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Abstract

:

Proper recording of thermophysical properties for molten salts (MSs) and molten salts based nanofluids (MSBNs) is of paramount importance for the thermal energy storage (TES) technology at concentrated solar power (CSP) plants. However, it is recognized by scientific and industrial communities to be non-trivial, because of molten salts creeping (scaling) inside a measuring crucible or a sample container. Here two strategies are proposed to solve the creeping problem of MSs and MSBNs for the benefit of such techniques as differential scanning calorimetry (DSC) and laser flash apparatus (LFA). The first strategy is the use of crucibles with rough inner surface. It was found that only nanoscale roughness solves the creeping problem, while micron-scale roughness does not affect the wetting phenomena considerably. The second strategy is the use of crucible made of or coated with a low-surface energy material. Both strategies resulted in contact angle of molten salt higher than 90° and as a result, repeatable measurements in correspondence to the literature data. The proposed methods can be used for other characterization techniques where the creeping of molten salts brings the uncertainty or/and unrepeatability of the measurements.
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1. Introduction


Molten salts are commonly used as a storage material at Concentrated Solar Power (CSP) plants [1,2], where their amount is of the order of thousands of tons [3,4,5]. For example, at GEMASOLAR CSP plant 8500 tons of Solar salt is used [3], at Andasol-1 CSP plant it is 28,500 tons [4] and at Solana CSP plant it is 125,000 tons [5]. Currently, so-called Solar salt (60–40 wt% of NaNO3–KNO3) is used most often. Hence, knowing the precise values of their heat capacity (Cp) and thermal conductivity (λ) is of the highest importance. However, it is recognized by the scientific and industrial communities to be very complicated, as reflected by the discrepancy of the published results. The same problem stands for molten salts based nanofluids [6]. In the last few years, the quality and accuracy of the thermophysical properties data of inorganic salts have been widely debated. This is due to the discrepancy of the published experimental results, obtained by different groups using different techniques [6]. As example, a round-robin test was performed in 2017 to measure Cp of the Solar salt by 11 institutions [7].



In order to get reliable values from such widely used techniques as Differential Scanning Calorimetry (DSC) or Laser Flash Apparatus (LFA), the sample must be in a good contact with the crucible. However, due to strong wetting typically molten salts creep on the walls of the measuring crucible Scheme 1. This results in a non-uniform thickness and an unacceptable error of the measurement.



The salt can be immobilized in the crucible if its quantity is large enough [8,9,10]. Such an approach was recently used by Muñoz-Sánchez et al. for Solar salt-based nanofluids [8]. Earlier, positive effect of larger mass in the DSC crucible on the accuracy of DSC measurements was noted by Thoms [9], and Hohne et al. [10]. However, the use of a larger mass has several important disadvantages. Firstly, due to thermal expansion of a larger quantity of molten salt, pressure builds up during the measurement in the measuring crucible. Obviously, in this case what is measured is not isobaric heat capacity (heat capacity at constant pressure). Besides, elevated pressure can lead to the leakage of the salt or even to the crucible deformation. This brings the risk of a critical damage of the equipment as a result of high corrosivity of molten salts at elevated temperature. Sometimes a hole is made in the crucible lead to prevent pressure increase. However, this can lead to the salt leakage from the overfilled crucible.



It should be noted that while wetting properties (like contact angle) of molten salts and molten salts nanofluids are widely discussed in the literature [11,12,13], their control to avoid creeping is rarely discussed. In particular, a round-robin test was reported in Reference [11] to identify the effect of nanoparticles doping on the contact angle of molten nitrate salt. The method of capillary rise was applied to molten carbonate salt and porous electrodes [12]. Wettability of carbon surfaces by molten chloride salts was studied in Reference [13].



In this work, we show that by using crucible made of a low-surface energy material or by decorating the interior crucible with nanoroughness increases the wetting contact angle and mitigates the wetting phenomena, which is responsible for displacement and creeping of the salt. We propose simple chemical or physical methods of introducing such roughness, which does not require special equipment and can be applied to already existing commercial measuring cells and crucibles. We demonstrated the strategy of low-surface energy material by testing several crucibles of standard design, but made of materials with low-surface energy. We believe that the proposed methodology can be extrapolated to other characterization techniques, where wetting phenomena result in molten salt displacement, such as laser flash, rheometry, etc., see Patent [14].




