








Figure 30 Sealed cylinder after 1700 cycles in aerobic conditions

Figure 31 Failure of electroplated 150 um Ni cylinder between 1700 and 1800 cycles

It is interesting to note that in Figure 31, even though the sample corroded on account of
leakage of PCM, the nickel-plating around the fill tube was not affected. The fill tube did not
show any signs of corrosion.

As can be seen from the DSC curves in Figure 32, less than 1% change in magnitude of

latent heat of fusion was observed. The value changed from 321.6 J/g before cycling to 322.8 J/g

after 1700 thermal cycles.
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Figure 32 DSC curve of PCM before and after undergoing 1700 thermal cycles

Furthermore, two more cylinders (A & B) were prepared with 150 pm of nickel for
protective coating. Both these cylinders used NaCl-KCl eutectic as the PCM. One of these
cylinders (cylinder A) was subjected to thermal cycling. This sample successfully underwent 60
thermal cycles under previously discussed thermal cycling conditions. The initial weight of this
sample was 391.3 g. After 60 thermal cycles, the weight of the cylinder was found to be 391.5 g.

No scaling of the coating was observed as shown in Figure 33.
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Figure 33 Electroplated Ni cylinder A (150 um of electroplated nickel) after 60 cycles

During further testing, this cylinder A successfully underwent 200 thermal cycles under
conditions discussed earlier. The initial weight of this sample was 391.3 g. After 200 thermal
cycles, the weight of the cylinder was found to be 391.6 g. However, while the sample
successfully passed 200 thermal cycles, it failed during the next 100 cycles of testing. Figure 34

depicts the point of failure of the failed sample after 200 cycles.

Figure 34 Electroplated Ni cylinder A (150 pm of electroplated nickel) after 200 cycles and
the point of failure

The following Figure 35 displays the SEM image of one of the cylinders before thermal
cycling. As can be seen, the average thickness of nickel coating was 150 pm. While the top

lighter area demarcated by arrows indicates nickel, the bottom dark area represents steel. The
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sample for SEM imaging were placed in epoxy molds for sample holding as displayed by the

dark gray region in the top thirds of the image.

156um

SU70 20.0kV x80 SE(M)

Figure 36 SEM image depicting the point of failure of cylinder A after 200 thermal cycles
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As can be seen in Figure 36, the nickel oxide layer had peeled off the substrate, exposing
the carbon steel and thus, led to failure.
Cylinder B, on the other hand, successfully passed the first 100 thermal cycles. However,

it failed to complete 200 cycles. Figure 37 depicts the failed sample.

Figure 37 Electroplated Ni cylinder B (150 pm of electroplated nickel) after 100 cycles and the
point of failure

Both of these 150 pm of nickel-plated cylinders (A and B), the points of failure were at
(or very close to) the point of welding. It appears that while 150 um of nickel has shown
sufficient ability to protect the substrate from oxidation in case of flat specimens, it fails in
cylindrical geometries at points of welding. Irregularities caused at these points on account of
welding could lead to uneven coating and hence insufficient protection for the carbon steel
substrate. More research would be required to determine optimal welding techniques or thickness

of the nickel coating would have to be increased for successful encapsulation.
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3.13 Chrome Coating Test

Thermal cycling tests conducted on nickel electroplated cylinders validated the
encapsulation procedure of the PCMs as well as the resilience of the metallic encapsulation.
However, high cost of nickel remained a concern. Hence further testing was carried out with
different coating materials. Chrome was one of the materials shortlisted for thermal cycle testing.

Since prior testing showed that areas with welding proved to be points of failure during
thermal cycling tests. Hence, samples of carbon steel were prepared and welded together. These
samples were then coated with 150 um of chrome. The chrome sample prepared had an initial
weight of 79.396 g. It successfully passed 800 thermal cycles in a temperature range of 580 °C to
680 °C under aerobic conditions. After 800 thermal cycles its final weight was 79.562 g. This
translated to a weight change of less than 1%. Moreover, no scaling of the coating was observed.

This sample is undergoing further testing. Figure 38 depicts the sample before and after testing.

(a) Before thermal cycling (b) After 800 thermal cycles

Figure 38 Chrome-plated samples (a) Before testing; (b) After testing

Based on these results, more welded carbon steel samples were prepared and coated with
varying thicknesses of chrome. This was done in order to determine the optimum thickness of

chrome required for protecting the carbon steel substrate. These samples had chrome thickness of
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75 pum, 100 um, 125 pm and 150 pm. The results for these samples after 200 thermal cycles have

been presented in Table 4. The thermal cycling tests were conducted under the previously stated

conditions.
Table 4 Weight change of samples through thermal cycling
Weight after 200 thermal
Chrome thickness Initial weight (g)
cycles (g)
75 pm 62.263 62.288
100 pm 62.362 62.341
125 pm 67.563 67.638
150 pm 70.184 70.237

As seen from Table 4, all samples reported a change of weigh of less than 1%. All
samples showed a weight increase after testing except for 100 pm sample. This could be on
account of erroneous initial reading, as the sample did not show any significant deterioration/
scaling. Further testing lead to scaling of the coating on most samples. Hence, additional samples
were sought to continue testing of chrome as protective coating for thermal cycling test of the

encapsulation. Figure 39 depicts one of the samples after 200 thermal cycles.

