluation and optimization of heat transfer at the interfaces of spacecraft assemblies[END_REF], nuclear reactor operation [START_REF] Mena | Development of a modeling approach to describe thermal conductivity of prototypic SiC-SiC tubes for LWR fuel cladding[END_REF], and in other complex machinery.

By far, the most popular measurement technique, thanks to its versatility and robustness, is the flash method [START_REF] Parker | Flash method of determining thermal diffusivity, heat capacity, and thermal conductivity[END_REF]. In most standard designs, a laser flash analysis (LFA) instrument induces a rapid temperature transient created by a flash source (xenon [START_REF] Brunner | Method and device for the photothermic investigation of a sample[END_REF] or laser [START_REF] Min | A new laser flash system for measurement of the thermophysical properties[END_REF] beam) acting from one side of a sample, typically a solid cylinder. This transient is then measured by a high-speed infrared detector from the opposite side. Under these conditions, assuming sample homogeneity, the signal shape recorded by the instrument may be described by just a few parameters [START_REF] Lunev | Decreasing the uncertainty of classical laser flash analysis using numerical algorithms robust to noise and systematic errors[END_REF], among which are the thermal properties of interest. When these parameters are known, a model representation of the time-temperature curve may be obtained by solving a boundary problem of heat transfer. In the flash method, akin to other methods of measuring the diffusion coefficients [START_REF] Liu | Determining diffusion coefficients of coal particles by solving the inverse problem based on the data of methane desorption measurements[END_REF], the parameters need to be determined by solving an "inverse problem". The latter starts with an initial hypothesis on thermal transfer mechanisms (usually, conduction, but also coupled conduction and radiation [START_REF] Lunev | Complexity matters: Highly-accurate numerical models of coupled radiative-conductive heat transfer in a laser flash experiment[END_REF]), evaluating a model solution comparable to the experimental signal, and iteratively changing the model parameters to achieve a good fit to the data. The essence of the method consists in using the temperature history of a sample, which spans over just a few hundred milliseconds for a typical millimetre-thick medium-conductive sample, to infer the thermal behavior of large installations (e.g. a reactor core vessel) in the course of days, weeks, and years. The sole justification is a computed time-temperature curve showing little to no deviation from the experimental dataset. The question remains, is the good quality of fit alone sufficient evidence to make such far-reaching extrapolations?

Among the most interesting and recent applications of the flash method is the measurement of porous-structured samples, such as metal foams. These materials find various applications [START_REF] Lefebvre | Porous metals and metallic foams: Current status and recent developments[END_REF] -for most of which the thermophysical properties play an essential role. Metal foams are used as vacuum foaming molds, as thermoforming tools, and are often key components for vacuum plates in vacuum tables and clamping systems. Allowing tunable surface area and cell size, metal foams can be used to design silencers tailored for a specific flow rate. The ability to achieve a large surface area while maintaining high thermal conductivity, makes metal foams ideal candidates for compact heat exchangers [START_REF] Boomsma | Metal foams as compact high performance heat exchangers[END_REF]. A metal foam may be regarded as a thin-shell structure, able to withstand high mechanical loads thanks to its ability to distribute the load across many struts [START_REF] Lefebvre | Porous metals and metallic foams: Current status and recent developments[END_REF]. Ultralight metal foams find applications in catalysis, fuel cells, hydrogen storage and acoustical insulation [START_REF] Jiang | Ultralight metal foams[END_REF].

Although thermal performance of metal foams with anisotropic or multimodal pore distribution has received considerable attention [START_REF] Wulf | Experimental and numerical determination of effective thermal conductivity of open cell FeCrAl-alloy metal foams[END_REF][START_REF] Mendes | Experimental validation of simplified conduction-radiation models for evaluation of effective thermal conductivity of open-cell metal foams at high temperatures[END_REF][START_REF] Iasiello | Thermal conduction in open-cell metal foams: Anisotropy and representative volume element[END_REF][START_REF] Skibinski | Influence of pore size variation on thermal conductivity of open-porous foams[END_REF][START_REF] Laschet | Effective permeability and thermal conductivity of open-cell metallic foams via homogenization on a microstructure model[END_REF], heat Springer Nature 2021 L A T E X template Digital Twin of a Laser Flash Experiment 3 conduction in porous matrices is still the subject of active research. It is often difficult to measure the thermal properties of such systems experimentally due to the coupling of different heat transfer mechanisms: for example, natural convection and conduction, when measuring with time-consuming methods such as the guarded hot plate [START_REF] Zhao | Natural convection in metal foams with open cells[END_REF][START_REF] Amani | Thermal conductivity of highly porous metal foams: Experimental and image based finite element analysis[END_REF]; or radiation and conduction at high temperatures with the flash method [START_REF] Coquard | Experimental investigations of the coupled conductive and radiative heat transfer in metallic/ceramic foams[END_REF]. At the same time, shorttransient measurements of highly-conductive foams at or slightly above room temperatures under low-conductive gas flow (e.g. nitrogen [START_REF] Lauerer | Avoiding natural convection in laser-flash experiments[END_REF]) should enable single-mode heat transfer via pure conduction. Secondly, there have been no

