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A B S T R A C T   

In-pile instrumentation is critical for advancing operations and materials discovery in the nuclear industry. 
Ensuring optimal performance of sensors in high temperatures is the first step in demonstrating their viability in 
the harsh in-pile environment. This work demonstrates the high temperature capabilities of a line heat source 
and measurement technique previously shown to extract thermal conductivity of nuclear fuel sized samples 
within a laboratory environment at room temperature. This method uses a hybrid AC/DC measurement tech
nique to obtain rapid measurements of the temperature dependent voltage change of a heater wire, which also 
acts as a resistance thermometer. Once the temperature profile of the heating element is extracted it is matched 
to a multilayered analytical model to determine the thermal conductivity of the sample. Measurements are 
conducted over a range of temperatures to extract the thermal conductivity as a function of temperature for 10 
mm diameter 6061 aluminum samples. Each measurement had a coefficient of correlation (R2) value higher than 
0.995 when matched to its corresponding analytical model. The thermal diffusivity values for each temperature 
are also identified and reported. Microstructure analysis was also conducted to further characterize the material 
measured.   

1. Introduction 

Current standards for thermal properties measurements of nuclear 
fuel are limited to out-of-pile post irradiation examination (PIE) which 
introduces significant uncertainty in the behavior of fuel thermal con
ductivity during irradiation [1,2]. Advancements in novel in-pile tech
nology have been highly sought after to increase the capabilities of 
next-generation reactors. However, high temperatures and irradiation 
present in-pile are difficult barriers for sensors and instrumentation [3]. 
In addition, thermal conductivity in particular can be difficult to extract 
and uniquely identify due to highly complex heat transfer equations and 
a large number of unknown variables [4,5]. 

To substantiate robustness and accuracy, techniques and sensors 
developed for in-pile deployment must be demonstrated in separate 
effects testing environments to mimic reactor conditions prior to 
exposing them to the combined harsh reactor conditions. In our previous 
work, we reported on a thermal conductivity needle probe and 

measurement technique [6,7] that overcame challenges of sample size 
limitations (i.e. the infinite medium assumption) and convective losses 
which limited deployment of the traditional needle probe method [2,8, 
9]. A minimum sample diameter of 40 mm was defined based on 
sensitivity parameter studies for a 4-wire probe containing thermo
couple and heater wire elements [8]. A major limitation of these pre
vious sensors that has yet to be overcome is that the electrical impedance 
of the insulator separating the heater and thermocouple decreases at 
high temperatures (1200–1800 ◦C) and under irradiation, allowing 
cross-talk between the multiple components within the probe [3,10–14]. 
In this work, the temperature dependent resistance of a single heater 
wire is used as a resistance thermometer; thus, reducing the probe’s 
diameter, allowing for smaller diameter samples, and eliminating 
cross-talk between thermal elements. A DC current is applied to the 
heater wire to induce Joule heating while a small AC signal is super
imposed to accurately measure electric resistance with a lock-in 
amplifier and increase signal to noise ratio. Once the measurement is 
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completed and the temperature profile is extracted, inverse analysis can 
be conducted with the use of a multilayer analytical model that en
compasses the entire probe, thermal contact resistances, and sample is 
fitted to the measurement for thermal conductivity determination. 
Similar approaches to estimating parameters by solving the inverse 
problem are detailed in literature [15–17]. Samples as small as 10 mm in 
diameter were used to validate the analytical model and studies have yet 
to find any sample size limitations of this hybrid line source probe 
technique [6,7]. All measurements in the previous study were conducted 
at room temperature to serve as proof-of-concept of the technique. As a 
continuation to the room temperature results, the line heat source probe 
and novel measurement technique was tested at elevated temperatures 
to expand this technique to accurately extract thermal properties of the 
measured sample. 