2. Materials and Methods


2.1. Materials


NaNO3 and KNO3 from SQM (Sociedad Química y Minera) were used in this work. These nitrates have a purity of ≥99%, with the list of impurities given elsewhere [12]. The Solar salt was prepared from pre-dried NaNO3 and KNO3 mixed in 60:40 wt% proportion. This mixture was melted at 360 °C and kept at this temperature during 6 h, followed by grinding in an agate mortar until homogeneous fine powder was obtained. Finally, 1 wt% of 50 nm Fe2O3 nanoparticles from Sigma-Aldrich were added to the mixture and subjected to the physical shaking method described elsewhere [15]. The Solar salt was prepared in a similar way, but without adding the nanoparticles. SPEX Sample Prep 9000-series High-Energy shaker was used for this purpose for the time period of 15 min using a quantity of 2 g of the mixture in a 50 mL aluminum bottle.




2.2. Differential Scanning Calorimetry (DSC)


Heat capacity (Cp) of the salts was measured by DSC technique (TA instruments Q2500) in a ramp mode with a heating rate of 10 °C/min. Sapphire and tin were used for the calibration materials. Around 10 mg samples were measured using aluminum crucibles, hermetically closed inside the glove-box under controlled argon atmosphere. Moreover, 3 types of T-zero hermetic Al-crucibles were used:




	
As received Al-DSC crucible from the supplier.



	
Partially leached Al-DSC crucible. These crucibles were prepared as by introducing 10 mL of 37% HCl acid into the pristine non-treated Al-DSC crucible for 15 min, followed by distilled water washing and drying at 60 °C.



	
Completely leached Al-DSC crucible was prepared the same way as the partially leached Al-DSC crucible, but by repeating the leaching procedure 5 times.









2.3. Laser Flash Apparatus (LFA)


Thermal diffusivity of the salts was measured by means of a Laser Flash Apparatus (Netzsch LFA 457 model). A graphite film prime over the top and bottom surfaces of the holder sample was applied aiming to increase the absorption and emission of radiation. Thermal conductivity of the nanofluids was calculated from thermal diffusivity (α), measured under non-equilibrium conditions, density (ρ) and specific heat capacity (Cp), according to the following Equation λ(T) = α(T)·ρ(T)·Cp(T). We note that in this formula the convective heat transfer is not taken into account, which in general can have an important contribution for nanofluids. This is, however, a reasonable neglection, as it is known that if Rayleigh number is less than 1400 [16] one can consider that the convection phenomenon is negligible and for the used configuration the Ra is far below 1 even with most conservative estimations. This is due to the very low thickness of the sample (below 1 mm), highly viscous sample, very small temperature difference between the top and the bottom of the crucible (below 1 °C) and very limited time of the LFA experiment.



Three types of LFA crucibles with identical design were used in this work:



	
As received PtRh-crucible from Netzsch.



	
Similar crucible, but custom-made from zinc (Zn-crucible).



	
Similar crucible, but custom-made from Stainless Steel (SS) 316-crucible. The interior of this crucible was also decorated with roughness by means of mechanical treatment.







2.4. Scanning Electron Microscopy (SEM)


Quanta 200 FEG SEM was used in vacuum mode with electron beam energies 10 kV, 20 kV and 30 kV with a Back Scattered Electron Detector (BSED) and an Everhart-Thornley Detector (ETD).




2.5. Optical Microscope


Carl Zeiss Axio optical microscope was used to scan the surface of the samples after the corrosion tests.




2.6. Contact Angle


The contact angle of molten salt on different surfaces was estimated by treating the optical images of 10 mg drop of molten salt at 300 °C. The images were obtained by Nikon D3300 digital camera. The images were processed by ImageJ software in order to calculate the contact angle. At least 3 experiments were performed for each surface. At least 10 images were processed for each experiment. The highest standard deviation of the measurements was not exceeding ±7°. While such deviation is relatively high for modern equipment for contact angle measurements, it was sufficient to clearly capture the wetting-to-non-wetting transition.