conclusive studies [START_REF] Skibinski | Influence of pore size variation on thermal conductivity of open-porous foams[END_REF][START_REF] Biggemann | Porous alumina ceramics with multimodal pore size distributions[END_REF] detailing the impact of cell size on heat conduction in metal foams. A suspected reason for this, based on data presented e.g. in [START_REF] Iasiello | Thermal conduction in open-cell metal foams: Anisotropy and representative volume element[END_REF][START_REF] Biggemann | Porous alumina ceramics with multimodal pore size distributions[END_REF], is the fabrication method used to produce such foams, which produces either a multi-modal or anisotropic cell distribution. In this context, it is important to emphasise the materials used in this work had consistently different average (or median) cell sizes with a unimodal cell distribution, which was further confirmed by tomography scans. Thirdly, although previous attempts on simulating the laser-flash experiment on porous materials do exist [START_REF] Evans | Image based in silico characterisation of the effective thermal properties of a graphite foam[END_REF], there have been no published literature where a real laser-flash experiment would be compared to its digital twin. In [START_REF] Evans | Image based in silico characterisation of the effective thermal properties of a graphite foam[END_REF], a half-time method [START_REF] Parker | Flash method of determining thermal diffusivity, heat capacity, and thermal conductivity[END_REF] was utilised without justification. In truth, the half-time method cannot be used when the shape of the recorded time-temperature profile deviates from the classical adiabatic solution for an infinitesimal pulse in a solid cylinder [START_REF] Lunev | Decreasing the uncertainty of classical laser flash analysis using numerical algorithms robust to noise and systematic errors[END_REF]. Can there really be equivalence between a solid cylinder, where conduction is fully described by the Fourier law, and a porous foam sample?

This study aims to elucidate the nature of heat conduction in metal foams and the applicability of the laser-flash method to study such materials. It starts with selecting a set of samples with equal porosities and differing cell size, which are measured with a laser-flash analysis instrument under conditions blocking heat transfer mechanisms alternative to conduction. X-ray computed tomography (CT) is then used to acquire a digital representation of the samples under study. This data is used to build the digital twin of the laser flash experiments with metal foams, which is achieved by finite element analysis (FEA) simulations of heat conduction in the digitalised samples. The digital twin is then used to cross-validate the physical twin [START_REF] Niederer | Scaling digital twins from the artisanal to the industrial[END_REF] -in this case, a laser flash experiment. Both FEA and LFA datasets are processed by a highaccuracy inverse-problem solver, which assumes a simplified geometry of the sample, thus allowing to extract the optimal time-temperature profile of an equivalent simplified geometry.

1 Results

Solving the problem head-on

Experimental samples included a fully-dense AlSi7Mg matrix with a density of ρ = 2.68 g/cm 3 and three open-cell foams with nominal cell size in the range of 0.2-0.35 mm ("small pores"), 0.40-1.00 mm ("medium pores"), and 0.63-4.00 mm ("large pores"), respectively. All foam samples had a nominal density ρ = 1.09 g/cm 3 , or 60% nominal porosity. Same samples were tested with computed tomography (CT) to verify the average foam cell size and porosity, which respectively amounted to: 0.17±0.06 mm and 60±1% (small pores); 0.29 ± 0.14 mm and 57 ± 1% (medium pores); 0.9 ± 0.4 mm and 59.5 ± 4.5%

(large pores). The homogeneous cell distribution was confirmed in CT scans,

showing an almost flat dependence of the porosity volume fraction versus the axial position (data available in the supplementary material). The thickness of all tested samples was approximately 10 mm.