2. Materials methods 

Measurements of 6061 aluminum were conducted with an MTI 4- 
zone tube furnace to ensure a uniform temperature distribution over 
the entire length of the probe (Fig. 1a). Each of the zones of the furnace 
were programed to start at 20 ◦C, heat at 3 ◦C per minute to 50 ◦C, hold 
for 5 min at each temperature step (up to 550 ◦C) and ramp at 10 ◦C per 
minute between steps (Fig. 1c). Each measurement is taken at the end of 
the 5-min hold to ensure the aluminum is at thermal equilibrium with 
the furnace. Between 2 and 4 measurements were taken at each tem
perature set point to ensure repeatability. The initial slow heating allows 
the furnace more time to successfully reach the 50 ◦C increment targets 
instead of overheating, which is less of an issue at higher temperatures. 
In addition, reported and utilized temperatures are that of the tube 
furnace thermocouple readings and not of the set temperatures. 
Aluminum samples, 10 mm in diameter (Fig. 1b), were measured in 
50 ◦C increments up to 550 ◦C with a Type-K thermocouple (1 mm in 
diameter and 12 in length, which is long enough to ensure negligible end 
convection effects [18–20]) acting as a 2-wire probe. This sample se
lection allows comparison to the previous room temperature results [7] 
while focusing on the samples with higher thermal conductivity and 
minimal diameter. 6061 aluminum was chosen to show the compati
bility of our technique with high thermal conductivity samples which 
could provide an upper limit benchmark for advanced fuels [21–23]. 

6061 aluminum is also of interest for its use as metallic fuel cladding for 
research and test reactors [24,25]. 

2.1. Theory 

The analytical model utilized to extract the thermal conductivity 
makes use of the thermal quadrupoles method [26] to model the system. 
Here, we use a 2-wire approach (Fig. 2b) which is simplified to an 
effective 1-wire geometry for modeling and calculations [7]. The 
effective 1-wire surrounds the heat generating elements and is depicted 
as a red dashed circle in Fig. 2b. The matrix representation depicting the 
layers of the probe, thermal contact resistance, sample, and convection 
is used to model the temperature of the system (equation (1)).  

Where; θ is the Laplace temperature (i.e. temperature function of the 
Laplace variable p), φ is the Laplace heat flux, Rth is thermal contact 
resistance, h is the convection coefficient, index 1 corresponds to the 
effective wire layer, index 2 is the insulator layer, 3 is the sheath layer, 
and 4 is the sample layer. Coefficients A, B, C, and D are represented in 
Table 1. 

α = thermal diffusivity, p = Laplace parameter, r = radius, k =
thermal conductivity, L = length, I and K = modified Bessel functions, ρ 
= density, c = specific heat capacity 

3. Results 

There are several parameters that change as temperature is increased 
including the thermal conductivities (k) and diffusivities (α) of the probe 
layers and sample. As seen in the developed sensitivity parameter 
studies (Fig. 3b), the thermal conductivity and diffusivity of the sample 
significantly overwhelm the thermal properties of the probe layers 
during the measurement time interval. Thus, the analytical modeling 
parameters of interest as temperature is increased are the samples k and 
α. These parameters are varied to fit the analytical model to the exper
imental measurements in order to achieve a thermal conductivity dis
tribution over temperature. COMSOL Multiphysics finite element 
models were developed to further validate the analytical models and are 
depicted with the temperature plots in Fig. 3 and resulting temperature 

Fig. 1. (a) An image of MTI 4 zone tube furnace used to conduct high temperature measurements with the line source probe (b) an image of the Type-K thermocouple 
probe used in 10 mm diameter aluminum samples, and (c) a plot of the temperature vs. time programed on each temperature control unit on the furnace. 
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K. Wada et al.                                                                                                                                                                                                                                   



International Journal of Thermal Sciences 199 (2024) 108907

3

maps as shown in Fig. 4. 
The extracted thermal conductivities and diffusivities were also 

plotted and shown in Fig. 5 compared to literature values. The thermal 
conductivity matches fairly well with differences potentially due to 
difference in heat treatments, microstructure, or the material itself 
[27–30]; however, the thermal diffusivity diverges as temperature is 
increased. The thermal diffusivity values for aluminum 6061 were 

difficult to find in literature at these temperatures so one of the distri
butions was calculated using the as reported density and specific heat 
capacities [27,29] and the others were found from a similar aluminum 
alloy (AlSi10Mg [31]). Thermal diffusivity should decrease with 
increasing temperature [32] which suggests some discrepancy with the 
literature values reported. The differences in the materials that 
contribute to such wide ranges in thermal conductivity and diffusivity 
could be better understood by also comparing microstructure. This, in 
turn, can provide more in-depth materials identification and usefulness 
in applications. 