2.7. Details on the Development of Crucibles with Roughness


In order to introduce roughness on the inner surface of the measuring crucibles electroetching, chemical etching and mechanical treatment methods were applied. The details on these methods are provided below. The crucibles were characterized by SEM and optical microscopy to identify the obtained roughness. Contact angle of molten salt on the surface of the crucibles was measured to verify whether the non-wetting condition was achieved.



2.7.1. Electroetching


Electroetching method was performed using an electric discharge machine ONA DATIC D360. By varying the applied voltage and the time of exposure different roughnesses were obtained (Figure 1a). Roughness in the range of 40–800 µm were achieved (Table 1). It was not possible to obtain nanoscale roughness by this method. Molten salt demonstrated a contact angle below 90° for all the obtained samples, therefore, the non-wetting condition was not reached.




2.7.2. Mechanical Treatment


Mechanical treatment of the crucibles was applied in order to obtain the surface roughness (Figure 1b–e). For this purpose, common commercial polishing tools were applied. In particular, surface treatment using Dremel 4000 tool with the Engraving cutter of 2.4 mm resulted in a bimodal roughness, namely, with scratches of around 800 nm wide with large recesses of around 10–20 µm (Table 1). Such roughness resulted in a non-wetting condition for the molten salt (see Section 3.2 for more details).




2.7.3. Chemical Etching


The chemical etching of the crucibles was achieved by exposing their inner surface to 37% HCl acid (Figure 1f). The optimization was carried out based on the exposure time, while providing fresh acid every 15 min. The crucible prepared by 15, 30, 45, 60, 75 min exposures were examined. It was found that independently on the time of etching the roughness on the scale of 200–400 nm was obtained (Figure 1g) with occasional large rectangle pores of 1–3 µm (Figure 2b and Table 1). On the other hand, the coverage of the surface with such roughness depends on the exposure time. It was identified that etching of 75 min resulted in a complete coverage of the surface with the roughness, while lower time resulted in partial coverage (Figure 2b). It was identified that such roughness results in the non-wetting condition of molten salts (Figure 2c).






3. Results


Scheme 1 demonstrates the problem of molten salt creeping inside a measuring crucible for such techniques as Differential Scanning Calorimetry (DSC) and Laser Flash Apparatus (LFA). As can be seen from Scheme 1, the wetting condition results in a molten salt creeping, eliminating the proper contact of the sample with the detector of the equipment. On the contrary, the non-wetting condition (contact angle of molten salt with the crucible is greater than 90°) would solve the creeping problem and results in a proper contact of the salt with the detector of the equipment. For most of the common materials the contact angle of molten salt is lower than 90° (Figure 3). Below we explore two strategies of wettability control of molten salts for such common techniques as DSC and LFA, namely the use of crucibles with microroughness and the use of crucibles made of (or coated with) low-surface energy materials. For this purpose, we explored different types of roughness (Figure 1), as well as used low surface energy materials (Figure 4) for custom-made crucibles (Figure 5).



3.1. Microroughness for Wettability Control of Molten Salts


Surface roughness considerably affects the contact angle of a liquid resting on it [17,18,19]. In fact, introduction of microroughness is among one of the common methods to create super-lyophobic surfaces [17,18,19] surfaces, which are non-wetted by most of the liquids (contact angle more than 90°). Hence, introducing the surface roughness on the interior of the DSC or LFA crucibles can potentially mitigate the creeping problem.



In order to test such approach, different types of roughness were fabricated (Figure 1) and tested in terms of wetting properties with molten salts. First, we found that electroetching of stainless-steel materials (Figure 1a) results in a roughness, which does not bring the non-wetting condition for molten nitrate salt. Different roughness was obtained depending on the applied voltage and exposure time (Figure 1a), however, none of them resulted in the roughness capable of improving the wetting properties of molten nitrate salt. The main reason for such results was the absence of nanoroughness (while macroscopic roughness was obtained instead). On the contrary, nanoroughness was obtained by mechanical means by applying standard carving and polishing tools (Figure 1b,c). Optical and scanning electron microscopy (Figure 1d,e) confirmed the formation of microroughness, while the contact angle estimation (Figure 6b) clearly demonstrated the transition from wetting to non-wetting condition for the SS316 crucibles. Table 1 summarizes the relation between obtained roughness and wetting conditions.