LFA measurements were performed, with results shown in fig. 1. The temperature dependence of thermal diffusivity is monotonic, with only minor features observed e.g. at T = 300-400 °C. These coincide with exothermic effects in differential scanning calorimetry (data available in supplementary material), possibly attributed to precipitation hardening.

Under the conditions stated above, it may be expected that laser radiation from the flash is non-uniformly absorbed within the foam samples. At a first glance, heat deposition profile in open-cell foams may be described by the Beer-Lambert law: q ≃ exp (-γ • x/l), where l is the thickness of the sample,

x is the axial coordinate measured from the illuminated surface, and γ is the matrix is qualitatively the same, with the curves running essentially parallel to each other. This serves as a strong indication of unimodal heat transfer.

Typically [START_REF] Lauerer | Avoiding natural convection in laser-flash experiments[END_REF], the higher is the increase in specific surface area, the stronger is the contribution from convection or radiation, which leads to deviations in apparent thermal diffusivity registered experimentally.

Laser-flash adiabatic heating of metal foams through heat conduction was simulated with FEA using the sample geometry recorded with CT. The earlystage evolution of the temperature field in metal foam samples with large, medium and small cells is shown in fig. 3 Fig. 3: The digital twin: colour maps showing the dynamically evolving temperature distribution in CT meshes corresponding to metal foams with small (a, d, g), medium (b, e, h), and large (c, f, i ) cells. The simulation snapshots were taken at different moments in time shortly after the simulated pulse, which was considered to illuminate the apparent mesh surface observed from an infinitely distant point on the cylinder axis ("negative infinity"). The temperature scale is logarithmic and consistent between graphs. Axial distribution functions for the heat source profile, calculated using the projected area, are shown for samples with small, medium, and large pores in (j ) -(l )

. To eliminate the uncertainty associated with unknown absorption profile in laser-flash experiments, an alternative problem formulation was considered.

Changing the boundary conditions and thickness

An alternative set of 12.5 mm × 5 mm metal foam samples with the pores on both cylinder faces sealed by mechanical treatment were used to enable data processing with the Standard model (fig. 1 (b)). The bulk of these samples had the same uniformly-distributed porosity with a unimodal cell size distribution corresponding to either "medium" or "small" cells.

Thermal diffusivity results are presented in fig. 4 (a).

Data was first processed assuming the thermal path was equal to the cylinder length, l. It then became apparent that diffusivity values were considerably lower for both medium-and small-cell samples compared to data presented in fig. 1 Coming back to the original question posed earlier, "Is the good quality of fit alone sufficient evidence of the validity of laser-flash analysis? ", the answer is clearly a "no" -at least, when it comes to metal foams. Although no discrepancy was found between the data and the model fit in case of open boundaries with beam penetration, deviations could be clearly seen in samples with opaque faces and otherwise equivalent topology. There, the simplified model based on the surface heating of a solid cylinder could not accurately describe the effective medium. The model based on a simplified cylindrical geometry was underfitting experimental data. This was confirmed in the digital twin approach, which was limited to the heat conduction in a porous medium.

On the other hand, the model containing γ as an additional degree of freedom resulted in a better quality of fit for the dataset where laser absorption was restricted to the surface, i.e., where γ In all cases, the digital twin produced results matching, both qualitatively and quantitatively, those from the laser-flash experiment. This suggests that, although the Fourier law is still microscopically valid, it fails to describe the homogeneous medium assumed by the flash method (and other macroscopic thermal methods). The deviations from the Fourier law are solely caused by the sample topology. The importance of this conclusion is easily understood by comparing the apparent thermal diffusivities of samples with different thicknesses. Regardless of how well the model described the data (either overfitting or underfitting), consistent results were produced, showing lower thermal diffusivity values in thinner samples. This means that laser flash analysis (LFA) is not scalable when existing simplified models are applied to process data from metal foams samples. Scalability plays a crucial role for all themo-physical measurements, as it determines the applicability of the general concept, when data from a miniature sample is extrapolated to larger installations. To restore scalability, future research should focus on finding a formal description of the generalised heat transfer in such systems. Some examples of this theoretical approach are given in [START_REF] Kovács | Generalized heat conduction in heat pulse experiments[END_REF][START_REF] Kovács | Analytic solution of Guyer-Krumhansl equation for laser flash experiments[END_REF] The main points of this study are briefly summarised below:

• Where effective-medium models fail, a digital twin succeeds in reproducing the temperature transients recorded by the instrument. The underlying physical model depends on a single parameter, the thermal diffusivity of the solid matrix a m . This is easily measured experimentally (see fig. 1).