4. Discussion 

4.1. Analytical model 

The premise of this novel line source technique is to measure and 
distinguish the thermal properties of the measured sample. In addition 
to the k and α of the probe layers and sample, there are other parameters 
which change the behavior of the temperature profile. These include the 
thermal contact resistances between the wire and insulation (Rth,1) and 
between the sheath and sample layers (Rth,2) and the radii of the layers. 

Fig. 2. (a) Cross sectional depiction of the 2-wire probe geometry and (b) effective 1-wire geometry (not to scale).  

Table 1 
Coefficients for the material matrices in Equation 1.  

Insulation, sheath and sample layers: Effective wire layer: average 
temperature solution: 

q1,i = ri
̅̅̅̅̅̅̅̅̅
p/αi

√
,q2,i+1 = ri+1

̅̅̅̅̅̅̅̅̅
p/αi

√
qi = ri

̅̅̅̅̅̅̅̅̅
p/αi

√

Ai = q2,i [I0(q1,i)K1(q2,i) + I1(q2,i)K0(q1,i)] Ai = 1 

Bi =
1

2πkL

[
I0(q2,i)K0(q1,i) − I0(q1,i)K0(q2,i) Bi =

1
2πkL

I0(qi)

qiI1(qi)
−

1
ρcπr2

i Lp 
Ci = 2πkLq1,iq2,i[I1(q2,i)K1(q1,i) −

I1(q1,i)K1(q2,i)]

Ci = ρcπr2
i Lp 

Di = q1,i [I0(q2,i)K1(q1,i) + I1(q1,i)K0(q2,i) Di =
qi

2
I0(qi)

I1(qi)

Fig. 3. (a) The resulting 56, 304, and 550 ◦C temperature plots including experimentally measured temperatures as solid symbols, COMSOL Multiphysics models as 
open symbols, and analytical models as lines. (b) Sensitivity parameter studies comparing the nominal values with a 5 % increase in the properties; sample thermal 
conductivity ksample, sheath radius rsheath, sheath thermal conductivity ksheath, insulator thermal conductivity kins, wire thermal conductivity kw, convection coefficient 
h, thermal contact resistance between wire and insulation Rth, thermal contact resistance between sheath and sample Rth2, insulator diffusivity αins, and wire 
radius rw. 
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After the first 5 s, Rth,1 and Rth,2 were both shown to have a constant 
effect on the temperature from sensitivity parameter studies. The mea
surements do not start until around 5 s and thus, the shape of the 
analytically derived temperature profile doesn’t change during the 
measurement time interval when either thermal contact resistance pa
rameters are changed. Changes in Rth,1 and Rth,2 would only present 
themselves as vertical shifts in the entire temperature profile. Thus, 
these parameters can be isolated from changes in k and α since they have 
a different effect on the temperature distribution. To simplify the fit, 
Rth,1 was set to 0.01 Km2W− 1 to be consistent with previous work [7] 
and Rth,2 was set to 0 to be removed from the analysis. 

The radii of each of the layers also changes due to thermal expansion. 
However, during the measurement time interval the radius of noticeable 
impact is the samples. The potential change in the diameter due to 
thermal expansion was calculated, using thermal expansion coefficient 
for aluminum-6061 obtained from literature (34.2 × 106 K− 1 at 571 ◦C) 
[27,29], and was found to be about 0.18 mm for the 10 mm diameter 
sample at the highest measurement temperature. This change is not 
large enough to overcome the sensitivity of the thermal conductivity of 

the sample especially at longer time scales (~30 s). At the lower tem
peratures measured, the thermal expansion coefficient was reported to 
be 24.61 ×106 K− 1 at 93 ◦C, which would produce a significantly 
smaller change in diameter (approximately 0.017 mm) and would have 
negligible effect on the (measured or analytical) temperature profile. 