For the standard T-zero hermetic Al-crucibles used for DSC analysis the acid leaching was found to be the most appropriate (Figure 1f). After the leaching, the inner surfaces of the DSC crucibles were decorated with a well-formed microroughness (Figure 1g).



Cp measurements for Solar salt are gathered in Figure 2. Al-crucibles with different roughness were used for these experiments. A clear correlation between surface roughness (Figure 2b), molten salt contact angel (Figure 2c) and Cp values (Figure 2a) was obtained. In particular, nanoroughness was obtained by acid leaching the surface of aluminum (Figure 2b). Such roughness strongly affects the contact angle of the molten salt (Figure 2c). It can be seen that, if the recommended by the supplier weight of the salt is used (10 mg), the use of the pristine non-treated Al-crucible deviate considerably from the values reported in the literature (Figure 2a). On the other hand, the deviation of the Cp values from the literature are no more than 3% when rough Al-crucible is used [7,20,21,22,23,24,25,26]. Partial roughness results in the values of Cp, which are between the cases of pristine and completely rough crucibles. One can also note, that when the pristine crucible is used, the Cp values decreases with temperature, apparently, due to the gradual creeping of the salt. In fact, Cp was found to decrease with each heating-cooling cycle. On the contrary, the slope of Cp is almost absent for the case of completely leached crucible (Figure 2a).



Similarly, it was found that the use of standard LFA PtRh-crucible for the recommended amount of Solar salt, results in values of thermal conductivity unacceptably lower as compared to the literature data (Figure 6a). On the other hand, the use of rough SS 316-crucible for LFA technique (Figure 1c–e) results in values of thermal conductivity for Solar salt in agreement with the literature (Figure 6b) and enhanced thermal conductivity for {Solar salt + 50 nm Fe2O3 nanoparticles} nanofluid as expected from the previous studies [6] Figure 6b. Such improvement correlated with the increase of the contact angle due to the introduced microroughness (Figure 6b).



It should be noted, that the observed wetting-to-non-wetting transition is not a trivial effect. In particular, a generally accepted Wenzel’s model [27] predicts that roughness increases the observable contact angle    θ W    only in case the Young´s contact angle on a smooth surface is greater than    θ Y  > 90 °  , while it reduces the observable contact angle    θ W   , if    θ Y  <   90 °   according to Equation (1).


  c o s  θ W    =   r   c o s  θ Y   



(1)




where  r  is the roughness factor defined as the ratio of actual surface area over the projected surface area (basically the area without the roughness).



The contact angle of the molten nitrate salt is below 90° on the smooth surfaces of aluminum (Figure 2c, top), PtRd (Figure 6a, insert) and SS316. Therefore, according to the Wenzel´s model, roughness is expected to reduce the contact angle and enforce the creeping problem even more. This is in striking contrast to the observations, from which it is clearly seen that the contact angle was considerably increased due to the roughness (Figure 2c, bottom and Figure 6b, insert).



The explanation of the described controversy can be found within the Cassie–Baxter model [28]. This model predicts that non-wetting is enforced because air (or any other gas) is trapped inside the roughness (Equation (2)).


  c o s  θ  C B     =    r f    f   c o s  θ Y  + f − 1  



(2)




where    θ  C B     is the apparent contact angle according to the Cassie–Baxter model,    r f    is the roughness factor of the wetted area,  f  is the area fraction of the projected wet area.



Generally, the Cassie–Baxter model is applied only to the cases when    θ Y    >   90 °  ; however, it was hypothesized by Herminghaus that given the appropriate topology air-trapping can lead to the increased non-wetting (contact angle) even on surfaces with    θ Y    <   90 °   [17]. This was later demonstrated experimentally for nanoporous gold surfaces [29] and for polycaprolactone nanopits [30]. We suggest that similar effect if observed in this work. Moreover, the preservation of the metastable state of entrapped gas inside the roughness is more probable in the case of molten salts as compared to the water, due to their much higher viscosity. As example, in our previous work it was demonstrated that the entrapped bubbles of air can remain in the molten salts based nanofluids for the periods of days depending on temperature [15,31], which is much longer than expected time of the DSC or LFA experiments.