CT-informed FEA calculations are then a preferred way to assess thermal performance in small objects, because the required computational power is not very high. At the same time, as the overall spatial scale increases, this computational approach becomes less viable due to obvious difficulties Springer Nature 2021 L A T E X template Digital Twin of a Laser Flash Experiment 13 associated with both the experimental CT procedure and the amount of computational resources required to process the nested topology, e.g., of a heat exchanger built from metal foams. An obvious workaround here would be to use coarse-grained modelling techniques. This ultimately reduces to employing simplified models of heat transfer with predictive power;

• These simplified models, which treat the porous structure as an effective homogeneous medium, need to explicitly account for tortuosity of the thermal propagation path. At the same time, the Fourier law is not strictly applicable for these effective media. This is best seen in samples with closed boundary surfaces. Therefore, all homogeneous models based on the Fourier law add significant uncertainty to processing of metal foam data. Additionally, introducing the exponential absorption profile directly into the heat equation and using γ as a fitting variable results in gross overfitting of the laser flash data. The parameter, γ, stops being representative of laser absorption and might also respond to non-Fourier effects. Artificially the fit becomes better, although the results become unscalable. The associated uncertainty is expected to increase in thinner samples where diffuse reflection may distort the exponential profile;

• Further progress in the field is currently dependent on developing alternative heat conduction models informed by the experimental and computational results outlined in this work and based on a generalised heat conduction theory.

3 Methods

Material fabrication

This work focuses on open-cell foams based on the AlSi7Mg (EN AC-42000) aluminium alloy (Exxentis AG, Wettingen, CH). These foams are created by aluminum alloy casting with crystal salt, i.e., liquid aluminum alloy is poured into a conventional casting mold together with crystal salt, whereby the grain size of the salt is varied to obtain different cell sizes (0.20 mm -4.00 mm). Ascast material is cut into the desired shape and size.

To maintain an open-cell structure, the salt is washed out only after all previous stages are completed.

The volume initially occupied by the salt grains as well as their contact points is vacated by leaching. Each salt grain stays in direct contact with its nearest neighbours, and surface tension prevents the molten aluminum alloy from penetrating into the volume between the grains. In addition to the obvious practical uses, this material may be manufactured to achieve various cell size and porosity levels, at the same time, being easily machinable. This makes

AlSi7Mg foams an ideal model system for conducting basic research on porous materials. Digital Twin of a Laser Flash Experiment

Laser flash analysis (LFA)

LFA measurements were performed with a Netzsch LFA 457 MicroFlash instrument [START_REF] Min | A new laser flash system for measurement of the thermophysical properties[END_REF] with opaque faces were prepared by grinding, which is a preferred alternative to closing the external pores with powder or paste [START_REF] Blumm | Thermal conductivity measurement techniques for carbon and graphite foams[END_REF] for ductile materials.

The time-temperature profiles recorded by the instrument were exported in a csv file format and processed with the PULsE (Processing Unit for Laser flash Experiments) [START_REF] Lunev | PULsE: An open-source software for laser flash analysis[END_REF] open-source software (version 1.93F [START_REF] Lunev | kotik-coder/PULsE: PULsE v1.93F : Fixes[END_REF]). The selected problem statements were "Classical 2D", referred to as the "Standard" model in this text to preserve the naming convention introduced in Proteus LFA Analysis, and the "Penetration 1D" (both models are documented in the software manual). The supplementary material contains information on validation and verification tests for the finite-difference solvers. The optimal solution for each dataset was obtained using a Levenberg-Marquardt optimiser for the ordinary least squares and a standard set of parameters for both models.

Computed Tomography (CT)

The AlSi7Mg foams were scanned on a Nikon XTH cell foams was quantified with a sphere-fitting approach from IPSDK software (from Reactiv'IP), which was more effective for the rectangular shapes of the cells compared to the skeletonisation approach. Tortuosity was calculated from geodesic and Euclidean distance maps of the metal foams. Details on these quantification approaches are available in the supplementary material.