Furthermore, the thermal conductivity and diffusivity of the sample 
are not independent of each other. The values of k and α are dictated by 
the volumetric heat capacity ratio k/α = ρcP where ρ is the density and 
cP is the heat capacity. The covariance between k and α was calculated to 
be − 28.45 which indicates that the parameters are negatively linearly 
correlated. Maintaining the k/α ratio, several k and α values can be used 
to obtain the same fit. These parameters are varied in the analytical 
model to match the experimentally measured temperature distribution; 
however, constraints are required to obtain a viable k and α for each 
temperature step. The constrictions imposed were adjusted so that k and 
α fall within the values of a typical high thermal conductivity metals 
[33]. This range is further reduced when considering the room tem
perature values of 167 Wm− 1K− 1 and 6.4 ×106 m2s− 1 [34]. Thermal 
conductivity is known to increase with temperature and thermal 

Fig. 4. COMSOL modeling results at 0.1 and 10 s for 56, 304, and 550 ◦C.  

Fig. 5. The blue dots indicate the experimentally extracted values and grey bars are values from literature [27–31] (a) The thermal conductivity, k, of the 10 mm 
diameter aluminum samples as a function of temperature and (b) the thermal diffusivity, α, as a function of temperature. 
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diffusivity decreases with temperature [27,30,32] so these room tem
perature values can therefore be minimum and maximum values 
respectively. The ranges for the two-parameter fit are further reduced by 
adjusting the ranges towards higher R2 values without changing the 
number of items within the ranges, which effectively increases the res
olution of the fit. 

4.2. Microstructure analysis 

The microstructure of the aluminum samples before being heated for 
temperature measurements were compared against aluminum samples 
subject to the temperature distribution detailed in Fig. 1. Both pre- 
heated and post-heated aluminum samples were prepared for micro
scopy by grinding with SiC paper at 600, 800 and 1200 grit, followed by 
3 μm diamond slurry on a Buehler TexMet C pad, then vibratory pol
ishing in a 0.06 μm amorphous colloidal silica suspension. After pol
ishing, samples were etched in Weck’s Reagent (4 g KMnO4, 1 g NaOH 
and 100 mL H2O) by swirling for 120–240 s. Images were collected with 
an Olympus BX51 light microscope. Heat-treated samples were pur
posely over etched to reveal grain contrast. Grain size analysis followed 
ASTM standard E112: Standard Test Method for Determining Average 
Grain Size, specifically using the Hilliard single-circle intercept pro
cedure with a circle circumference of 220 μ m. The procedure was 
repeated at four different randomly selected image locations for both as 
received and heat-treated samples, one of each sample is shown in Fig. 6. 
The average results for the grain size of the pre-heated and post-heated 
aluminum are 9.2 μ m with a standard deviation of 0.5 and 7.1 μ m with 
a standard deviation of 0.5 respectively. 

An Instron 5984 was used for tensile testing of the aluminum pre- 
and post-heated. Dog bone structures were cut from the samples by EDM 
(electrical discharge machining) and inserted into custom made fixtures 
and secured onto a 2580-10 kN load cell. Three tensile measurements for 

both pre-heated and post-heated samples were conducted, one of each is 
depicted in Fig. 6c. The average yield strength for the pre-heated and 
post-heated samples was found to be 315 MPa and 81 MPa respectively. 

The microstructure was investigated to further identify the measured 
material. A range of thermal conductivities and diffusivities for 6061 
aluminum have been reported in literature, however there is a lack of 
corresponding microstructure analysis. Differences in microstructure 
could alter the thermal properties of the material leading to improper 
classification. The resultant grain size and yield strengths for the pre- 
heated and post-heated samples are consistent with literature in that 
temperature and yield strength have been shown to have an inversely 
proportional relationship [35]. Grain size has been shown to also have 
an inversely proportional relationship with temperature and is known to 
vary from 2 to 150 μ m with differences in heat treatment [36,37]. 