1}

(a) Before thermal cycling (b) After 200 thermal cycles

Figure 39 Chrome-plated (75 um) samples (a) Before testing; (b) After 200 cycles
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In addition to these welded samples, a cylinder encapsulating NaCI-KCl eutectic as PCM

was also constructed as shown in Figure 40.

,Chm& p\w\"&d ©ANMAL

Figure 40 Chrome plated cylinder before testing (150 um)
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Figure 41 Chrome-plated cylinder (150 um) failed after 3 thermal cycles
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This cylinder was plated with 150 pm of chrome and was subjected to thermal cycling
tests. However, the coating on this cylinder was not of good finish. As a result, the cylinder
failed after 3 thermal cycles as shown in Figure 41.

With respect to chrome, while one of the samples had survived 800 thermal cycles, more
testing is required for evaluating the protection capability of the coating on cylindrical geometry
of the encapsulation.

3.14 Aluminum Coating Test

In addition to chrome, aluminum is an additional contender that possesses corrosion
protection capability along with cost effectiveness. Hence, preliminary testing with aluminum
coated sample was also performed. Carbon steel samples namely CRCS#1 and 2 were dip coated
with aluminum at a partner facility while testing was carried out in the laboratory.

While CRCS#1 was dipped in molten aluminum for 2 minutes to obtain a thin coating,
CRCS#2 was dipped for 5-7 minutes. Before testing in the laboratory was carried out, these
samples were already tested for 20 hours at 900 °C in air. No scaling was observed.

Figure 42 depicts the weight change of the samples during the course of the testing. The
maximum weight change was observed during the first 100 hours of testing. Thereafter, there has
been a small gradual increase in weight. This weight gain can be attributed to the possible
conversion of aluminum to aluminum oxide. While an oxide coating had been observed, no
scaling was recorded in the case of these samples. Furthermore, the oxide coating was resilient
and did not flake off even on being scraped with a spatula. Therefore, further testing is

recommended for these samples.
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Figure 42 Weight change of aluminum coated carbon steel samples during testing in air at 900°C
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CHAPTER 4: DISCUSSION AND CONCLUSION

Experimental results presented in chapter 3 had showed promise for nickel-plated
encapsulations. While two samples had successfully passed 100 thermal cycles. One sample had
successfully passed 1700 thermal cycles. In addition to nickel, chrome and aluminum were also
tested as corrosion resistant coatings for protecting steel. The chrome-plated coupon had shown
promising results. Based on these experiments, it is recommended to test additional samples of
chrome-plated and nickel-plated cylinders. In the case of nickel-plated cylinders, most failures
were observed along the weld joints. Since these joints present a highly uneven surface to coat, it
seems plausible that these locations be the points of failure owing to improper coating. Hence, it
is recommended to prepare samples that have better finish of the welded joints. Better finish
would ensure a smoother surface, and, a better coating. While, nickel-plated samples are
recommended for testing, the author would also recommend testing for chrome-plated cylinders.
Since chrome is cheaper than nickel, a thicker coating of chrome could still prove to be more
cost-effective than nickel.

In addition to chrome and nickel, the author would recommend testing aluminum coated
steel for the above mentioned applications. While prior results have shown a low weight change
for the aluminum coated samples over several thermal cycles, further experimentation should be
carried out to test this material and determine its efficacy for the intended application.

While this research has presented results for the evaluation and optimization of corrosion
resistant coating materials for steel in elevated temperature applications, further experimentation

is required to collect the thermal performance characteristics of the encapsulation. Thermal
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performance evaluation of these encapsulations in power plant like conditions of temperature and
pressure would determine their effectiveness and hence deployment in commercial scale power
plants.

This testing for thermal performance should be conducted on two scales. Firstly, it should
be conducted on the individual encapsulation level. This would enable us to understand the
thermal behavior of the individual thermal energy cell. This knowledge would be invaluable to
determine the behavior of a large-scale system. Secondly, a pilot-scale study of the system is also
required to determine the performance of the thermal energy unit as a whole. Each thermal
energy unit could comprise of several thermal energy cells arranged in a packed bed. Alternately,
these thermal energy cells could be deployed in a thermal energy unit in a shell and tube
configuration.

Experimental data obtained from such studies would facilitate the development of
computational models that accurately predict the thermal performance of the system.
Development of such models would greatly increase the pace of research thereby aiding the
development of optimum storage technology for thermal energy storage at elevated temperatures.
Productive research in the field of thermal energy storage could help establish a more

competitive solar energy sector and thus, a sustainable future.
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