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Abstract

:

The potential use of carbon steel in CO2-saturated brine is studied for its potential use in heat exchangers in geothermal applications. A dedicated setup, including a double-pipe heat exchanger, is developed to study the relation between corrosion and the thermohydraulic behavior inside heat exchangers. Hot brine flows inside the inner carbon steel tube, thus corroding the inner surface of this tube. The thermohydraulic behavior of the heat exchanger, i.e., the pressure drop over the pipe and the heat transfer rate through the pipe, are continuously monitored. On the other hand, weight-loss experiments and microscopic analyses are performed on samples that are periodically removed from the setup. The corrosion rate is studied as a function of temperature, i.e., the entrance vs. the exit of the heat-exchanging section, and flow. Therefore, an experiment with static brine and a uniform temperature is used as a reference. The corrosion rate is generally higher in dynamic compared to static conditions. Furthermore, the corrosion rate increases with increasing temperature in dynamic conditions, whereas it decreases with increasing temperature in static conditions. These observations might be explained by the different corrosion products that formed. The corrosion products have no significant effect on the pressure drop over the pipe, but clear fluctuations in the heat transfer coefficient are observed. The origin of these fluctuations should be further studied before the observed heat transfer coefficient can be used as a measure for corrosion.
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1. Introduction


Corrosion is a well-recognized problem but is still not resolved. In a study by NACE, it was calculated that the annual global cost of corrosion amounts to USD 2.5 trillion [1], of which EUR 500 billion is for the European region alone [2]. According to other sources [3,4,5], the total cost of corrosion for the electrical power industry was USD 15.4 billion in the U.S. in 1998, where the corrosion of heat exchangers takes up 5.55% or USD 855 million annually. In general, it can be stated that the costs due to corrosion account for 3–5% of the gross domestic product of a country [6,7]. From an economic point of view, an improved understanding of corrosion mechanisms is highly desired to reduce the associated costs.



Besides the economic benefits, corrosion also has an ecological impact. Corrosion results in both the pollution of the environment with heavy metals [8,9] and metal losses which can no longer be recycled [10,11]. The latter results in an increased need for primary metal production, which produces high amounts of CO2 and is an energy-intensive process [12,13,14,15]. Consequently, the required power generation also has a significant ecological impact. Geothermal energy is a promising source for green power generation, but the installations used are often prone to corrosion. In other words, the study of corrosion in geothermal power plants is interesting both from an economic and ecological point of view. Limiting corrosion has both a direct effect, i.e., limiting the need for the replacement of the metals within an installation, and an indirect effect, i.e., enabling the use of the benefits of geothermal energy.



In industry, heat exchangers are often exposed to corroding fluids [16,17,18]. Brine in geothermal applications is the specific case studied in this work. Consequently, heat exchangers are regularly subject to corrosion, which can be both uniform [19] and localized corrosion [20,21]. Stainless steels or other passivating metals usually show a limited uniform corrosion rate. However, they are often more prone to localized forms of corrosion, e.g., pitting corrosion. One pit piercing the heat transfer surface is sufficient to cause leakage between the two fluids in a heat exchanger, resulting in a loss of functionality. This local corrosion is virtually impossible to monitor in situ. Hence, metals showing (faster) uniform corrosion without localized corrosion are sometimes preferred over passivating metals. Therefore, carbon steel is an interesting construction material for heat exchangers, as it is a cheap metal with high metallurgical adaptability that shows (limited) uniform corrosion [22]. However, it is unknown whether this corrosion process might affect thermohydraulic behavior and vice versa. For example, corrosion products could affect the heat and mass flow in the heat exchanger, while, on the other hand, the fluid flow could result in the continuous removal of protective corrosion products, affecting the corrosion rate. The goal of this study is to answer this remaining question, as, to the best of our knowledge, no other pilot-scale study combining both corrosion and the thermohydraulic behavior inside a heat exchanger exists.