4.3. Wiedmann-franz law 

The Wiedmann-Franz law was used to compare the resulting elec
trical conductivity (σ) calculated from the thermal conductivity (k) 
values acquired with the line source probe and analytical model at 
various temperatures with the electrical conductivity of Aluminum 6061 
as reported in literature [38,39]. Utilizing the Weidemann-Franz law 
(equation (2)) the electrical conductivity was calculated with respect to 
thermal conductivity and temperature (T). 

k
σ = LT [2]  

Here, L = 2.44 × 10− 8 V2K− 2 is the Lorenz number. Using thermal 
conductivity and temperature values determined experimentally and 
plotted in Fig. 5, a range of electrical conductivity values were found to 
be between 1.3 × 108 and 2.0 × 107 S/m for temperatures between 50 
and 550 ◦C. Room temperature values from literature are typically 

Fig. 6. Microstructure images of 6061 aluminum taken (a) before high temperature measurements and (b) after high temperature measurements. (c) Tensile stress 
curves of the pre-heated and post-heated 6061 aluminum. 
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reported in the range of 2.2 × 107 and 2.6 × 107 S/m [38,39]. Electrical 
conductivity is shown to decrease with increasing temperature for 
aluminum [40] which is consistent with the results achieved using the 
Weidmann-Franz law. These results further verify the thermal conduc
tivity values obtained utilizing the line source probe. 

4.4. Uncertainty analysis 

According to the ISO-GUM rule [41], type B uncertainties of the 
experimental measurements are related to the accuracy of the SR865A 4 
MHz DSP Lock-in Amplifier that measures the small AC signal, the SRS 
DS345 Synthesized Function Generator that provides the AC signal to be 
measured, and the accuracy of the measurements of the small electronics 
and resistance of the probe itself conducted with a Keithley DMM6500 6 
½ Digit Multimeter. This is not considering any environmental errors 
present; including, air drafts, humidity or noise generated from exposed 
electronics. To minimize the noise, the small electronics were soldered 
into electrical boxes. The DMM used to measure the resistances is ac
curate up to 0.0001 %, the function generator voltage generation is 
accurate up to 0.1 %, and the lock-in is accurate up to 0.01 %. Addi
tionally, the noise in each measurement is less than 0.5 % of the 
measured signal. To justify the uncertainty of the measurements, the 
voltages measured by the lock-in were changed by 0.5 % to provide a 
resulting temperature distribution with maximum uncertainty from type 
B sources of error. This result was compared with a nominal measured 
temperature distribution. The error bars associated with this difference 
are smaller than the symbols used in Fig. 3a. In turn, this would not 
affect the thermal conductivity values extracted since the sensitivity of 
the analysis isn’t sufficient to account for such small differences in the 
temperature distribution. In addition, the temperature coefficient of 
resistance of the probe was remeasured up to 550 ◦C. The relationship 
between resistance and temperature can typically be considered linear 
at small temperature differences however the elevated temperature of 
measurements conducted in this work elicits a nonlinear distribution in 
the resistance vs temperature curve. Comparing previous resulting 
temperature distributions to those recalibrated with the temperature 
coefficient resistance values appropriate for each temperature range 
resulted in a R2 value of 0.99 and a maximum error of 3.7 % at 30 s. This 
small difference leads to a negligible effect on the thermal conductivity 
at these short time scales. 

5. Conclusion 

This work demonstrates the unprecedented thermal property 
extraction utilizing a novel line heat source probe technique at elevated 
temperatures for in-pile applications. Measurements were taken using 
10 mm diameter aluminum samples up to 550 ◦C. The measurements 
achieved a minimum R2 value of 0.995 when fitted to the analytical 
models. COMSOL Multiphysics was used to further validate the analyt
ical modeling results. Sensitivity parameter studies were investigated to 
elucidate the effect of the fitting parameters which resulted in a reduc
tion in the number of parameters necessary to extract the thermal con
ductivities and diffusivities at each temperature. Microstructure analysis 
was conducted on the materials measured to further classify the 
resulting thermal properties of the material measured. Future consid
erations should focus on bringing the measurements to other samples 
that can achieve even higher temperatures (1200–1800 ◦C) to ensure 
that any possible breakdown of the insulating properties of the probe has 
negligible effect on the measurements. In addition, irradiation testing 
could further validate this method as a feasible in-pile thermal con
ductivity measurement technique. 
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[33] H. Oktay, Z. Argunhan, R. Yumrutaş, Comparison of heat gain values obtained for 
building structures with real and constant properties, Bitlis Eren Üniversitesi Fen 
Bilimleri Dergisi 8 (4) (2019) 1518–1532, https://doi.org/10.17798/ 
bitlisfen.645016. 