Physical model of the digital twin

A heat equation applied to CT scanned geometry provides a detailed description of heat transfer in a sample. To obtain temperature fields, the heat problem is solved in transient 3-D formulation. It is convenient to introduce the Fourier number [START_REF] Lunev | Decreasing the uncertainty of classical laser flash analysis using numerical algorithms robust to noise and systematic errors[END_REF], which is a dimensionless time variable:

Fo m = a m t/l 2 , (1) where the subscript is indicative to the matrix material, a m is the true thermal diffusivity of the matrix, t is the time variable, and l is the length of sample.

The heat equation with regard to real geometry and structure of a sample then takes the form:

ϕ(r) ∂θ ∂Fo m = l 2 ∇ (ϕ(r)∇θ) , (2) 
where θ is the change in temperature and ϕ is an indicator function, which is unity inside the matrix and zero in the pore volume; θ is measured in arbitrary units since the result is ultimately normalised as described below.

Boundary conditions for eq. ( 2) are quite involved because the detailed shape of the sample is no longer cylindrical. Analysis of scanned geometry reveals that some illuminated pores are located deep in the bulk. Such pores create additional contributions to laser heating. Experimentally, no beam expansion was used, see section 3.2. Therefore, it is reasonable to specify a uniform heat flux for every surface visible from a distant light source with the direction of the parallel laser beam n l :

(n • ∇θ) = (n • n l )f (Fo), (3) where f is the time-dependent laser pulse function (again, in arbitrary units) and n(r) is the inward normal vector to a surface at r. Adiabatic boundary conditions are set for all other (invisible) surfaces.

Radiation heat losses are neglected -as justified by the LFA experiments, see table 1.

The quantity of interest in the flash method is the detected intensity of radiation emitted from the rear face of a sample. It is natural to assume that detector collects radiation from all surfaces visible from the back direction n d = -n l . Since the temperature change θ is small compared to the ambient temperatures, the intensity of emitted radiation is proportional to θ. would run in out-of-core mode yielding correct results but with degraded performance. In any case, the heat problem can be solved on modern workstations or on good cloud instances in a reasonable time.

Finally, the detected curve eq. ( 4) is calculated from the temperature fields at each time step. The curve, as well as time-dependent temperatures, is saved in a file for later visualisation.

Fig. 1 :

 1 Fig.1: Temperature plot (a) of thermal diffusivity in the fully-dense matrix and three metal foams, with photos of the latter. The "Standard" heat conduction model formulated for a partially illuminated solid cylinder with partially masked rear surface is employed to process the recorded signal for the fullydense matrix -schematically represented in (b). On the other hand, the signals generated by all foam samples were processed with the "Penetration" model, schematised in (c), which includes a non-uniform volumetric heat deposition and distributed detection. CT images show the seldom presence of lighter inclusions (d ) and precipitates (e), e.g., in the large-pored sample.

Fig. 2 :

 2 Fig. 2: LFA (a) -(c) and FEA (e) -(g) time-temperature profiles recorded at room temperatures on three metal foam samples with different average cell sizes. Raw LFA and FEA data is shown as coloured markers. Solid lines show the optimised model solution based upon the Beer-Lambert law for distributed laser absorption and infrared radiation emission. In (e) -(g), the temperature values were averaged over the apparent rear surface observed from the "positive infinity".