Assuming that the hypothesis regarding the Cassie–Baxter state is true, one can use Equation (2) to estimate the effect of roughness on the contact angle and compare it with the experimental values. The parameters  f  and    r f      can be estimated from the SEM characterization of the rough surfaces, assuming that there is no penetration of the salt into the pores. For the calculation we take    θ Y    based on the contact angle measurements made on the pristine (smooth) surfaces of the crucibles. The results are summarized in Table 2. It can be seen that Equation (2) predicts the transition to the non-wetting condition    (   θ  C B   >   90 °  )    in all the cases. In general, the model underestimates the values of the contact angle as compared to the experiment. We, however, note that due to the number of assumptions described above and relatively large error both for contact angle measurements as well as  f  and    r f    determination, such comparison is done more for the qualitative prediction of the wetting-to-non-wetting transition, rather than for the qualitative comparison. Nevertheless, it gives a clear guidance for the optimization of the proposed method. Namely, the crucibles with smaller ratio between the surface exposed to the molten salt and the projected surface of the crucible, are expected to give more pronounced effect on the contact angle and, hence, are better for solving the creeping problem.




3.2. Surface Energy for Wettability Control of Molten Salts


The non-wetting condition for molten salt can also be reached by the use of low-surface energy materials for the measuring crucible. In particular, we found that for molten Solar salt at 300 °C the contact angle with gold surface is around 90° Figure 3b. This means that for all the materials with surface energy lower than that of gold, the contact angle of molten Solar salt at 300 °C is expected to be higher than 90°. This was demonstrated for the surfaces of magnesium, zinc and silver, Figure 3b. On the contrary, for all the materials with surface energy above the one of gold, the contact angle is expected to be below 90°. This was demonstrated for aluminum, PtRh-alloy, sapphire and stainless steel, Figure 3a. While surface energy may not be reported for all the materials due to complexity of such measurement, one can address more common property surface tension of metal at its melting point, which correlates with surface energy of this metal in a solid state. From Figure 4 [32] one can see that apart from magnesium, zinc and silver, there is a wide range of materials with surface tension lower than that of gold. In general, all those materials are expected to result in a contact angle of molten Solar salt higher than 90°. However, it is evident that metals with lower surface energy possess lower melting point, which limits their operational temperature range. Apart from lower melting temperature, one needs to take into account the possible corrosion issues.



Based on the analysis presented above a Zn-crucible for LFA was constructed using similar design as a standard PtRh-crucible provided by the supplier of the LFA equipment Figure 5. It can be seen that the use of Zn-crucible with low surface energy for LFA technique results in values of thermal conductivity, which is in good agreement with the literature (Figure 6a) [23,33,34,35,36,37]. On the contrary, much lower values are obtained when as received PtRh-crucible was used. The effect of the low surface energy of zinc on the contact angle of molten Solar salt is demonstrated in the inserts of Figure 6a, where the contact angle of molten Solar salt is below 90° for PtRh-crucible, while it is above 90° for Zn-crucible. It should be noted that the strategy of using low-surface energy materials for measuring crucibles can be easily adapted to a wide range of crucibles, as it does not requires a design modification, but it can be simply realized by coating an existing crucible with a low-surface energy material, like gold (see Figure 3, as an example).



In summary, it can be noted that the use of both strategies (nanoroughness and low-surface energy material) results in a non-wetting condition of the molten salt in the measuring crucibles. Such approach can be used for techniques other than DSC and LFA to deal with undesired wetting phenomenon. One can consider, as an example, the parallel plate rheometer, where according to the standard protocol all the gap between the parallel plates must be completely filled by the sample. If strong wetting takes place, a negative meniscus is formed, preventing the proper protocol execution. Therefore, reaching the non-wetting condition (positive meniscus) would have a positive effect for such technique [38].





4. Conclusions


Two strategies for controlling the wetting (creeping) of molten salts inside a measuring crucible were proposed in this work for the benefit of such widely used techniques as Differential Scanning Calorimetry (DSC) and Laser Flash Apparatus (LFA).