Moreover, from an investigation with static brine [23], it was observed that carbon steel could form a protective iron carbonate layer, decreasing the corrosion rate with time. However, it is unknown whether this carbonate layer affects the thermohydraulic behavior of the heat exchanger and vice versa. Therefore, the scope of this study is threefold:




	
To determine the influence of corrosion on the performance of the heat exchanger;



	
To determine the influence of flow on the corrosion process, i.e., static vs. dynamic conditions;



	
To evaluate different possible corrosion monitoring approaches (e.g., pressure drop, heat transfer coefficient).









2. Materials and Methods


2.1. Setup Operation


The goal of this study was to investigate the relation between corrosion and the thermohydraulic behavior of heat exchangers. For this purpose, a dedicated setup was built, including a double-pipe heat exchanger. A schematic overview of the experimental setup is presented in Figure 1. Hot artificial brine flowed inside the inner tube (indicated in red; artificial brine composition presented in Table 1), whereas cooling liquid flowed in the annulus between the inner tube and the outer tube (a 50% water–ethylene glycol mixture, indicated in blue). The brine was purged with CO2 prior to the experiments to remove any oxygen present and to mimic the high CO2 content in pressurized geothermal brine, after which the setup was sealed.



A schematic overview of the double-piped section is represented in Figure 2. The inner tube of the heat exchanger was made of carbon steel (type E235+C (see Table 2), according to standard EN 10305-4 [24]) with an inner diameter of 8 mm and a wall thickness of 2 mm. This tube had a length of 1.75 m. Replaceable samples from this tube with a length of 6 cm, located before (i.e., the hot section) and after (i.e., the cold section) the heat exchanger, were used for the mass-loss measurements. The outer tube of the heat exchanger was made of copper, with an inside diameter of 17.25 mm. To be able to mount the inner tube and inspect its outer surface, the copper tube had a length of only 1.43 m, resulting in an exposed part of the inner tube of 16 cm on both sides of the heat exchanger. The entire test section was insulated with PE foam to limit the heat losses to the environment. Lastly, in order to avoid galvanic corrosion between the test section and other components in the brine loop, all connecting tubes were made of polymers.



Due to the brine, the inner surface of the inner tube exhibited corrosion. Corrosion products typically have a lower thermal conductivity than the base metal, possibly limiting heat transfer and reducing efficiency [25,26,27]. Also, the resulting increased surface roughness might affect heat transfer [28,29], but could also alter the pressure drop over the tube [29]. Since limited information about the occurring processes can be found in the literature, there is still the question of how corrosion evolves in heat exchangers and what effect this has on their performance. Therefore, the setup was operated for 14 months under the specified conditions to allow the tube to corrode.



The scope of this study was to evaluate the effect of corrosion on the thermohydraulic performance of the heat exchanger. Therefore, several sensors were installed in the setup to monitor the heat exchanger’s performance. For measuring temperatures, Pt-100 temperature sensors were used. Four of these sensors were installed in the setup (TS-1 to TS-4). They were placed before and after the heat exchanger on both the brine side and the coolant side. Additionally, pressure sensors (PS-1 and PS-2) were mounted before and after the heat exchanger in the hot circuit. Finally, two Coriolis mass flow meters (CMFM-1 and CMFM-2) were used to determine the flow rates. One was installed in the brine circuit, while the other was installed in the coolant circuit. Coriolis mass flow meters were selected because they can determine the mass flow rate without prior knowledge of the density of the fluid and have high accuracy. All components of the different sensors that came into direct contact with the brine were either polymers or stainless steel. The pressure drop, temperature, and flow rate were continuously monitored in situ to assess the thermohydraulic behavior, i.e., pressure drop and heat transfer coefficient, whereas weight-loss experiments on the replaceable test pieces were performed post-exposure to measure the corrosion behavior of the inner tube.