  (a) -(i ). Initial temperature profile becomes more ragged as the cell size increases, with both low-and highly-overheated regions appearing in the large-cell sample far from the front boundary. This reflects an increasing penetration depth of the laser beam independently modelled through a parameter-free ray-casting algorithm. The deviation from an effective-medium model (fig.1 (c)) becomes apparent when looking at the evolution of isolated regions of above-ambient temperature in fig.3. Some of those regions thermalise with the surroundings and hence cool down to near-ambient temperature. The others engage in a process similar to self-assembly, connecting with other such regions and forming overheated agglomerates. At first, these evolve independently of the conditionally flat temperature front, but later merge onto it. In the mesh corresponding to the large cell size, the temperature perturbation reaches the rear surface faster, possibly due to a lower number of lateral conductive paths.For each simulation, FEA results can also be characterised using a single time-temperature curve, similar to the one recorded by the LFA instrument.Note that as FEA simulations were run in dimensionless variables under adiabatic heating, and since the diffusivities of the fully-dense matrix are known up to 450 °C, FEA results can easily be extrapolated to higher temperatures by re-scaling the time axis, multiplying it by a factor of a s (T )/70, where a s (T ) is the diffusivity of the fully-dense material at temperature T (reader is referred to fig.1). The temperature data extracted from the simulation runs (fig.2 (e) -(g)) was normalised and processed with the same data treatment procedure used for the experimental LFA signals (a) -(c). The simulated and experimental LFA data appear qualitatively and quantitatively the same. As the cell size increases, both experimental and simulated curves show a sharper temperature onset, reflecting an increased beam penetration depth, and longer times needed to reach the half-maximum. The simplified Penetration model could fit FEA data for small and medium cell sizes very well, while some deviations were observed for the mesh with a large cell size. In most cases, the onset of the time-temperature curves for the laser-flash experiment and its digital twin were very similar, indicating valid initial assumptions on the laser absorption profile.Resulting values of thermal diffusivity, a, and absorptivity, γ, extracted from LFA and FEA time-temperature profiles are reported in table 1. For each porosity distribution, both approaches result in diffusivity values matching within the experimental error margin. At the same time, γ values calculated from the FEA temperature history were lower compared to LFA. As this discrepancy seemed suspect, further examination focused on the simulated absorption profile. While the absorption profile is unknown experimentally, it can easily be accessed from simulation (fig.3 (j) -(l)). For small and medium pores, the data collected on the cross-sectional mean of the projected area distribution function, which is representative of the heat flux contribution, is strikingly different from the absorption profile inferred with the simplified heat transfer model from the FEA time-temperature curves. In the latter case, γ was derived as a fitting parameter of the heat conduction model, with reference to table 1. Alternatively, it is derived directly from the projected area fit. The two values do not match. This indicates that, when processing the T (t) curves from metal foams with a penetration depth lower than approximately a quarter of the sample thickness, the parameter, γ, stops being representative of the optical absorption depth and responds to some other unknown factor. Since this change in behaviour is masked by a good fit to the T (t) data, it cannot be normally discovered as it does not produce a visible error. Except at x ≈ 0, where the surface gives an artificial absorption peak due to zero reflectance in simulation, the projected area profiles are described by the Beer-Lambert law.Springer Nature 2021 L A T E X template Digital Twin of a Laser Flash Experiment 7

Fig. 4 : 2 DiscussionFig. 5 :

 425 Fig.4: Thermal diffusivity measurements of grinded foam samples with opaque surfaces (a): hollow and solid markers correspond to diffusivities calculated using the nominal thickness (bee-line) and the true geodesic distance (g.d.) extracted from CT. For both metal foam samples the ratio of the geodesic distance to the nominal thickness was equal to 1.076 ± 0.060, as determined with help of CT (see supplementary material). Example LFA data (b) collected for the sample with medium cell size at room temperature is processed with the Standard model and plotted against the Fourier number, Fo = at/l 2 . The digital twin data (c) is plotted in the same coordinates. Although the Penetration model is not applicable here, the associated curve is plotted in (c), showing an artificially better (but wrong!) data fit.

  -1 is zero by definition. Additionally, experiments with open porosity samples of different sizes did not scale well, with the data treatment procedure producing non-scalable thermal diffusivity values. It follows that the additional parameter, γ, which should have described just the initial non-uniform heat distribution due to extended laser absorption, contributes to the classical case of overfitting and masks important deviations from the Fourier law of conduction.

  225 ST system at The University of Manchester at Harwell. The system was equipped with a 225 kV static tungsten anode source with a minimum focal spot size of 3 µm and a PerkinElmer 2048 × 2048 pixels 16-bit amorphous silicon flat panel detector. The X-rays were generated using a voltage of 70 kV and a current of 135 µA. The data acquisition was carried out with an exposure time of 708 ms and no pre-filtration. The number of projections was set to 3142 (optimum number) and the number of frames per projection was 2, resulting in an acquisition time of 2 h 30 min per sample. The 3-D volumes were reconstructed at full Springer Nature 2021 L A T E X template Digital Twin of a Laser Flash Experiment 15 resolution with a voxel size of 9.71 µm along the X, Y , and Z directions, using CT Pro software. ThermoFisher Avizo version 2019.2 was employed for the data visualisation, processing, and quantification. Pore distribution in open-

Table 1 :

 1 Comparison of processing results for a set of experimental data (LFA) and data obtained with a digital twin (CT/FEA) approach. Errors are calculated based on a 95% confidence interval while averaging over five measurements in a row.