[34] ASM Handbook Committee, Properties and selection: nonferrous alloys and 
special-purpose materials: properties of wrought aluminum and aluminum alloys, 
ASM Handbook ume 2 (1990) 62–122, https://doi.org/10.1361/asmhba000. 

[35] M. Schneider, F. Werner, D. Langenkämper, C. Reinhart, G. Laplanche, Effect of 
temperature and texture on Hall–Petch strengthening by grain and annealing twin 
boundaries in the MnFeNi medium-entropy alloy, Metals 9 (no. 1) (2019), https:// 
doi.org/10.3390/met9010084. 

[36] A. Gerlich, M. Yamamoto, T.H. North, Strain rates and grain growth in Al 5754 and 
Al 6061 friction stir spot welds, Metall Mater Trans A Phys Metall Mater Sci 38 (6) 
(2007) 1291–1302, https://doi.org/10.1007/s11661-007-9155-0. 

[37] J. Wang, X. Chen, L. Yang, G. Zhang, Effect of preheat & post-weld heat treatment 
on the microstructure and mechanical properties of 6061-T6 aluminum alloy 
welded sheets, Mater. Sci. Eng., A 841 (Apr) (2022), https://doi.org/10.1016/j. 
msea.2022.143081. 

[38] Electrical Conductivity and Resistivity for Aluminum and Aluminum Alloys, Iowa 
State University: Center for Nondestructive Evaluation: Eddy Current Testing, 
January, 2024. https://www.nde-ed.org/NDETechniques/EddyCurrent/ET_Ta 
bles/standardsmethods.xhtml. 

[39] Metals Handbook: properties and Selection: Nonferrous Alloys and Special-Purpose 
Materials,” ASM International 10th Ed., vol. 2, 1990. 

[40] P. Yang, et al., Analysis of peak electromagnetic torque characteristics for 
superconducting DC induction heaters, IEEE Access 8 (2020) 14777–14788, 
https://doi.org/10.1109/ACCESS.2019.2963718. 

[41] ISO, Uncertainty of Measurement—Part 3: Guide to the Expression of Uncertainty 
in Measurement (GUM:1995), Standard No, Geneva, Switzerland, 2008. ISO-IEC 
98-3:2008. 

K. Wada et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
http://refhub.elsevier.com/S1290-0729(24)00029-2/sref10
http://refhub.elsevier.com/S1290-0729(24)00029-2/sref10
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
http://refhub.elsevier.com/S1290-0729(24)00029-2/sref13
http://refhub.elsevier.com/S1290-0729(24)00029-2/sref13
http://refhub.elsevier.com/S1290-0729(24)00029-2/sref13
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
http://refhub.elsevier.com/S1290-0729(24)00029-2/sref19
http://refhub.elsevier.com/S1290-0729(24)00029-2/sref19
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
http://refhub.elsevier.com/S1290-0729(24)00029-2/sref32
http://refhub.elsevier.com/S1290-0729(24)00029-2/sref32
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://doi.org/10.1016/j.econmod.2018.08.001
https://www.nde-ed.org/NDETechniques/EddyCurrent/ET_Tables/standardsmethods.xhtml
https://www.nde-ed.org/NDETechniques/EddyCurrent/ET_Tables/standardsmethods.xhtml
https://doi.org/10.1016/j.econmod.2018.08.001
http://refhub.elsevier.com/S1290-0729(24)00029-2/sref41
http://refhub.elsevier.com/S1290-0729(24)00029-2/sref41
http://refhub.elsevier.com/S1290-0729(24)00029-2/sref41