2.2. Sample Analysis


Weight-loss experiments and microscopic analyses (i.e., SEM and EDX) were performed on test samples that were periodically removed from the setup. The procedure to find the weight after exposure was in accordance with the ASTM G1 standard. From the weight loss obtained, the corrosion rate was determined using Equation (1). Here, CR is the corrosion rate (mm/year), K is a constant ((mm·s)/(cm·year)), W is the measured weight difference (g), A is the surface area of the sample (cm2), T is the duration of the experiment (s), and D is the density of the sample (g/cm³).


  C R =   K · W   A · T · D    



(1)







In the microscopic analysis using a FEG SEM JSM-7600F (JEOL, Tokyo, Japan), both the inner surface of the tube and a cross section of the tube wall were studied. The inner surface was studied without any pretreatment, whereas for the cross sections, the samples were cut, embedded in Bakelite, ground using SiC grinding paper starting at #80 and going to #2000, and mechanically polished.



The flow rate of both the coolant and the brine was varied in these experiments, and the effect of the brine temperature was studied at different locations near the heat exchanger (the brine entered the heat exchanger at approximately 80 °C and left at about 60 °C). This temperature difference could affect the characteristics of the environmental degradation of the material. Moreover, the fluid flow could wear off possible corrosion products, impacting the formation of a protective layer. Therefore, an experiment with static brine at a uniform temperature, which has already been presented in an earlier publication [23], was used as a reference for the results obtained in this work. In these static experiments, pressurization was obtained by the temperature increase and the accompanying evaporation.





3. Results and Discussions


First, the corrosion rate found via weight-loss experiments as a function of temperature and flow is presented. The results in static conditions, published in our earlier work [23], are briefly summarized here for the convenience of the reader. Next, the observed trends are explained using the results from the microscopic analysis. Finally, these obtained results are compared with the observations for the pressure drop and heat transfer coefficient to assess the possible use of the thermohydraulic behavior as a measure of corrosion.



3.1. Weight-Loss Experiments


The corrosion rate as determined via the weight-loss analysis is presented in Figure 3. Note that these results represent the average corrosion rate over the reported time period and not the instantaneous corrosion rate. Moreover, different samples were used for different exposure times, as the formed corrosion layer was removed during the weight-loss measurement. The latter could explain the big error bars observed in Figure 3b. Nonetheless, a clear trend was still observed. In the static conditions, the corrosion rate clearly decreased with increasing exposure time, which was not observed in the dynamic conditions. Secondly, a local maximum corrosion rate as a function of temperature was observed in the static conditions. The tests in the dynamic conditions were only carried out at two different temperatures for practical reasons; hence, no local maximum could be studied. Nonetheless, it can be seen that the difference between the experiments at 60 °C and 80 °C was much more substantial in the dynamic conditions than in the static conditions. The observation of this local maximum corrosion rate as a function of temperature is further discussed in Section 3.2. Lastly, the corrosion rate during the first 28 days of the experiment was clearly higher in the dynamic conditions. This could have multiple explanations, including the following:




	
An increased supply of reactants;



	
The continuous erosive removal of the corrosion products;



	
The formation of different corrosion products due to the different conditions.
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Figure 3. Average corrosion rate (obtained via weight loss) as a function of exposure time for different temperatures (color legend): (a) static conditions; (b) dynamic conditions. 
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[image: Metals 14 00217 g003]





In the dynamic conditions, the initially increasing corrosion rate (up to an exposure time of 28 days) could indicate the removal of an initially present corrosion layer, also removing its protective effect. At the same time, a new corrosion layer started to form, which, after 28 days, resulted in a reducing corrosion rate. This hypothesis is further discussed in Section 3.3.