		Large pores	Medium pores	Small pores
		LFA	FEA LFA	FEA LFA	FEA
	Thermal diffusivity,	35.5 ± 0.9 34.9	38.5 ± 1.8 39.4	43.4 ± 2.7	41.1
	a (mm 2 s -1 )					
	Biot number (facial	< 10 -5	0.0	< 10 -5	0.0	0.07 ± 0.02 0.0
	heat loss), Bi					
	Absorptivity, γ	12.0 ± 1.2 9.2	25 ± 5	13.9	25 ± 7	14.6

  equipped with a 1054 nm Nd:glass laser generating fixed-width pulses of approximately 0.35 ms. Measurements were conducted in a temperature range 25-450 °C under a nitrogen flow of 50-100 ml/min. Standard 12.7 mm Measured samples included those with open porosity and those with solid faces but with identical bulk porous structure. Data on two complete batches of sample sizes are reported: 12.5 mm × 5 mm and 12.5 mm × 10 mmalthough many other configurations were initially tested. A thickness of l = 10 mm is not commonly used in LFA measurements, but it was necessary to suppress stray light for samples with large pores. In LFA, this is partially achieved by optical edge filters. However, these measures are not effective for thin porous samples, where an overload of the acquisition system is typically triggered by stray radiation. Using thicker samples solves this problem. None of the samples were coated in any of the reported LFA measurements. Samples

	SiC sample holders with caps (cap orifice 9 mm) were used, which provided
	an annular contact area for the sample radial periphery, with the annulus
	inner diameter of 11.8 mm. Sample rear-surface radiance was recorded with a
	standard LN2-cooled InSb infrared detector operated under a linear-response
	mode, thus ensuring proportionality of the recorded signal to thermodynamic
	temperature rise.
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Digital Twin of a Laser Flash Experiment Therefore, the measured signal can be calculated from the temperature field as follows:

The integral J is taken over all surfaces visible from the back direction and n(r) is, again, the inward normal vector. The quantity J is then normalised [START_REF] Lunev | Decreasing the uncertainty of classical laser flash analysis using numerical algorithms robust to noise and systematic errors[END_REF],

which justifies the arbitrary choice of units for temperature and heat flux.

Simulation procedure

To solve the problem ( 2) -( 3), a finite-element spatial approximation is used with the implicit Euler scheme in the time domain. Processing of CT scanned geometry described in section 3.3 generates tetrahedral cells of sufficiently small size. These cells serve as the 1st order elements without refining the mesh.

Heat conductivity and heat capacity matrices are calculated in a usual way (see, e.g., [START_REF] Zienkiewicz | The Finite Element Method: Its Basis and Fundamentals[END_REF]). To calculate the heat source according to eq. ( 3), a simple algorithm based on ray casting identifies visible sides of the elements. First, it finds cell sides comprising the boundary surface between the matrix and the pores. Then, algorithm selects sides facing the distant light source, for which the dot product (3) is positive. A ray is cast from the centre of each selected side toward the light source with the direction -n l . If the ray intersects none of other surface sides (irrespective of their normal direction), the side is assigned a heat flux according to equation eq. (3). To test an intersection, a slightly optimised version of the Möller-Trumbore algorithm [START_REF] Möller | Fast, minimum storage ray-triangle intersection[END_REF] is used. Sides visible from the detector are also identified for final processing. To verify the procedure described, the total projected area of visible sides i A i (n i • n l ) is compared with the geometrical cross-sectional area of a sample. The differences are acceptably small. For the samples with opaque faces, only the sides with the depth of l/100 or less are considered visible.

After approximation, the system (2) -( 3) reduces to a sparse system of linear equations Hy = f with the symmetric positive-definite matrix H. This matrix depends on sample geometry and also on time step. The linear system is solved with the Intel MKL PARDISO [START_REF] Schenk | Efficient sparse LU factorization with left-right looking strategy on shared memory multiprocessors[END_REF] package.

The time stepping algorithm leverages the ability of PARDISO to analyse, factorise and solve the factorised system in separate phases. The analysis depends on the structure of the sparse matrix H and is done only once per run.