The first strategy suggests the use of crucibles with nanoroughness. Such roughness strongly increases the contact angle of a molten salt, preventing its creeping in the crucible. The proposed approach was tested using aluminum DSC crucibles by decorating their interior with nanoroughness achieved by acid leaching. LFA crucibles made of SS 316 with mechanically obtained roughness were also used. It was demonstrated that only nanoscale roughness results in a non-wetting condition for the molten salt, while micron-scale roughness did not considerably affect the contact angle of the molten salt. The main advantage of this method is that it can be chemically or physically applied to existing (commercial) crucibles, which ultimately results in a wide range of materials with proper compatibility and operational temperature range.



The second strategy implies the use of a crucible made of a low-surface energy material. This ultimately results in higher contact angle values. Zinc was used as a low-surface energy material to construct LFA crucibles and to prove the concept. The main advantage of this method is that no crucible design modifications are required. Moreover, it can be adapted to a wide range of measuring crucible by simply coating the existing crucible with a low-surface energy material.



The proposed strategies allowed recording the values of heat capacity and thermal conductivity of molten Solar salt in accordance with the literature. The proposed approach can be extended for the benefit of characterization techniques where displacement and creeping of molten salts bring an unacceptable error to the measurements.




5. Patents


There is one patent resulting from the work reported in this manuscript, namely, Reference [14].
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Scheme 1. Behavior of molten salt inside (a) DSC and (b) LFA crucible in case of wetting (top) and non-wetting (bottom) conditions. 
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Figure 1. Optical and SEM images of different surfaces with introduced roughness. (a) SS316 with roughness obtained by electroleaching; (b) standard LFA PtRh-crucible with mechanically added roughness; (c) custom-made LFA SS316-crucible with mechanically added roughness and its (d) SEM and (e) optical images; (f) standard DSC T-zero hermetic Al-crucible with acid leaching roughness and its (g) SEM image. 
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Figure 2. (a) Heat capacity of Solar salt, (b) SEM images of the crucible surface and (c) contact angle of Solar salt on the surface of the DSC crucible at 300 °C for the cases of pristine non-treated Al-DSC crucible (bottom), partially leached Al-DSC crucible (middle) and completely leached Al-DSC crucible (top). 
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Figure 3. Contact angle of molten Solar salt at 300 °C on the surface of (a) alumina, PtRh-alloy, sapphire, SS316 (wetting condition) and on the surface of (b) magnesium, zinc, silver and SS316 coated with gold (non-wetting condition). 
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Figure 4. Surface tension of molten metals depending on their melting temperature [32]. 
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Figure 5. LFA crucible made of (a) PtRh-alloy (commercial) and (b) zinc (custom-made). 
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Figure 6. (a) Thermal conductivity of Solar salt measured by LFA using PtRh-and Zn-crucibles; Inserts: contact angles of Solar salt on the surface of the PtRh-and Zn-LFA crucibles. (b) Thermal conductivity of Solar salt and Solar salt-based nanofluid measured by LFA using rough SS 316-crucible; Inserts: contact angle of Solar salt on the surface of SS 316 crucible and optical image of the surface of SS 316 crucible. 
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Table 1. Roughness and non-wetting condition obtained by different methods.
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	Method
	Scale of Roughness
	Non-Wetting Condition





	Electroetching 1
	40 µm
	No



	Electroetching 2
	110 µm
	No



	Electroetching 3
	200 µm
	No



	Electroetching 4
	800 µm
	No



	Mechanical treatment Dremel
	800 nm + 10–20 µm
	Yes



	Mechanical treatment 2
	700–1200 nm + 100 µm
	Yes



	Chemical etching
	200–400 nm + 1–3 µm
	Yes
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Table 2. Experimental and calculated values of the contact angles on the surfaces of different crucibles.
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	Experiment Smooth
	Experiment Rough
	Calculated Rough
	     r f     
	   f   





	Al
	71
	128
	118
	4.8
	0.21



	PtRd
	77
	117
	108
	2.2
	0.46



	SS316
	58
	110
	91
	2.2
	0.45
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