3.2. Microscopic Analysis


Next, the corrosion products formed on the inside of the tube were studied via SEM-EDX. Figure 4a shows the elemental analysis of the corrosion products observed on the inner surface of the tube, whereas the corrosion depth was studied on the cross section of the tube wall via SEM, as presented in Figure 4b. Additionally, the results with SEM on the bare surface are presented in Figure 5. The results of the EDX and corrosion depth analysis are summarized in Table 3. As a reference, the expected EDX results in the cases of pure FeO, FeCO3, and CaCO3 are also reported in this table. Considering the low values obtained for carbon and the high carbon content in bakelite, the relative amounts of FeO, FeCO3, and CaCO3 present in the corrosion layer were determined while assuming that these were the only present phases and only considering the measured values for Fe, Ca, and O. While both calcium carbonates and iron carbonates were observed under static conditions, the results from EDX showed significantly fewer carbonates (both calcium carbonates and/or iron carbonates) under the dynamic conditions (cf. Figure 5 and Table 3). On the other hand, the observed corrosion depth with SEM increased with increasing temperature, with increasing time, and with increasing flow. Note that the order of corrosion depth obtained via SEM after 4 weeks of exposure was the same as that for the corrosion rate obtained via the weight-loss experiments, as can be seen by comparing Table 3 with Figure 3.



From the above results, it was concluded that dynamic conditions favor oxide precipitation, whereas static conditions favor carbonate precipitation. In the literature, it can be found that carbonate solubility decreases with increasing temperature [30]. Consequently, both the kinetics and the thermodynamic driving force for carbonate precipitation increased with increasing temperature, resulting in a thicker and more stable, i.e., more protective, carbonate layer at higher temperatures. This effect compensated for the increasing corrosion rate with increasing temperature, as depicted by the Arrhenius effect. These two counteracting effects with increasing temperature, i.e., the increasing corrosion rate due to the Arrhenius effect and the decreasing corrosion rate due to the increased protectiveness of the carbonate layer, resulted in a local maximum corrosion rate as a function of temperature in the static conditions. On the other hand, only two different temperatures were tested in the dynamic conditions due to the long duration of the tests, and hence, the local maximum could not be studied. Nonetheless, the bigger effect of temperature in the dynamic conditions as compared to the static conditions could indicate that there is no local maximum corrosion rate with increasing temperature. Moreover, no such local maximum was expected because the solubility of iron oxides is virtually independent of temperature. Further testing in dynamic conditions at multiple different temperatures is required to confirm this hypothesis.



Another interesting feature observed in the dynamic testing was the transient behavior at the beginning of the experiment. This transient behavior could be explained by specific details in the experimental methodology. The setup was filled with artificial brine before the flow was started. Consequently, before the start of the experiment, the samples were in static conditions in contact with the brine, and carbonate layer formation could initiate. Once the flow started, the carbonate layer was no longer stable and was slowly replaced by an oxide layer. Unfortunately, this replacement of the corrosion layer could not be observed via EDX. The initial corrosion layer was too thin, and therefore, the bulk composition would alter the EDX measurement (cf. discussion of Table 3). The removal of a carbonate layer with the formation of an oxide layer has been observed before due to a reaction with oxygen [31]. Hence, it can be assumed that oxygen reactivity increases under dynamic conditions. Apart from thermodynamics, the driving force for the corrosion layer replacement could also be related to the flow, where the carbonate layer might be more prone to erosion than the oxide layer. Further research is required to elaborate on the driving force for the corrosion layer replacement.




3.3. Assessment of New Measures for Corrosion


The results for the pressure drop and heat transfer coefficient are presented in Figure 6. From Figure 6a, it is observed that the pressure drop was essentially constant in time and only depended on the brine flow rate. Consequently, it was concluded that the corrosion products had no significant effect on the cross section of the tube. Next, the overall heat transfer coefficient, presented in Figure 6b, also depended on the flow rate of both the brine and the coolant. Moreover, it showed a small variation as a function of exposure time. Initially, an increasing value was found, reaching a maximum of approximately 106% (i.e., 6% increase) of the initial value after about 120 days. Afterwards, the overall heat transfer rate decreased until the end of the experiment, where a similar value as at the beginning of the experiment was obtained. Thus, it was concluded that the corrosion products affect the surface of the tube, as expected.



The results indicate that the flow cross section of the inner tube (not presented) did not vary significantly over time, as the pressure drop was essentially constant. However, a thin corrosion layer could still be possible.



Before the start of the experiment, the solution was present in static conditions, possibly allowing for the formation of the initial iron carbonate layer. The removal of this originally present corrosion layer and its insulating properties, as was expected from the results in Figure 3b and discussed in Section 3.2, would also explain the initially increasing total heat transfer coefficient and corrosion rate. In other words, during the transformation from a carbonate layer to an oxide layer, the bare material loses the protection provided by the corrosion products, and the total wall thickness decreases, resulting in an increasing corrosion rate and heat transfer coefficient, respectively. Furthermore, the continuous thinning of the tube wall by corrosion could further increase heat transfer. Once the corrosion layer started to reform (approximately after 28 days, see Figure 3b), the corrosion rate was sufficiently high to induce rapid thinning of the tube wall. This thinning then explains the further increase in the total heat transfer coefficient up to an exposure time of 120 days. In a later stage, the heat transfer coefficient decreases once the increasing heat transfer resistance of the corrosion product layer counters the wall thinning from corrosion. Note that, due to the insulating capacity of oxides, a thin layer of corrosion products would be sufficient to cause a clear decrease in the overall heat transfer rate. Therefore, the thickness of the initial and newly developed corrosion layer was insufficient to alter the flow pattern, and the pressure drop remained virtually constant.



From the above discussion, it can be concluded that the heat transfer coefficient could possibly be used as an indicator for corrosion once steady-state operating conditions are obtained. The idea is that a changing heat transfer coefficient could be an indication of a change in the tube wall roughness and/or thickness. However, a replacement of the corrosion layer, i.e., transient behavior, could also result in an increased heat transfer coefficient. Moreover, it is unclear whether a decreasing tube wall thickness could be countered by an increasing corrosion layer thickness. These two considerations prove that further optimization of the experimental procedure is required before the potential use of the heat transfer coefficient could more effectively be substantiated as an indicator of corrosion.





4. Conclusions


Experiments were performed to study the interaction between corrosion and the thermohydraulic behavior inside a heat exchanger.



	Static vs. dynamic
	Carbonates form under static conditions, whereas oxides form under dynamic conditions.



	Effect of temperature
	The corrosion rate in static conditions showed a local maximum, probably because of the counteracting effects of the Arrhenius law and the carbonate solubility. In dynamic conditions, the corrosion rate increased with increasing temperature, which could be explained by the Arrhenius relation.



	Exposure time
	The uniform corrosion rate first increased, then decreased, and eventually stabilized around 0.44 mm/y (at 80 °C). This trend is possibly related to the replacement of the initially present carbonate layer with a more stable oxide layer.



	Pressure drop
	The pressure drop over the heat exchanger appeared to remain unchanged.



	Heat transfer coefficient
	The heat transfer coefficient increased during the first 120 days to 106% of the initial value (i.e., an increase of almost 6%), but then decreased again.



	Corrosion indicator
	Overall, the influence of corrosion on the thermohydraulic performance was limited. It is clear that the pressure drop over the heat exchanger cannot be used as an indicator of corrosion. On the other hand, an increasing heat transfer coefficient might be able to indicate heat exchanger tube thinning. However, further research is required to know whether the growth of a corrosion layer could counter this increasing heat transfer coefficient.








Whether a heat exchanger with carbon steel tubes, behaving as illustrated in the setup, would be a viable alternative for titanium (or highly alloyed stainless steel types) requires further measurements. The fact that the performance did not degrade under the current conditions suggests that, in practice, the corrosion process would not jeopardize the required power output. However, a uniform corrosion rate of 0.44 mm/y does imply that carbon steel tubes (although cheaper than titanium tubes) would need to be replaced regularly.
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